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SUMMARY

PROBLLEM

Determine and study those characteristios of the sea loor that altect the propaga-
tion ol acoustic enerey in the sea. Support anderwater acoustios experaments and theon
by turnishing information on the mass physical properties ol sea-loor sediments: spe
cifically. stidy the refationships between trequency and sound attenuation, turnsh vilues
ol attenuatton in specitic sediment ts pescand desclop o method to predict attenuation at
any frequency. ginven commmon sediment properties,

RESULTS

I sine measurements of sound veloorty and attenoation swere made m the sea
floor oft San Dicgo from the rescarch submersible Decparar . and by scaba diving i
shallow water, durmg the period 1966-70 Measurements were mde at 3.5 7 and
14 kN Addinonal measurements are reported from the 1962 Lreste program  Fhese
measarcinents, and athers trom the hterature, alfowed analysis of the relationship between
attenuation and frequencys s and stads of approprate viscoclastic models which can be
apphed o saturated sedoments. An understandimg of the relationships betsween atlenu-
on and other physaical properties, such as gran size amd porosity . allows study of the
catises of attenuaiion, upon which predictions can be based

Lhe followmg are mmportant conchisions concermmg sound attenwation and velated
propertics of sed-floor sediments.

® A method s derned which allows prediciion of attemittion, piven sedunent
M ERAI SIZC O POrosity.

o \icnuation as related . approsmdely, o the tust power o requenicy, that s,
m the cquation. a  Af7 s about Towhere a s attemution ol compresssonal
Ooumb) waves in deabels per meter, A s g comstant wlinch apphies to g pnven
sediment 1y pes £ the Irequeney i hdohertz, and s the exponent of frequency .

® [here is no signilicant dependence of sound selociy on frequency Cvwelodiny
dispersion™ ) From a few herty to the megahierty ange.

. .
@ A viscockistic model s recommended i wineh the Tame elastic moeduh, goand

Awe replaced by comples moduli ge ¢ g yand (O 2N m o wiaeh gl X and
density govern wave weloaity and ig” and (A" gosern enerey dampange. In this




model, after eliminating negligible factors, energy damping Gas expressed by the
quality factor, Q. the specific attenuation factor, 1/Q, or the logarithimic deere
ment) is independent of frequency Gin the range of most interest in underwater
acoustics), and linear attenuation texpressed., for example, in decibels per meter)
is proportional to the first power of frequency  and velocity dispersion is negli-
gible or absent.

@ L nergy losses due to intergrain friction appear to be, by far, the dominant
Gruse of attenuation in water-saturated sediments, Viscous losses due 1o
relative movement of pore water and mineral franie are probably negligible.

RECOMMENDATIONS

Additional i site measurements should be made of attenwition m sea-tloor seds-
ments, in varieus sehimentary environments, and ot low Irequenaies G few hertz 1o
S AU/, Such messurements will allow Gat frequencies of most interesty  Ch berter
detinition of the relations between attemubion and frequency O improsement ol the
methad, proposed herein, ol prediction of attemation: amd €39 deternmation of ¢ovee
ronmental difterences, iU any . of attenuation 10 various common sedament 1y pes.

The gradients of attemstion with depth an thick sediment sections amd the nilter-
cltects of various sediment Ly ers should be measured and studied.

i
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INTRODUCTION

In the sea floor off San Dicgo, during the period 1966 to 1970, in ity measure-
ments were nude of the attenuation of compressional (sound) waves in marine sediments.,
Mceasurements in deep water were made from aboard a deep<diving submersible. In shallow
water, scuba divers were used. In this program. probes were inserted into the sea floor
and compressional-wave velocity and attenuation (hereatter called “velocity™ and ““attenua-
tion™ ) were measured at three frequencies (3.5, 7, and 14 kllz) without removing the
probes from the sediment. This report also includes a few measurements at 25 kilz from
the bathyscaph Trieste progeam in 1962, and re-ovaluated measurements ot attenuation at
100 ki trom an carlier scuba diving program (Ref. 1),

In it measurements from the above programs and other laboratory and in situ
measurements of attenuation found in the literature allow study of the dependence of
attenuation on frequency and dispersion (if any) of compressional-wave velocity.

The relationships between [requency and compressional-wave velocity and attenua-
tion have important implications in forming parameters for permissible theoretical clastic
or viscoclastic models for water-saturated, porous sediments,

The objectives of this study are to: (1) report in situ measured values of velocity,
attenuation, and associated physical propertios (Fe.. density, parosity, grain size) of
narine sediments: (2) assemble and analyze pertinent literature data on attenuation:

(3) discuss the relationships between frequency., velocity, attenuation, and other physical
properties: (4) discuss the causes of attenuation in saturated sediments: (5) discuss clastic
and viscoelastic models which can be applied to marine sediments: and (0) suggest a method
to predict attenuation in marine sediments. given frequency and common physical proper-
ties. such as porosity and grain size.

EXPERIMEENTAL FINDINGS

INTRODUCTION

Three sets of in sit measurements (made by the writer) of the attenuation of
compressional waves are listed in Tables T and 2 and plotted versus frequency in Figs, 1
and 2. In addition, some in sitee and Liboratory measurements from the literature are
listed in Tables 3 and 4, and plotted in Fig. 2. For comparison and Tater discussions, all
values are listed (many re-computed) in decibels per meter, The equations showing de-
pendence of attenuation on frequency are listed in the form

a = /\-v/'” { I )
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Lable 2. o Sine Attenuatton, Velocity, and Other Physical Properties of Sedunents OFF San Dicgo; 1956 Program.*

! ! —
Bt | Mean Grain T!
. dier .

. . No. of : D ter Density Porosity Velocity Attenwiation (dBi/m)
Sediment Type | n

e yp Stations Depth I (gm/\'m“l i (] (m/see) ! at 100 kH2

o e !
. | . — -

Sand | ! |

Coarwe | MO 079 OSB3 0 2080 3R3 1752 531
Medim 1 1 1 1y 02517 2000 409 1630 47.3
Line 17 10 246 1 00817 192 | 467 1684 521
Very tine 4 16 e 01119 1.938 474 1667 §§9
Sandy it D 130 4237 00833 1 860 §1.2 Fo1Y 74.3
Silty vand N A P 0028 T 1680 613 1537 60.9
silt 1 15 | 583 0 00le 1690 | 60 146§ 159
Sand-sibt-chy | 17 S08 . 00302 1.72) SK.0 1490 59.7
Clayey st Pt L 600 | 0016 | 1600 65.6 1464 1%.0

i g
‘.‘\\\‘l’.l}!\‘ll values for number ol stations indicated. Al stations occupicd by scabi divers.,

where

a is attenuation of compressional waves, db/m
A s a constant
S is frequency, KH2

nis the exponent of frequency

IN SITU MEASUREMENTS
1966-1970 Program.

The equipment and methods used to make in sitt measurements of velocity and
attenuation from a submersible have been described and diagrammed in a previous report
(Ref. 2y, In general, the equipment consisted of three stainless-steel probes. 7 ¢em in
diameter, tastened to a 2-m-long, rigid beam in such a manner that when the beam is on
the sea tloor, the probes are inserted a variable, presset depth into the sediment. This
depth varied from 30 to 60 em during the several submersible dives. Three barium-
titanate transducers were used, one as a sound source and two as receivers. Velocity was
determined by measuring travel time over a T-m path between the reccivers. Attenuation
wis measured in decibels relative to that in the bottom water (asstined o be zero for
1 m). Both velocity and attenuation were measured at 3.5, 7, and 14 kHz without dis-
turbing the probes.® Coring tubes attached to cach end of the rigid beam obtained sedi-
ment samples for Liboratory analyses. Sediment properties were obtained by standard
laboratory procedures. Variations and inter-relationships of these properties as well as
sediment nomenclature were discussed in Ref, 3,

* The submerable Deepstar 3000, from which some of the measuremients were made, could not alwas s msert
the probes to maximum penetration required to obtain measurements at 3.5 kKHz.
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tigure 1. Io sitr measurements of compressionil-wane aittenuation oft San bhego.,
Symbols:  diamonds=1966-1970, Table 1 inverted triangles—=1962, Table 1:
triangles=1956, Table 2. Letters indicate sediment type: Cocourse sand;
M-medium and: Ffine sand; Vevery fine sand: SSlsandyv silt: SSAilty wand:
SSCand-silt-clay; Ssilt; CS-clayey silt, Line labeled 1 indicates slope of

any line having a dependence of attenuation on the first power of freguency.
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SO0 and PO A7 teeoan Ret 21 Fow-trequency data Tine " N7-Kot 1o and, sedy
mentary strata ), "H-Rel PV aGull o) Mestoo ot e sand)y, CV=Ret 1Y sea
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Berzon i Ret 16y Daine Libeled =707 indicates slope ot ans fine hasing o dependem e
ol attenuation on the Tirst power of Bieguenay




Fable 3. Laboratory Attenuation and Other Physical Properties
of Sediments Off San Dicgo Irom Ref. 18.*

e S .
Mean Grain ) .
Hocity Attentation
s | . No. of Diameter Density Porosity th(f,“,l) UISIUELL
Sediment Type o — 3 . 237
’ Stations (gmfem-) ) ey
o mm dB/m | kH7
Sand
Medium 13 1.44 | 0.3686 2004 9.1 1737 94 | 266
Iine 13 249 | 0L1780 1.960 430 1693 9.6 {260
Silty sand | 299 | 0.1259 1.796 532 1551 206 {239
Sundy ilt 4 4.57 | 0.0421 1.737 574 1541 1.8 |26
Silt 8 §.27 1 0.0259 1.653 61.5 1548 7.8 |42
Clayey sift 4 6.31 | 0.0126 1.608 658 1508 2.8 |23.2
Clayey silt E 11 7.51 | 0.0055 1.336 R0.0 1495 16 | 228

* . 9 . . . . .
Averaged values Tor number of stations indicated: velocity and attenuation for the second reso-
nant mode (201) only.

The sume probes were used in shallow water. Operating from a small boat, divers
observed the sea floor, took samples, and helped insert the probes into the sediment,

The results of the above measurements and subsequent sediment laboratory analy-
ses are listed in Table 1, and the attenuation versus frequency data are plotted in Figs. 1
and 2.

1962 Program

In 1962, velocity and attenuation measurements were made at 25 kHz from the
bathyscaph Trieste and from a small boat in shallow water. The cquipment. methods.,
and results of the velocity measurements were reported in Ret, 3. The probes used tor
these measurements were an carlier model of those used in the 1966-70 program: fickd
methods were the same,

The few attenuation measurements made during this program (not previously re-
ported) are listed in Table 1 and plotted versus frequencey in Figs, 1 and 2.

1956 Program

In 1956, sound velocity and attenuation measurenients were reported for a num-
ber of in sitie and laboratory measucements in shallow water oft” San Dicgo (Rets. 1 and §).

In situ velocity measurements were mide at 100 kHz. The equipment and methods
have been reported (Ref. 1), In general, the equipment consisted of two probes secured
through a rigid base so that, when inserted 6 in, (15 cm) into the sea-tloor sediment (by
divers), velocity and wave-amplitude measurements could be nuade over o 110 (30 ¢m)
path length. At the same stations, smiall containers (10 ¢m long and 8 ¢m in diimeter)

O
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Fable 44 Attenuation and Other Propertios of Natural, Saturated Scdiments (F rom the | terature)

- . - i 5 N s

\:::I‘ (-.:.-“" Denut Porot Yulseily
Schment Type | e ‘"T' y; “r,".“ : 23¢ kt nt Notes

(mn/cm-) o)
m/sech

@ mm
1 ine sand 2s 0177 11 99) 41.0 (174) 0.13 X013 |
Very fimesand | 3058 1 012t (1 95) 4313 t1716) 027 L7013 |
Very finesand | 38 0072 (19 4233 (l613) .56 100 001 ]
Silt $.32 1 0028 (1.90) 460 (1622) .30 105018 1
Moediim sand 1.3 1 o401 199 300.8) (IXIS) 0.164 [ 2
Stlty sand UV 1 }2 (82 2) (154) 01s) ] 2
Clavey it . 10 (89.2) asy ooy 1 3
Clay -silt R B I.1s Y2.hH (1825 0078 | 2
Sttty clay R 113 (93.3) (1525) 0072 1 2
“Mud™ (7.5) [ 10.006) (IR 76 .0 (1480) 0066 ] 3
(Clay ey sty (7 6) [ (O OOS) (8040 . 0.049 1 4a
(Clay ey silt)y e 0,966 | 4b
Sand-silt-clay 635 | ool 1.78 §9.3 1527 (0.393) | (099) S
Clay 993 | 0.00] (145 748 319 JdB/mat 368 KN/ 8

VR I (11 3) S4 . dB/m at 250 Kl Ta
(Clas ey wlt) 7.5y ... (75.0) (1463) 26.2 dB/m at 250 i, n

(1621) 0.2 dB/m at | KHe L

*Values in parentheses computed or estimated by the writer of this report

e a = kg%, where attenuation, a.is in dB/m: trequency, £, in KHZz: A 1s a constant, and 7 1s the expo-
nent of frequency.

Notes:

1o MeCann and MceCann (Ret. 8)0in sing land and beach; velocty given at 20°C; 8 to S0 ks,

2 Mceleroy and Deloach (Ret, 20); laboratory ; beach sand and St, Andrew Bay, Vlorida: 15 to
1500 kH/, velocity from mueasured ratio.

3 Wood and Weston (Ret. 9 st tidal mud flac, Fmsworth, | ngland., 4 to S0 kHz  veloaty trom
measured ratio.

4. Bennett (Ret. 12):in vite (retlection techiigue); North Athantic and Mediterranvan: da 12 kiz:
4b- 40 to YOO H7.

Sobewis (Rets 1) dm it (hest measurements); shallow water oft Puerto Rico: S to S0 ks,

6. McCann and McCann (Ref 8): Taboratory , eight core samples, North Athantic: carbonate < §7;
68 kils.

74, Ulonska (Ret 10); in sitw, shallow Baltic Sea; velocity from measured ratio (Station 32).

Th. Ulonska (Ret. 100540 siti, shallow North and Baltic Seas: average for all stations with velocity ratios
less than 100, 250 Kz velocity from measured ratio.

8. Schitmer (Ret. 1D it shallow Baltic Sea (1 station): velocity from meisured ratio.

were inserted by hand into the sediment for subsequent liboratory measurements of
velocity and attenuation by means of a resonant-chamber method (Refs, 6 and 7).

In Refl. 1. velocities were reported Tor both the in situ probe and laboratory
resonant-chamber methods. Values of attenuation (at 23 to 40 kH2) were reported for
the resonant-chamber method.

During the in sitee probe measurements at 100 kHez, the amplitude of the received
wiave was measured on the oscilloscope face in both bottom water and sediment: three
to five separate measurements were made at cach station. These amplitudes were reported
(Ref. 1, Table 1) as 20 log Gamplitude water/amplitude sediment ¥, and not as lincar
attenuation, because of uncertaintics concerning impedance loading on the transducers in
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Table 4b  Attenuation in Sediments and Seduncentarny Strsta
throm the Daeratune) *

T
Sediment Dy pe i At nt “c::‘:;.:h'\ Notes
T T e e o
Clay ~and [TXIR] ] €0 to 400 |
Water-aturated clay [ 0¥ | e ) >
Sedmmentary strata 0.243 1 Sto S0 K]
Scedumentary strata [IARL | (i) 4
Scedimentary strata 0038 i (i) N

*(Seismic); assumed

oo a - k9 whiore attenuation, a. v dB/m: Gre-
quency, fon RHz A s a comstant, and # s the exponent of e
quency .

Notes:

1. Dullos and Reid (Ret 13 Gult of Menico coantal
sediments; depth interval 2 to 34 m.

2. Zhadin @in Ret. ES):depth mterval 0 to 20m.

3. Zemntov (Ref. 16).

4. Fpinatyeva er al. (in Ret. 16).

S. Berzon (in Ref. 16).

the two media. Recvaluation of the method and results indicates these datia can be
identified as attenuation in the sediments. The basic data have been re-<analysed and
extrapolated to | m and are listed in the torm of decibels per meter in Table 2: attenua-
tion versus frequency is plotted in Figs. 1 and 2.

MEASUREMENTS FROM THE LITERATURE (IN SITU)

In sitie measuremients of sound attenuation in marine sediments are relatively rare
compared with measurements of other propertics of sediments. Those of the writer are
noted above. In this section, brief resumds of other in sit measurements in the literature
will be presented. Included are in site measurements on land in some water-saturated
sediments and sedimentary rocks, which may be pertinent to lower layers of the sea floor
or to later discussions.  These attenuation measurements are plotted versus frequency in
EFig, 2, and listed in Tables 3 and 4a, b, For those studies in which equations are given
(c.g.. Refs. 8 and 9), points are plotted in Fig. 2 tor the fowest and highest frequencies
and an intermediate frequency.

Wood and Weston (Ret. 9) made in site measurements of attenuation (4 to
SO kHz) in tidal mud flats in Emsworth Harbor, England. Maximum distance between
probes was 180 It (55 m): probe penetration was about 0.5 .

Ulonska (Ref. 10) and Schirmer (Ref. 11) measured. in sitie, compressional velocity
and attenuation in shallow-water sediments in the Baltic Sea at sediment depths of about
2 m. Ulonska'’s measurements were over a 0.5-m path at 250 kHz: Schirmer’s over a 12-m
path at about | kHz.
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McCann and McCann (Ret. 8) reported in situ measurements in water-saturated
land and beach sediments at a mean sediment depth o 2 m. Frequencies were between
S and 50 kHz.

Bennett (Ref. 12), using reflection techniques from a surface vessel, computed
values of attenuation at 12 kHz, and between 40 and 900 Hez, tor sediments in the North
Atlantic and Mediterrancan.,

Tullos and Reid (Ref. 13) measured attenuation in Guif of Mexico coastal sedi-
ments (chiy=sand) of Pleistocene age in three depth intervals to 1000 1t (305 m); fre-
quencies were between 50 and 400 Hz, Measurements in the depth interval of 7.5 to
110 ft (2 to 34 m) are listed in Table 4b.

Lewis (Ret. 14) measured attenuation, in situ, at one station in shallow water offf
Pucrto Rico by inserting probes into the sediment: frequencies were 5 to 50 kHz, The
data were scattered, but Lewis believed they represented a dependency of attenuation on
frequency to the first power.

There are several studies from Russian literature listed in Table 4b. Zhadin (in
Ret. 15) reported attenuation in “water-saturated clay™ in the depth range of 0-20 m.
No frequency is given, but is presumed to be in the seismic range. Zemtsov (Ref. 16)
reports his own studies of attenuation in the frequency range of § to 50 Hz in “sedi-
mentary strata™ and notes attenuation versus frequency equations from Epinatyeva and
Berzon in similar materials; values are shown at 30 Hz in Fig. 2.

MEASUREMENTS FROM THE LITERATURE (LABORATORY)

It is possible, but difticult, to muke valid laboratory measurements of attenuation
in matural or artificial water-saturated sediments.  Even when valid measurements are
made in some experimental materials, the results cannot always be extrapolated to natural
marine sediments. Some ol these difficulties are noted below.

One of the chiel difficultics in micasuring attenuation in “water-saturated™ labo-
ratory samples is air entrapped in the pore spaces of artificial sediments, or air or gas
from organic materials in natural sediment samples transported to the laboratory. When
air or gas is present in “water-saturated T sediments, the measured attenuation is apt to be
too high and velocity too low (depending on frequency and bubble size). The experi-
ences of Wood and Weston (Ref, 9) with sands and muds are instructive in this matter,

Some artificial sediments are not truly analogous to natural sediments, For ex-
ample, kaolinite in distilled water containing a deflocculent acts as @ Newtonian uid
without rigidity, whercas in a flocculated structure, rigidity is present (Ref. 17). As dis-
cussed in a later section, the relation of attenuation with frequencey differs in the two
cases. A lavored laboratory material is roundgrained quartz sand (c.g.. St Peter's sand).
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This material has fess rigidity and attenmation than the more common, anguabargrained
natural sands (discussed below),

Some Laboratory measurements in natural marine sediments of particular sigmli-
canve to the present study are noted and brietly discussed in this section,

Shumway (Ref. 18) used a resonant-chamber technique to measare attenuation
and velocity at various frequencies between 20 and 40 kHz. The basic theory and equip-
ment were reported in Refs, 0 and 7. These measurements have been wadely referenced.
and values extrapolated to other frequencies.

Unfortunately, Shumway’s measurcments, atone, cinnot be used to deternine
frequency and attenwation relationships, although in o number of sumples, measurements
were made at two or three frequencies. A detailed examination of the published data
and the unpublished records of measurcments (in the writer's files) reveals numerous
experimental errors. These errors are evident for the following reasons: (1) in individual
samples where attenuation wirs measured at two or three frequencies, there are 16 cases
Gin Ref. 18) in which attenuation decreased with increasing frequencies, o result incon-
sonant with all theory and other experiments in similar materials, and (2) even with these
16 cases climinated. computations of the frequency dependence of attenuation (in the
form: a = Af") revealed that the exponent # varied in similar sediment types (hiving
similar physical properties) as follows:  sand (0.9 to 3.1, sandy silt and silty sind (0.8
to 2.9). and clayey silt (0.6 to 3.4). Neither theory nor other experiments in similar
materials support these variations,

The causes of the above-noted experimental errors are unknown,  Shumway's
samples were excellent, Most were taken in sitie by divers and never exposed to air prior
to measurement. These errors nmay be, in part, related to the method. Shumway noted
(Ret. 6. p. 318) that the resonant-chamber method assumes samples with no, or negligible,
rigidity. This may be true in some shallow-water silt-clays, but not in sands and silty
sands.  (See. for example, data in Ret. 190 In addition, not all resonant modes were of
cqual reliability. Toulis (Retf. 73 suggested that the second resonint mode (201) wis most
reliable.

However, Shumway's attenuation data (Ref, 18y can probably be used. selectively,
by averaging values for general sediment types: hopefully, experimental errors will cancel
out. For comparison with the in sitie measurements off” San Dicgo (presented herein and
with other values from the literature, the writer averaged attenwation values Gind other
properties) at the second resonant mode for various sediment types ofl San Dicgo: these
are listed in Table 3 and plotted in Fig. 2.

McLeroy and Deloach (Ret. 20) measured Gin the laboratory) sound speed and
attenuation, from 15 to 1500 kHz, in natural sediments from sites in St Andrew Bay.
Panama City, Florida, and in sand from a Gull of Mexico beach. They noted no indica-
tion of entrapped gases.  These measurements are listed in Table da and plotted in Fig. 2.




Ihe untsually Tow densities and computed (by the writer) high porosities ot the Bay .odi-
ments are not ty pical of most open-ocean sediments,

Fhe excellent study of attenuiation i marine sediments by MeCinn and McCann
(Rel, 8) has been noted in the section on dn site measurcments. These writers also mea-
stred attenwation at 308 KHz in sediment cores from the North Atlntic. Most ol these
sediments contained appreciable amounts of calcium carbonate. There is some indication
that attenuation in this type of sediment may be higher than in non-calcarcous clay-silts
witl similar grain sizes and porositics.  Becatise calciarcous sediments are not included in
this report, an average value of attenuation for cight clay samples with less than § pereent
carbonate is listed in Table da and plotted in Fig. 2.

DISCUSSION AND CONCLUSIONS
INTRODUCTION

The study of elastic and viscoekistic models which can be applied to dry and
saturated porous rock and sediments has concerned a large number of scientists and
vingineers, Many of these studies have considered the extent to which these media can
be deseribed by the equations of Hookean elasticity or by those of the Kelvin-Voigt,
Maxwell, or other viscoelastic models, 1t is somewhat surprising. therefore. to discover
such o wide diversity of modcels, equations, and opinions on such an important subject.
In the case of water-saturated natural sediments. the reason for this diversity appears to
be that, antil recently, experimental evidenee capable of restricting model parameters has
been scaree. In the following discussion (unless otherwise noted) it is assumed that the
medium is @ porous, uncemented mineral structure, fully saturated with water. The stress
is that of a compressional or shear wave of low amplitude. and strains are of the order of
106, or less. Wavelengths are much greater than grain size, otherwise Rayleigh scattering
can ocear: ad attenuation is related to the fourth power of frequency (see, for example,
Rel. 2.

The equations of Hookean elasticity do not account for energy damping. Conse-
quently, an adequate model nst be anelastic it energy damping is considered. in the
selection of an appropriate anclastic model, a critical factor is the extent of relative move-
ment of pore water and mineral particles. It the pore witer moves significantly relative
to mineral structure, then viscous damping and velocity dispersion must be considered.

IC the pore water does not move signiticantly with respect to the solids, there is negligible,
or no, velocity dispersion, and energy damping is not dependent on viscosity of pore
water ad permeability of the mineral structure, The dependence of energy damping on
trequency is different in the two cases. Consequently, two critical parameters for anelas-
tic models are velocity dispersion, it any. and the dependence of energy damping on
frequency. In the nest section, the experimental evidence concerning these two factors
will be reviewed.  In following sections, a particular anelastic model is recommended, and
the relationships between attenuation and other physical properties and the causes of
attenuation will be discussed. In the st section, o method for predicting attenuwation
{given grain size and sediment porosity) will be discussed.




SOME PARAMETERS OF ELASTIC AND VISCOELASTIC
MODELS FOR SATURATED SEDIMENTS

Introduction

Recent experimental studies in wave velocities and attenuation and in dynamic
rigidity have placed important restrictions on probable (and possible) elastic and visco-
clastic models for waterssaturated sediments. These parameters merit & more extended
review because of their importance in geophysical studies. Additionally, the concepts
and statements of this paper require documentation. These restrictions apply to porous
sediments saturated with water, and without a gas phase, when wavelengths are much
greater than grain sizes. The frequency range is from a few hertz to several hundred Kilo-
hertz, or into the megahertz range. These restrictions are concerned with the question of
the dependence, if any, of velocity on frequency (“velocity dispersion™), and the depen-
dence of wave-energy damping, or attenuation, on frequency. In the following sections,
these restrictions will be documented and discussed.

Velocity Dispersion

A number of investigators have measured compressional- and shear-wave velocities
in rocks (laboratory and in siti). Most have concluded that there is no (or negligible)
measurable velocity dispersion in the range from seismic frequencies into the megaherts
range. Examples include work and reviews by Wylie ef al. (Ref. 22). Birch (Ref. 23),
Peselnick and Outerbridge (Ref. 24), White (Ref. 25). and Press (Ref. 26).

Most viscoelastic models requiring a dependence of velocity on frequency include
movement of pore water relative to the mineral frame, which, in turn, catuses water vis-
cosity and sediment permeability to be important factors. Sands have relatively high
permeability, farge grain size, and interconnecting pores: consequently, these models indi-
cate maximum velocity dispersion in sands. 1t is therefore instructive to examine the
experimental evidence regarding velocity dispersion in sands across wide frequency ranges.

Because permeability is a factor in some models, it is pertinent that Wylie ¢/ al.
(Ref. 22y found that velocity through water-saturated glass beads of various sizes was un-
affected as permeability varied by a factor of 4.6 X 104,

No velocity dispersion was measured in clean, round-grained sands in the taboratory
by Hunter er al. (Ref. 27) over the range 7 to 73 kHz: Hardin and Richart (Ref. 28), 0.2
to 2.5 kHzo Nolle e al. (Rel. 29), 200 to 1000 kilz: and Schon (Ref. 30). 20 to 04 kHz.

In roundgrained, pure quartz sands in distilled water at porosities of 30 pereent,
Shumway (Ret, 18, p. 463) and Nolle ef al. (Ref. 29) measured compressional velocities
of 1744 m/sec (26 Klz) and 1740 m/see (400 to 1000 kH2). respectively.




In soil mechanics investigations in situ in sands, low-frequency vibrations were
used in studies by Barkan (Ret, 3D and Jones (Ref, 32) to measure shear-wive velocitios
(Jones™ measurements also included clay=silt),  No velocity dispersion was measured in
the frequency range from 10 to 400 He.

Ideally. to test for velocity dispersion, measurements should be made on the same
sample in the laboratory, or in sitie in the same sediment, by merely changing the fre-
quency.  In natural sands this has been done in the laboratory and in situ. In the labo-
ratory, McLeroy and Deloach (Ref. 20) measured a ratio (velocity in sediment/velocity
in water) of 1,189 in medium sand over a frequency range of 15 to 1500 k2. In situ
McCann and McCann (Ref. 8) reported no velocity dispersion in fine or very fine sands
between § and 50 kllz. During the 1970 measurements off” San Dicgo reported herein,
special tests were made in fine sand at four stations to determine the presence or absence
of velocity dispersion between 3.5 and 14 k2. The results indicated no measurable
velocity dispersion between these frequencies.

In natural saturated sands it is difticult to compare velocity measureisents in dit-
ferent samples or from difterent stations because of the effects on velocity of grain size
and shape. porosity, and other factors,  (For a discussion of these, see Ret. 3.) However.
the following m ity measurements (corrected to 23°C) indicate no significant velocity
dispersion in natural fine sind over a frequency range from 14 to 100 KHy:

o T Vebaty l\un'\ols I requenay
mowy) (] i)
Present study 6 1?2 67 14
Retf. 1 17 1704 46.7 100
Ret. 8 - 1742 1.0 s-50

In very fine sand, McCann and McCann measured a selocity of 17160 (potosity, 43.3 per-
cent) at frequencies between 5 and 50 ks,

In high-porosity silt-clays in the kiboratory and in the ficld. compressional velocity
is usually less in the sediment than it is in the water, and no velocity dispersion is indi-
cated over very wide frequency ranges. The evidence is summarized in Table 5. Velocity
data are presented as the ratio: velocity in sediment/velocity in water.  As discussed in
Ref. 3, this ratio remains the sanie in both the Liboratory and the surficial sediments of
the sea floor.

Some recent experiments in artificial clays in the kboratory have implications for
studics of possible shear-wave velocity dispersion. Cohen (Ref. 17) measured complex
rigidity (u + ig') in flocculated kaolinite in distilled water. Both g and in’ were inde-
pendent of frequency in the range 8.6 to 43.2 kllz. Hardin and Black (Ret. 40). using
a vibration technique to measure dynamic rigidity in kaolinite in distilled water, demon-
strated that dynamic rigidity was independent of wave amplitude, in their samples, at
amplitudes less than 104, and independent of frequency between 200 and 300 Hz. No
dispersion in dynamic rigidity, g, indicates no dispersion in shear-wave velocity.




Table §. Summary of Ratios of Compressional-Wave Velocities ( l',, Sediment/ l',, Water)
in High-Porosity Silt-Clay s at Vanoas Frequencies.

Material Velovity Ratio I requency Notes
Kaolinite in distitled water 097 to 0.99 1 MH/ |
Kaolinite in distitled water 097 to 099 9 1o 43 kil/ 2
Deep-sea clay slurry 097 28 kH/ 3
Sand-silt-clay 0.98 14 kH/ 4
Clayvey silt, San Diego Frough 0.98 23 to 40 kY 3
Clayey silt, San Diego Trough 0.98 25 kHy N
Clayey silt, San Diego Trough 0.98 14 ks 4
Clay-silt, St. Andrew Bay 0.997 15 to 1500 kH/ 6
Silt. clayey silt, continental shelt 0.992 2 MU/ 7
Silt-clays, continental shelf 0.994 2 MH/ 8
Silty clay, continental shelf 0.994 200 k2 9
Deep-sea silt-clay 0977 30 10 200 He 10
Deepeseu silt-clay 0.980 30 to 200 12 11
Deepesea silt-clay 0988 200 kN, 9
Deep-sea clay 0978 200 ks 9
Deep-sea silt-clay (1 micron) 0.977 400 kN 12
Deep-seu silt-clay (2 microns) 0.987 400 kI, 12
Decp-sca silt-clay 0.986 400 ks 13
“Low-velocity fayer.” continental shelt J 0.980 250 kH/ 14

Notes:
i, Urich (Ref. 33) ratio dependent on concentristion of solids.
2. Cohen (Ref. 17); ratio dependent on concentration of solids.
3. Shumway (Ref. 18): resonant chamber: laboratory .
4. Hamilton, this report; in site measurements.
S. Hamilton (Ref. 3):in site measurements.
6. Mcl eroy and Deloach (Ref. 20); laboratory samples from St Andiew Bay. Fla
7. Bieda (Ref. 34); tops of § cores off Southern California.
B Lasswell (Ret. 38):9 cores; tidal mud 1lat, Southern California,
9. Hamilton (Ref. 3); laboratory : samples from North Pacific.
10. ey and Raitt (Ret. 36); reflection technique : deep Pacific.
11, Houtz and Ewing (Ref. 37); reflection technigue: deep Atlantic.
12, Horn et al. (Ref. 38): laboratory ; core samples from North Pacific.
13. Schreiber (Ref. 393 tops of 10 cores off Hawaii.
14, Ulonska (Ret. 10y n site measarements: shallow North and Baltic Scas.

Hampton (Ref. 41) measured compressional velocity and attenuation in artificial
sediments and reported a marked velocity dispersion (4 to 6 pereent) in silt-clays between
frequencies of 3 to 200 kHez. In his low-frequency measurements (3 to 30 kHz) in (loce-
culated kaolinite in distilled water, he reported (Ref. 41, Fig, LD anemalously low
velocity ratios (0.93 to 0.94) and unusually high attenuation values (Ref, 41, p. 886). The
experimental evidence of other investigators (¢.g., Refs. 17 and 33) in the same, or similar,
materials and at the same frequencies, in both the laboratory and fickl (see Table S). doces
not support Hampton's reported low velocity ratios or velocity dispersion. There s a
possibility that his clay-water, artificial sediments were not air or gas free.

In summary. the following can be concluded in regard to velocity dispersion in
saturated sediments.  In sands, @ number of studies (cited above) lave reported no dis-
persion over restricted fregueeney ringes. These studies and comparison of the values of




velocity in similar sands at different frequencies, as above, indicate that velocity disper-
sion, il preseat. is negligibly small from a few kilohertz to the megahertz range. The
evidencee (as in Table §) indicates that velocity dispersion ir higher porosity silt-clays, it
present, is negligible over a frequency range from less than | kHz to 2 MHz, However,
it must be stated (as a reviewer pointed out) that most of the quoted tests of velocity
dispersion were made over only an order of magnitude of frequencies or less, which is
not necessiarily enough to show dispersion.  In other words, it cannot be stated on the
basis ot present experimental evidence that velocity dispersior is non-existent, especially
over very wide frequency ranges trom a fow hertz 1o several megahiertz),

Energy Damping

The relationship between frequency and wave-energy loss, or damping, is a critical
parameter in seloction of an appropriste saelatic wodael Tor any modivm Becent nevicws
have summarized a arge number of aboratory and ficld studics of wave-cnergy losses in
rocks in which the specitic attenuation factor, 1/Q. and the logarithmic decrement have
been shown to be approximately independent of frequency over a range ol at least 108 Hy
(Rets. 25 and 42-45). Attwell and Ramana (Ret, 45) inctuded some sediment data,

Evidence that the specific attenuation factor, 1/Q. is independent of trequency
imphics that attonuation, a. i decibels/unit foneth, increased Hnearly with fregqueney S
(e.g.. Ref. 25, p.98). Recent summaries of work in this ficld, in the case of compres-
sional waves (Refs, 25, 43, and 45). indicate that, for most rocks. there is a small varia-
Viotr aroanrd Bincarity i LB et of Troguoacios of vt irrlorcst B vidiopw dor aoistios
and marine geophysies: that is, in the relationship a = Af", the exponent o is approxi-
mately 1. These studies included dry rocks (usual in the laboratory) and in sitte measure-
ments in rock strata which, below groundwater levels, are saturated.

Some recent studies of attenuation in saturated sediments which are pertinent to
the present report have been noted in a previous section and their results presented in
tables and figures. Of special interest in these studies, and in the measurements of this
report, is the dependence of attenuation on frequency. In the following paragraphs the
current experimental evidence on this subject will be reviewed.

In examining the dependence of attenuation on frequency, it is important to
recognize that, in natural marine sediments, cach set of measurements and resulting
cquation (e.g.. a = kf") is apt to be unique. The reasons for this phenomenon will be
discussed below: but in general, the important variables involve the varying sediment
structures. porosity. grain size and shape, interparticle contacts and surface arcas in sands
and coarse silts, and physicochemical forees (cohesion) in the fine silts and clays, These
variable factors result in much scatter of measured values of attenuation in similar sedi-
ments (Tables 1-4), and consequent scatter in computed values of the constant A, Also,
because of the difficulties of making accurate measurements of attenuation in naturil
sediments tn situ or laboratory), it is to be expected that computed values of the expo-
nent of trequencey, o, will vary.  As a result, generalized statements about the exact de-
pendence of attenuation on frequency must be qualified and., as far as justifiable, a




statistical approach followed in studying data (which was the approach of Attwell and
Ramana, Ref. 45).

The important factor in predicting attenuation and extrapolating to various tre-
quencies is the exponent of frequency. 1 (in the equation above).  Also, this exponent
is a critical parameter for selecting appropriate anclastic models whiclt can be applied to
saturated sediments,  In Tables 1 and 4a are values ol 2 for meitsurements made at two
or more frequencics in a single sample or sediment type by an individual experimenter.
In Table 4b, values are given for some low-frequency measurements in sediments or
sedimentary rock sections (some of the reports did not specity the degree of lithifica-
tion). Some of the measurements in Table 4b may be pertinent to lithified or semi-
lithified, deeper layers in the sea floor. As can be seen in Tables | and 4, measured
values of nin these natural sediments, trom widely scattered geographic arcas, vary
closely around 1 tor a wide varicty of deepwater and shallow-water sediments and over
a wide frequency range,

Computations were made (Table 6, Part A) which interrelated in sitie measure-
ments in similar sediments from various experiments conducted by the writer in the sea
tfloor off Sun Dicgo (Tables 1. 2). “this allowed extension of the frequency range: tre-
quencivs usually included 3.5, 7, 14, 25, and 100 kHz. Off Mission Beach, attenuation
data for two stations came from Ref, 1. Table 1. The in site data for “Same area off
Mission Beach™ and **San Dicgo Trough™ involved only two or three stations in cach
arci.  In these locations the values of 1 (rounded to two decimals in the tables) are 1.007.,
1.024. 0.947, and 0.969. The data for “General sediment type™ for fine sand involved
24 stations: the value of nis 1.007.

In Table 6, Part B, the writer’s in sitte measurements (Tables 1, 20 and 6, Part A)
were combined with averaged kaboratory values for general sediment types oft San Dicgo
(Tuble 3) from Ref. 18, The value of n for 37 stations in fine sand is 0.992: for medium
sand at 16 stations, # is 0,982,

Because of the larger number of stations. the data for “General sediment type™
in Table 6 are considered more reliable: 1.007, 0,992, 0.982. As in previous tables, the
values of i vary closely around 1, with the more reliable data at. or slightly below, 1.

In reconciling acoustic theory with experimental acoustic energy losses of sound
incident on the sea floor, it is usually necessary to assume vilues of attenuation at tre-
quencies of interest for various sediment types and layers,  Such reconciliantion has been
successful in several studies (frequencies from 0.1 to 4 kHz) in which a first-power de-
pendency of attenuation on frequency was assumed (e.g.. Refs. 46-49), Cole concluded
that the first-power dependency can be extended over the range 100 to 900 1/

Compressional velocity and attenuation data from Rets, 10 and 11 are possibly
significant in determining the relationship between attenuation and frequency. Schirmer,
at a water depth of 20 m in the Baltic Sea. measured attenuations of 0.2 to 0.4 dB/m at
1.0 to 1.4 kHz; an average velocity ratio (in sediment/in water) of 1,086 (1.05 to 1.14)
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was measured in g core trom the site. Ulonska (Ref. 10), at a water depth of 22 mvin the
Baltic Sca. measured (Station 32) a velocity ratio of 1.082 and attenuations of 50 to 58
dB/m at 250 kHz. Both sets of measurements were at about 2 m depth in the sea floor.
The velocity ratios indicate the sediment types were about the same. It a first-power
dependency of attemuition on frequency is assumed, extrapolation of Ulonska's average
data (54 dB/m at 250 kHz) to 1 kHz yiclds an attenuation of 0.22 dB/m (Schirmer
measured 0.2 dB/m at 1 kH2).

In a recent study of attenuation in quartz sand in distifled water (which has been
widely referenced), Hampton (Ret. 41) reported attenuation dependent on the square
root of frequency. The measurements do not support this conclusion. The data (Ref, 41,
Fig. 9 are more in accord with a first-power dependency (as noted. also, by Mizikos in
Ref. 50).

The values of # which were measured, computed., and assumed above are close to
that statistically computed by Attwell and Ramana (Ref. 45) for tfrequencies between |
and 108 Hz,ie.. 0911, Strick (Ref. §1) made a case that the dependence of attenuation
on frequency should be close to, but less than, 1 to satisfy causality.  The writer believes
the best of his experimental data are in fine sand off San Dicgo (1= 1.007 £ 0.060).
When these data are combined with Shumway's (Ret. 18) averaged data tor fine sand,
n=0.992 + 0.005.

Data listed in Tables | through 4 and in 6 are plotted in Fig, 2 (frequency versus
attenuation). It can be seen that most of the data are consistent with an approximate
first-power dependency of attenuation on frequency over a wide frequeney range. The
upper and lower bounds of the data plot probably define the arca in which most natural
marine sediments will lic. With regard to sediment type, the silt-clays lic in a narrow
band at the lower side of the data plot, and very fine sands, silty sands, and sandy silts
at the top. Eatrapolation of the silt-clay data to frequoncies below T Rz, asing a Tinst-
power dependency, results in attenuation values in accord with the data of Bennett
(Ref. 12: 40 to 900 Hz) and those of Tullos and Reid (Ref. 13: 50 to 400 Hy.

Fwo vectnt studios of complos nigidity and cnagy damping in artificiad Cin s has
important implications in determining parameters for clastic and viscoelastic models in
saturated sediments. Cohen (Ref. 17) measured both g and g’ in compley rigidity.

(u + i), in artificial, laboratory sediments composed of Kaolinite and bentonite in dis-
tilled water, with and without a deflocculating agent. Cohen demonstrated that hoth
poand ig" were independent of frequency in the range 8.6 to 432 kHy in floceulated
clay: but when a deflocculating agent was added. the flocculated structure of the clay
sediment dispersed. the material lost all rigidity, g, and behaved as o Newtonian flutd in
which there was sisoods damping ol wave cierpy Uhal wis binwearly alepondiend wn Be-
quency. The addition of 35.5 ppt of NaCl caused reflocculation. and complex rigidity
was the same as betore. Krizek and Franklin (Ret, §2). in studies of shear-wave energy
damping in flocculated Kaolinite in distilled water. demonstrated that 1/Q was independent
of frequency in the range 0.1 to 30 Hz. and that the stress-strain hysteresis loop for i given
cycle was that of a lincar viscoelastic medium.

a
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The two studies noted above (Refs. 17 and 52) have several important implications
for saturated clay sediments, at least in the frequency range covered (0.1 Hz to 43 kHz),
and probably at much higher frequencies: (1) saturated, flocculated cley sediments re-
spond to shear-wave energy as linearly viscoelastic media; () the ind:pendence of energy
damping (1/Q, = u'/p) from frequency implies thec linear aftenuation »f shear waves
should be proportional to the first power of frequency: and (3) suspe wions (without
flocculated structures) do not respond to wave energy as do flocculated clay structures,
and almost all natural, high-porosity silt-clays have this general type of structure.

Recent measurements of attenuation in water-saturated, natural sediments over
the frequency range 3.5 to 1500 kHz can be summarized as follows. Tables 1. 4, and 6
list 25 values of the exponent of frequency. i, between 0.94 and 1.26: however, all but two
of the values fall between 0.94 and 1 11. The experimental evidence indicates that the
dependence of attenuation on frequency is close to /1, and does not support any theory
calling for a dependence of attenuation on /' or f2. However, as in the aiscussion of
velocity dispersion, the case should not be overstated. As a reviewer pointed out, there
is no single data set covering more than two orders of magnitude in frequency. While
these data are enough to show that the dependence of attenuation on frequency is more
nearly /1 than /" or 2, it is not enough to verify an exact dependence.

REVIEW OF ELASTIC AND VISCOELASTIC MODELS

In the field of soil mcchanics, large static or dynamic stresses have to be con-
sidered; and over the full range of stresses, sediments may be elastic, viscoelastic, or
plastic. Yong and Warkentin (Ref. 53, p. 80-94) present a good discussion of the various
models and clements within the models which describe this behavior.

In the fields of soil mechanics and foundation engineering. the Hookean model
and equations are commonly used for derivations of dynamic elastic constants and studies
of vibrating loads (e.g.. Refs. 28, 31, 32, and 54-57). However, the dynamic moduli from
most velocity data are for very small strains, on the order of about 10°¢, and corrections
to moduli shouid be made tor greater strains (Ref. S8 presents a correction curve).

In the ticlds of physics and geophysics, studies of the elasticity of minerals and
rocks have demonstrated that the clastic equations of the Hookean system adequately
define the velocities of compressional and shear waves. These equations are conveniently
mterrelated in a table by Birch (Ref. 23, p. 2206). This ficld has been summarized by
Birch (Ref. 59) and by Anderson and Licberman (Ref. 60). Papers of special interest
are by Christensen (Refs. 61, 62), Brace (Refs. 63, 44), and Simmons and Brace (Ref.65).

The question of water movement relative to mineral frame is a critical key to
whether or not the equations of clasticity can be used in studies of wave velocities in
rock and sediments. [If the pore water does not move significantly with respect to the
solids, then the effective density of the medium is the sum of the mass of the water and
the solids in a unit volume, there is negligible or no velocity dispersion, energy damping
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is negligibly dependent —or independent - of frequency, and the equations of Hookean
elasticity can be used to study wave velocities and elastic constants within tiic frequency
range in which these parameters are effective, unless attenuation is involved in the study.
This is the “closed system™ of Gassmann (Ref. 66). The “*closed system.” as a special
case in studies of the clasticity or viscoelasticity of saturated porous media, has been
noted in many experimental and theoretical studies (Refs. 19, 22, 23, 25, 31, 32, 42, 59,
65-81).

Although the clastic equations of the Hookean model adequately account for wave
velocities in most earth materials, they do not provide for wave-cnergy losses in these
media. To account for energy losses, various anclastic (viscoelastic and “‘near-clastic™)
models and equations have been proposed. Viscoelastic models frequently favored are the
Kelvin-Voigt, Maxwell, or some other combination of Hookean elastic springs and New-
tonian dashpots (see Ref. 53 for a concise resumé), or some variation of Biot’s models
(Ref. 68) in which a basic assumption involves movement of pore water of the Poiscuille
type (at lower frequencies).

In his various papers, Biot (¢.g.. Refs. 68, 69) discussed the full range of systems
in which water within pore spaces does or does not move with the solids upon imposition
of a small stress, such as that produced by a sound wave. In some of these acoustic
models, this movement or flow of water through the sediment mineral structure was con-
sidered to be of the Poiscuille type. In the last several decades, it has been determined
that the simple flow equations of the Poiscuille type (derived from flow of water through
tubes) do not hold for real. in situ sediments. These equations have to be consiaerably
altered, even for clean sands, and are not applicable to relatively impermeable clays (e.g..
Ref. 53). In other words, models based on Poiseuille-type flow of pore water are probably
not applicable to natural sediments.

One model which has been especially studied in connection with rocks and sedi-
ments is the Kelvin-Voigt model. in which. as originally defined, compressional-wave velocity
varies with frequency: and attenuation, at frequencies of most interest in underwater
acoustics and geophysics, increases with the square of frequency. White (Ref. 25,

p. 110-112) has a thorough discussion of theory and experimental evidence on this sub-
ject and concludes (p. 112) that neither velocity nor attenuation shows this frequency
dependence and that the Voigt solid cannot be considered an adequate model of carth
materials. The evidence of this report and earlier ones (Refs. 2 and 19) are in accord
with this conclusion.

A VISCOELASTIC MODEL FOR WATER-SATURATED
SEDIMENTS

In the absence of sufficient experimental evidence, it has been possible to con-
struct rather elegant theoretical approaches, altered—if necessary=by constants to fit
available data. To derive such theoretical models, one must start with assumptions. In
the case of water-saturated sediments, some of the less tenable of these assumptions have
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been thit 0y all watersaturated sediments are anilogous to suspensions of mineral par-
tickes in Tuids: (29 all the mineral particles are spheres: (3 Poiseuille ow operates in
naturil sediments: ¢ pore water necessarily moves relative to the mineral frame or sedi-
ment structure; and ¢S sediments Lack rigidity, in which case the sheiar modulus is zero,
and Poisson’s ratio is (0.8,

AlL ol the above assumptions are invalid in part or in whole,  Two recent papers
(Rets, 3and 19) discussed several aspects of sediment structure and clasticity,  Some
conclusions are pertinent. almost all saturated sediments lave minerad particles which
are not spheres: near suspensions are unusial; and almost all sediments have satficient
rigicdity 1o allow transmission of shear wises, As noted previously . Yong and Warkentin
(Ret, 83 indicate Poiseaille flow (throagh siiall tubes) does not hold for natural sediments.

Given macroscopic isotropy ., siall, sinusoidinl stresses, waselengths much greater
than grain size, and frequencies from i few hertz to at least several hundred Kiloherts
tand probably into the megaherts range for most maitural sediments), some parameters
in addition to those in the preceding paragraph are as noted i presious sections: attemi-
tion in decibels per lincar imeastire is approvimately dependent on the fiest power of fre-
quency i elocity dispersion, it present, is small. Some relative mosement of pore
water amd minctal frame cannot be excluded on the basis of present evidence. although
the above parameters indicate that, it present, it should be small.

Fhe muidel proposed below is intended as a tentative, workig model, 1t shoubkd
be emphasized that other models are not excluded o they are within the stated parame-
ters.  The whole subject merits much more experimental and theoretical study.

A model and concomitant equations within the parameters noted above is a cise
of lincar viscockisticity.  The basic equations of lincar viscoclsticity have been summarized
in an eacellent treatise by Ferry (Ref, 820, For the model recommended in this paper.
the hasic equitions (Ref, 83) have been discussed in ditferent form, including neglect of
negligible factors, in Retr 20 28082082 (pp. 93, 4, 84 and &S,

In the above model., the Lamé elistic moduli g and X are replaced by complea
moduli, (g + g’y and A+ "), in which g, X, and density govern wave velocity, and the
imaginary moduli. ig" and /X’ govern energy damping.  The following (Rer. 82, pp. 11-13)
illustrate the stresssstrain relations in this maodel. For a sinusoidal wave, it the viscoclias-
tic behavior is linear, the strain will be out of phase with stress. The stress cin be vee-
torially decomposed into two components: one in phase with strain and one 90 deg out
of phase. For a shear wave, the complex stress/strain ratio is g* = u +ig’. The phase
angle, ¢, which expresses energy damping is. in this case: tan ¢ = u'/u.

The basic deriviations of the above model are in Refs, 25 and 82 and will not be
repeated here. Without assumptions as to negligible Factors, the equations of the model
in the form used by Bucker (in Ref. 2. p. 4046) or by Ferry (Ref. 82, p. 94, 419), reduce
to the following for both compressional and sheiar waves (with some changes in notation).
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A s the dogarithmic decrement Cog of the ratio of two suceessive amplitudes in
anenponentially deciaying sinusoidal winve)

tan ¢ is the oss angle

AL L s Iraction of strnin energy lost per stress oy ele

@ is attentiaion in decibels per lincar measure (e g, dB/em)

Fquations mvolving compressional- and shear-wase selocities in Ret. 2, or in

Ret. 7ooare tin Ferry 's notition):

(\+ :m"-pl',-‘cl Sl ety )

»

BopbP = ) 4 e (o)

where

alb 2m

~
"

— I.
Lame's constant

)
o= origidiny
P

"

density

In Fgs. 0 and Aoy the term (= #23'00 007 indicates the degree of velocity
dispersion or linear siscochintic media, When damping is small tdefined aboved. this teem
is negligible and can be dropped, s implied in Ret, 82, p. 94 This leaves the more
Familiar Hookean equations.

N+ 2= pl g (1

p=opl? (2

Phis means that it the factor ¢ = e/ (1 + 727 in Fys. (9 and (10) is considered

negligible and dropped. wine velocity, 1/Q. and the log decrement are independent off
frequency. and lincar attenuation is proportional to the first power of frequency.

Computations performed with the data of this report and from the literature indi-
cate that most water-saturated rocks and sediments quality under the above definitions as
media with small damping.” Theretore, Fos. (3. (D, 0D, and (12) should apply to both
witter-saturated sediments and rocks.  However, those investigators who wish to include
velocity dispersion and 1O or a log decrement dependent on (requency can consider
Egs. €20 (9, and ¢10),
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/
1/Q. Q. and A
In the sediments discussed in this report, the qualdity Tactor, or specific dissipation
function, Q. 1/Q. wnd the logarithmic decrement. A, are approximately independent of
frequency.  This follows from the depemdence of attenwation approsimitely ) on the
first power of frequency. Table 7 lists these properties for the in sit measurements in
Tables 1and 2. A conclusion from the data of this report is that the appronimate fre-
quency independence of 1O, O, and S can be extended from roch (¢ g, Ret. 433 through
most natural, water-aturated sedinients,
Fable 7. The Quality 1 actor, 0,,. the Speaifiv Attenuation ) actor, I/UI,.
and the Toganthme Decrement. 3 L rom fu Sitn Measuranenis ot
Compressional-Wave Velocity, I),. and Attenuation, apye Sediments
O San Diego.*
Scdiment Ty Up |,(),, 3, Notes
Sind
Coarse k) 0031 0.099 I
9 0.034 0.107 &
Medium ]| 0,032 0.101 i
38 0.028 0.089 2
Line 3 0.032 0.100 |
3 0.032 0.101 ?
44 0.023 0.071 3
Very fine k) 0.031 0.093 I
29 0.034 0.107 2
Sandy it 3 0.044 0.138 2
54 0.018 0.088 3 i
Sund-slt-clay ]| 0,033 0.102 2
layey silt 104 0.010 0.0:30 U
i 0.009 0.028 !
14 0.009 0.0 1
18 0.009 0.027 3
6l 0.004 0.012 {
437 0.002 0.007 I
Sand-silt-clay 168 0.003 0.009 1

* L, - .
Computed from cquations

]/(),, = u,,l'l,/nj : A,,/n; attenuation, ap = R.686 ap
Notest 1L Table 1 (Part A); frequency: 14 k17,
2. Fable 2; frequency: 100 ko,

3. Table 1 (Part B): frequency: 25 kHe.




RELATIONSHIPS BETWEEN ATTENUATION AND OTHER
PROPERTILES

Introduction

The relationships between attenuation and other physicial properties in saturated
sediments are of considerable importanee in determining the causes of attenuation and
in selecting appropriate anchistic models,  In this section, various relationships will be
brictly noted and illustrated prior 1o discussions of the causes of attenuition,

As discussed, attenuation i decibels per lincar measure is appronimitely dependent
on the first power of frequency s thal s, in the equation @ = A/ s close to 1o 10 nis
taken as 1, the only variable in thic equations for various sediments is the constant A, This
comstant is particularly usetul in relating attenuation to other sediment properties, such
as grain size and porosity. The relations between A and other physical properties give an
insight into the canses o attenuation, which allows prediction of attenuation Gas discuased
in the Last section) atter deriving o value of A from its relationships with mean grain size
and porosity,

With an assumption that lincar attenuation is dependent on the first power of fre-
quency. values ol A can be casily computed by dividing attenuation by frequencey. This was
done for all data in Tables 1 to 4 except as follows: (1) the values of A from Table 1 (Part A)
were determined trom the 14-KHz measurements (considered most reliable): and (2) for
three measurements in Table da which did not show a first-power dependency. & was de-
terntined from an attenuation computed at a frequency near the mid-range of the mea-
surements.  These values of & were then plotted versus mean grain size and porosity in
Figs. 3, 4. und S,

Relationships between A (or attenuation) and mean grain size, porosity, and dy-
namic rigidity are illustrated and discussed in the following sections. The data are for
natural sediments: both jn sitie und Laboratory measurements are included.  Averaged
values trom Tables 1 through 3 were used as prinry datia to establish regression equa-
tions (in the figure captions), but the individual measurements which were averaged are
shown to better illustrate the trends and scatter of the data, These regression equations
are included for use in predicting attenuation when grain size and porosity are known.
These equations are strictly empirical and are recommended only within the limiting
values indicated. The vilues of & so obtained are approsimations, but it is predicted that
most tuture measurements of attenwation will resalt in & vadues which fall within the indi-
cated “tenvelopes.”™

Attenuation and Grain Size
When wavelengths approach grain size, Rayleigh scattering takes place, and attenua-

tion is proportional to the fourth power of frequency. This effect has been discussed by
Kaopofl amd Porler {Ref B63 i the case of pramite,  Raybeisl/ scavoring appours Lo be g
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Mean Grain Size

Figure 3. Mean grain size, Mocin o units and microns, g, versus & (in o Arhy i natural,
saturated sediments chables T=da) see text. Solid symbols are averaged vatues tor data
oft San Dicgo: dumonds-1966-1970; triangles-1956; inverted triangles=1962: circles-
Shumway (Ref. 18), Table 3 open symbols=data in averages: X-literature value from

Fable da. Arca between dashed lines: predicted arca within which most data should

fall.  Regression equations tor solid lines tfor data oft San Dicgo and wlected literature
values—recommended Tor use in simikir sediments): Coarse. medium, and fine sand, in

part i to 2.6 o)k = 0.4556 +0.024503.). Dine sand an party, very fine sand, and mised
MZes (2.6 10 .50 A 201978 + 0124500 ) Mined sizes (4.5 10 6.0 0): & - R.0D399 .

2. S22RM) +0.20008 (.1/_-)2. Silt-clays (6.0 10 9.5 0): 4 = 0.943] - 0.20413.) + 00117002,

tactor in Busby and Richardson’s (Ret. 21 measurements of attenuation in the megahertz
range in sands.  For most sediments, Ravleigh scattering is not a fuactor to at least several
hundred Kilohertz, and probably into the megaherts range.

Figure 3 illustrates the relationships between the constant A tina = A/ 1 and mean
grain size tor most of the sediments listed in Tables 1 to 4. Mean grain size is plotted in
logarithmic phi units (¢ = -logy of grain diameter in mitlimeters: see Ret. 87 for discus-
sion). In studying Fig. 3, one can casily transtate A into lincar attenuation in decibels per
meter. because at any given tfrequency the only variable s A
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Figure 3 illustrates the distinet difference between mean grain size, AL, and the
constant A (or attenuation) in sands (M. = 0 to 4 ¢, or 1 1o 0.0625 mm) and in the silt-
clays (@ > 4). In sunds (Figs. 3and 4), & increases gradually with ¢ (or decreasing grain
size) from coarse into fine sands (to about 2.6 ¢), and then & increases rapidly into the
finer sand sizes. Other investigators have measured increased attenuation in sands with
decrcasing grain size (e, Refs, 8, 18, and 41, Fig. 9), The maximum values of A are in
very fine sand and in mixtures of sund, coarse silt, and clay (e.g., silty sand, sandy silt)
in the grain-size range of 3.5 to 4.5 ¢ (0.09 to 0.04 mm). Equivalent lower values of &
are in coarser grained sand. in silt, and in finer sized sandy silt, Attenuation decreases
with decreasing grain size (increasing ¢) from about 4.5 ¢ to about 6 ¢, and then gradually
declines with decreasing grain size into fine silts and clays.

A semi-log plot (using phi units: Fig. 3) tends to clarify relationships between
grain size and other properties in the finer sizes (silt-ckiys), but obscures relationships in
sands,  Theretore, mean grain size in millimeters is plotted versus 4 in Fig. 4. Figure 4
iltustrates better than Fig. 3 the gradual increase of & from coarse and medium sand sizes
into fine sands, and the marked increase in A from about 0.17 mm (2.6 ¢) into the finer
sand sizes.

Attenuation and Porosity

Porosity varies with & (Fig. 5) in the same way that mean grain size varies with A
(Figs. 3 and 4). Equivalent values of & are apt to be found in the coarser sizes of sund
and in higher porosity silts and sandy silts. The highest values of & are in very fine sands.,
silty sands and sandy sits i the porosity range of S0 to 54 percent. In silt-clays. A de-
creases with increasing porosity. Shumway (Ref. 18, Fig. 0) indicates a similar variation
hetwieen aftenuation gl porosity o Coguencies. between 20 and d00 ke Relatioaships
between grain size and porosity, as they affect attenuation, will be discussed in a section
below.

Attenuation and Dynamic Rigidity

Figures 6 and 7 (reproduced from Ret. 19) illustrate the probable variations of
computed values of dynamic rigidity, g, with grain size and porosity. Com:arison of
these figures with Figs. 3, 4, and § indicates that A and values of rigidity res~onid in the
same way to variations in grain size and porosity.

PROPOSED PREDICTION METHOD

CAUSES OF ATTENUATION
Introduction

In studivs of the attenuation of compressional and shear wives in saturated porous
media, there are usually two (or a combination ot two) common viewpoints: (1) a visco-
elastic model is used in which pore water moves relative to mineral grains, and pore-water
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Figure 6. Mean grain size sersus computed salues of the shear modulus dynamic
rigidity ) from Hamalton (Rel. 19). Squares are mean values; crosses are 3 times
the standard error of the mean. T-amples from the continental terrace (helt
and slope); P-abyssal plan: H-absssal hitl. Tower lett: St Peter™s sand (arcles)
and Ottawa sand (triangles). See Ref. 19 for discussion,

viscosity and media permeability are dominant factors in viscous sound absorption: or
(2) a linear viscocelastic, or “nearly clastic,” model is favored in which attenuation s
mostly, or entirely. due to internal friction (i e., energy is lost in intererystalline or inter-
grain movements).

The case has been made that in crustal rocks, both dry and saturated. internal
friction is by far the most probable dominant process in wave-energy damping at scismic
frequencies to at least several hundred Kilohertz, and that viscous losses are probably
negligible (e.g., Refs. 25 and 88). The writer believes, as discussed below, that internal
friction is by tar the dominant dissipative process in water-saturated sediments,

It is apparent from the present study that sands with grain-to-grain contacts and
no cohesion (physicochemical net attraction) should be studied separately from silt-clays
with cohesion and mineral particles probably separated by layers ot adsorbed water.
Consequently, the following discussion will deal separately with these two sructural
types. The structures of these and other sediment types were reviewed in Refs. 3 and 19,
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Figure 7. Sediment porosity versus dynamic rigidity: sy mbols and remarks as
in Fg. 6.

Attenuation in Sand

Study of attenuation in sands is of particular interest in determining the causes of
attenuation because these sediments are the most permeable, and viscous losses, it present,
should be higher in sand than in other sediment types. On the other hand. it frictional
coergy losses are dominant, the intergrain reactions to stress which cause attenuation
should be related to the same complen factors which aftect dynamic rigidity and static
shear strength, These factors will be brietly reviewed.  Reference 19, a4 more extensive
review, contains numerous references to items outlined below.

Sands have grain-to-grain contacts between mineral particles, and resistance to
shear stress is related to sliding and rolling triction between grains, to the number of
. . b . . . . 0 ’
mtergrain contacts, and interlocking between grains.  Scee Ret. 83 tor o good resume.

The number of interparticle contacts in sands depends on grain size and density of
packing G e loose. dense, or=most frequently—=an intermediate paching). At any given
particle size. porosity is i measure of packing,  Interlocking of grains increases with
density of packing and angularity of grains.
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Laboratory experiments with clean quartz sand grains (St Peter’s or Ottawa sand)
have indicated the following (Ref. 28): (1) ut the same grain size, dynamic rigidity in-
creases with decreasing porosity in sunds with round grains because of more interparticle
contacts with denser packing: (2) at the same grain size and porosity, sands with angular
grains have higher dynamic rigiditics and shear-wave velocities than sands with round
grains because of interfocking between grains: and (3) at the same grain size, increased
angularity of grains (causing greater rigidity ) can be more important than increases in
porosity (causing lesser rigidity).

The grains of natural marine sands are much more angular than those in St. Peter’s
or Ottawa sand at any given grain size. In natural sands, angularity increases and sphericity
decreases with decreasing grain size (Ret. 89). Interlocking of grains should be greater
when coarse silt particles are present.

The discussion above and the conclusions presented in Ret. 19 imply and predict
for natural marine sediments:

(1) Coarse sand has fewer intergriain contacts and the grains are rounder than in
the finer sizes: thus, dynamic rigidity should be a minimum in coarse sand
because of lesser intergriin friction,

(2) Dynamic rigidity should be less in sands composed ot the highly rounded
grains of St. Peter's or Ottawa sand than in natural sands of the same
density, porosity., and grain size: thus tests with St. Peter’s or Ottawa sand
cannot always be directly related to natural sands.

(3) Hardin and Richart (Ref, 28y observed that an increase in porosity will cause
a decrease in rigidity. This is only true in sands of the same grain size and
angularity.

(4 In natural sinds, porosity increases with finer sizes which have more numerous
intergrain contacts and more angular grains, which may cause rigidity to in-
crease with increasing porosity.

(5) At some relatively fine sand-silt size, intergrain friction and interlocking will
reach a maximum and rigidity will be at a high point for natural, uncemented
sediments,

(6) When sand grains are no longer in contact because of increased amounts of
fine silt and clay. intergrain triction and interlocking are no longer relatively
cftective and rigidity is mostly due to cohesion between finer particles.

(7) Cohesion between fine particles varies with the numerous tfactors discussed
below: but, in general. cohesion and rigidity decrease with increasing porosity
and decreasing grain size in higher porosity silt-clays.




Figures 6 and 7 illustrate the phenomena outlined abosve. Of the sands, coarwe
sand has the teast rigidity . and natural sands have higher rigidities than round graimed
St Peter’s sand. Rigidity increases sharply with decreasing grain size and increasing
porosity to manimum vatues inovery fine sinds, silty sods, amd coarse silts. These mani-
mum salues of dynamic rigidits occur between mean grain sizes of 3.5 10 4.5 0 (0.09 10
004 m and porosities between 33 and 60 pereent. Ina deosity sersus dy namic
rigidity plot (not shownr, maisimum rigidities occur between densitios of 1.7 and 1.8
glem?. As grains become finer, rigidity decreases with increasing porosity and decreasing
density (Fig. 7y and decreasing grain size (Fig. 60). Scatter diagrams of pereent sand size
by weight versus rigidity (not shown) indicate maximum rigidity normally occurs when a
sediment is composed of about 60 to 65 pereent sand by weight.

Dynamic rigidity is a measure of resistance (friction and interlocking between
grains) to shearing forees, which tend to move grains, I attenuation is due to energy lost
by friction between grains, then rigidity and attenuation should vary because of the same
factors.  However, as with rigidity, there is complex interaction between grain sizes, shapes,
density of packing. or porosity.

Mean griin size is an important factor in both rigidity and attenuation. In coarse
sands. the grains are Lirger and more rounded. interparticle contacts fewer, and surface
arcas snuller, than in the finer sands. Consequently, rigidity is relatively low in coarser
grained sands: and when grains are moved. the fewer interparticle contacts produce only
a small attenuation that can be attributed to (riction (Figs. 3 and 34). As grain size de-
creases, the grains becontie more numerous in a unit volume, they are more angular, and
consequently, have larger surlace arcas and more interparticle contacts. Therelore, rigidity
increases. When grains are relatively moved, however, the more numerous interparticle
contacts and greater surface arcas result in greater energy losses. This has been shown in
the laboratory (e.g., Ret. 41, Fig. 9y and in sitie (this report and Ref. 8).

The change in rate of increase of A from coarser sands at about 2.6 9.0r 0.17 mm,
into the finer sand sizes (Figs. 3. 3 requires further discussion. The change is apparently
related to the relationships between grain size, porosity, and surlace arca. or the number
of interparticle contacts.

A semi-log plot of mean grain size Gin phi units) versus porosity (Rel, 3. Fig. 2)
indicates an almost lincar relationship. This type of plot obscures the real relationship.
Figure 8, an arithmetic plot of grain sizc (in millimeters) versus porosity, illustrates the
very gradual increase of porosity with decreasing grain size in the coarse and medium
sand sizes, and the marked increase in porosity which oceurs as grain sizes decreise from
fine sands into the silt-clay sizes (porosities greater than about 60 pereenty. There is
much scatter in the relationships between grain size and porosity, because at any given
grain size, porosity varies with packing (i.e., dense. loose),

Hoattenuation s related o encrgy lost in intergrain friction. a critical factor in-
volves the number of intergrain contacts, or surface arcas involved, per unit volume., If

KK



055 b § i
050 "f' —
045 = —

- —
040

=
Ll
[

0.30

Mean Gram Sire. mum
=)
[
|

=
[
=

015

010

005

Porosity, percent

Pigure 8. Sedimient porosity sersus mean gran size momm, - Svimbols duamonds-
trom Fables | and 20 ancles=Lable 3, fiom Ret. R squares-from Ret. 3,

grain sizes decreased without o change in porosity - the more numerous contacts should
lead to an increase i attenwation, W porosity imcreased without o change in grain size,
the fewer intergrain contacts should leid to decreased attenuation. In coarse and medium
sinds there s a retatively small increase in porosity with decrease in grain size (Fig. 8).
As grain sizes decrease from 0,500 to 0180 mm ¢ to 2.50), there is an increase in
porosity ol about 5 to 6 percent, and. according to Shumway and fgehman (Ret, 90),
grain surface arcas increase by gabout 240 pereent. From 0,180 to 0,063 mm (2.5 104 ¢).
porosity increases about @ to 10 percent, but grain surtface area increases by about 320
percent. Insummary . as grain sizes deercase from 0,500 1o 0.063 mm (1 to 4 ¢) there is
an increase of about 15 percent porosity, but grain surfiace areas increase on the order of
600 to 700 pereent, I attenuation is due to energy lost between mineral particles in
contact, then the increase in surtiece area tmore mineral particles in contact in a unit
volume) should  cause increased attenwation (A higher) which is not offset by greater
porosity. In addition, the rate of increase in attenuation should be less from 0.500 to
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0.180 mm (coarse-medium sand into tine sand) than the rate trom about 0180 mm mto
fin ot sizes (the increased rate actually occurs at about 017 mm: Figs, 3. 4.

Pigure 3 (porosity versus A allustrates these same relationships: A increases pradu-
Clyoas porostty ncreasaes from 38 to about 47 percent, amd then increases sharply from
Wis porosity range 1o porositios of about 52 percent. These increases inattenuation with
Acreasing porosity in sands are related through grain size and the more numerous par-
ticles and greater grain surface arcas, as discussed above,

Attenuation in Fine Silts and Clays

In fine silts and clays, shear strength, dynamic rigidity, and attenuation are ap-
parently related to cohesion between fine particles. Cohesion is the resistance to shear
stress which can be mobilized between adjucent fine particles which stick, or cohere, to
cach other. Cohesion is considered to be an inherent property of fine-grained, clayey
sediments which is independent of stress: it is caused by physicochemical forees of an
interparticle, intermolecular, and intergranular nature. This subject is reviewed in Ref 19,
which contains numerous relerences to the following items. Clay particles may not be in
contact: they are apparently surrounded by lavers of adsorbed water through which they
interact with other particles. The amount of pore water, the distance between particles,
and the number of interparticle contacts are important influences on cohesion. At points
of near contact between clay particles, there is often bonding akin to cementation, espe-
cially in the presence of iron oxides, calcium, silica. and other minerals in solution in
interstitial waters. Where sediments have been exposed to oserburden pressures. there is
apt to be pressure-point solution and redeposition. The structure of the mass of clay
particles is important; for example, it has been demonstrated that the flocculisted. or
“eardhouse™ structure (Ret. 3, Fig, Tdo is the strongest. These structures are largely de-
termined by interparticle forees and the number of interparticle contacts, Ditfering clay
minerals affect cohesion because of particle size and differing interparticle tforees: for
example, Na-montmorillonite has stronger cohesive bonds than kaolinite. Shear stress in
clayey sediments occurs betwen particles and not through them: near-contact points will
deforn elastically or plastically (depending on stress) by an amount to sustain the eftec-
tive stress. Homogencous clys are practicallh mmpervious: for example, the coetlicient
of permeability (centimeters per second) in clen sand is of the order of 1072, whercas
this coetficient in homogencous clay is of the order of 108 (Ret. 91,

The highest attenuation in marine sediments v inosery Tine sand and coarse silt
and in mintures of sand and silt. AS grain sizes become smaller, the sand amnd coarser silt
grains become fewer and separated., and relative movement between grains is controlled
by comples interparticle forees (cohesion), Cohesion, dy mamice rigidity, and attenuation
become less as grain sizes decrease and porosities increase to the lesel ot high-porosity
silt-clays, These effects are apparently due to the same causes: the strength ol interpar-
ticle, net attractive forces and the number of interparticle comtacts. These forees become
weiaker and contacts fewer with higher porosities, given the same mineral and structural
type.



In the curves relating & to porosity. the sharp intlection which occurs at about
65 percent (Fig. ) and at a mean grain size of about 6 9(0.016 mm: Figs. 3. 41 indi-
vates the probable range of porosity and mean grain size where the separation of larger
grains (sand and «il0) occurs, MoCann and McCann (Ret. ) also wlected 6 ¢ as the grun
siz¢ at which interparticle forces become dominant.

It is important in studies of attenuation in cliy-water systems to understand the
different mineral structures. Clay, in the presence of an clectrolyte (e.g., scawater).forms
flocculated structures which have a finite rigidity and transmit shear waves (see Ret. 19y,
When this tlocculated structure is dispersed and the physicochemical bonds are broken,
the mixture is an actual or near suspension.  Attenuation in dispersed or flocculated clay-
water systems is distinetly difterent. Cohen (Ret. 17) demonstrated that both goand iy’
were essentially independent of frequency in flocculited Kaolinite in distilled water: but
when a deflocculating agent was added, the mixture lost rigidity, g, and behaved as a
Newtonian fluid. This means that 1/Q tor shear stresses (0 'p) was independent of fre-
quency. and attenuation dependent on the tirst power of frequency in the flocculated
structure: but in the dispersed mixture, attenuation was dependent on /2. When Cohen
added NaCl, the mixture reflocculated and complex rigidity was the same as before,

De Graft-Johnson (Ref. 92) experimentally showed that dispersed clay structures have
higher log decrements than flocculated structures at the same water content. McCann
(Ref. 93) explained this effeet theoretically.  Except as an approach to understanding
theory. experimental data on attenuation in dispersed clay-water systems are not appli-
cable to almost all marine sediments,

The data listed in the tables and plotted in the figures do not include attenuation
in calcarcous sediments. There is a small amount of evidence which indicates that high-
porosity calcarcous “oozes™ may have higher attenuation values than sediments formed
by clay minerals of the same general porosity and grain size. This might be due to the
mature of interparticle bonds and the presence of foraminiteral tests in the caldarcous

00/,
Effects of Wetting

When a dry sand is wetted, shear velocity and rigidity are both reduced (Ref', 19,
Figs. 8 and 9, and Ref. 28), and the log decrement increases (Ref, 56). Pilbeam and
Vaisnys (Ret, 94) also noted that Tubrication of grains in a granular aggregate generally
incredsed relalive energy losses. The rode of risidity cult be seen by sobslitubing L fpy'
tor 1in Fq. 4.

@, = A p)f/u" (13

Diynamic rigidity is less i wel sand than in dey apparently hecause Tubrication
allows grains to move under less shear stress (Ref. 281 Rigidity is also less in saturated
porous rock than in dry rock (Rel, 95), p. S78). Hardin and Richart noted that a mere
I prereent increase i welber condent et reduiee sigildily by s ool o' 18 percent -
perimentally, the log decrement of shear witves in sand and rock increases upon wetting
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(Refs. S0 and 95), but shear-wave velocity decreases because of the decrease in rigidity.
Density would increase with wetting,  Thus, all tactors in Eq. (13) result in increase in
a, (alter wetting) at any given frequency. A variation of bq. (4. A = ¢, 1, /7. indicates
that the increase in the log decrement upon wetting is due entirely to the increase in g,
because 1) decreases. The apparent reason for the increase in attenuation of shear waves
upon wetting or lubrication is that, given the same grain size and porosity (or the same
number of interparticle contacts). the reduced rigidity allows greater slippage of grains
under any given shear stress, resulting in greater energy losses because of greater inter-
grain triction.

Effects of Pressure

Although attenuation decreases with increasing effective pressure (i.e., overburden
pressure), as discussed below, it is believed that the luboratory and in sity measurements
of this report are comparable because of the low or negligible pressures involved. This
was also a conclusion of McCann and McCann (Ref. 8) after comparing their in situ mea-
surements, at depths of 2 m in sediments, with the laboratory measurements of Shumway
(Ret. 18). The in situ measurements using probes (listed in Tables 1-4a) were at scdiment
depths from about 0.3 to 2 m: thus, effective pressures were very small.  Laboratory
samples had negligible effective pressures. Consequently, the data and conclusions of this
report are concerned with surficial sediments under very low, or negligible effective pres-
sures. Some of the measurements at seismic frequencies in Table 4b involved greater
effective (overburden) pressures, but these were not involved in cilculations of equations
relating attenuation and frequency.

Increase of effective pressure increases rigidity and shear- and compressional-wave
velocity in rocks (Refs. 59 and 96) and sand (Rels. 19 and 28); but in both rocks and
sand, attenuation and log decrement decreiase (for rocks, see Refs, 97, 98, 99 for sand,
Rets. 27 and §6). As various authors have noted, these effects are apparently due to
pressure effects on grain elastic moduli and grains in harder contact, a situation that offers
greater resistance to shear stress (shear modulus, or rigidity, greatee), but allows less inter-
grain movement, which constraint reduces energy loss through intergrain friction Gittenua-
tion less).

PREDICTION OF COMPRESSIONAL-WAVE ATTENUATION

Estimation or prediction of compressioml-wave attenuation in saturated sediments
is of comsiderable importntee i peophiysios and tmdorwater deotstios,  The relationstrips
between attenuiation (as expressed by the constant A) and grain size and porosity pre-
viously discussed and iflustrated (Figs. 3. 4, and §) afford a very simple method for pre-
diction of approximate values ol attenuation at most frequencies of interest in geophysics
and underwater acoustics in all major sediment types (with the possible exception of cal-
carcous sediments),
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{n this report, attenuwation is related to frequency in the form

a=A/ hH
where

a is attenwation, dB - m
fis frequency. kHy

The case has been made that the exponent of trequency., i, s close to 1. I o is taken
as 1. the only variable in the cquation is the constant AL This constant varies with mean
grain size (Figs. 3 and 4) or porosity (Fig. §),

Mecan grain size of a sediment can be castly determined in both wet and dry sedi-
ment; porosity can be determined in saturated materials — In the absence of measurements,
both properties can be predicted. given general environment and predicted sediment type.
References 3 and 100 discussed and listed averages of these properties tor various sedi-
ment types in the major environments and discussed methods ot prediction. Technically,
porosity should be a better index of attenuation because it is a better measure ot the
number of interparticle contacts (at the same grain size. the degree of packing determines
porosity and the number of interparticle contacts).

The method for estimating or predicting approximate values of attenuation (given
mean griain size or porosity) follows: a numerical example is included:

(1) Determine or predict mean grain size or porosity of the sediment,
fxample: mean grain size. M.~ 7.5 ¢.

{2) Refer to the mean grain size or porosity versus A diagraom (Figs, 3, 4, 5), and
determine the value of A, Regression equations For these dati are listed in
the figure captions.

Example: Fig. 3 tmean grain size versus & diagram) yields: A = 0.07.

(3) Insert A into Eq. (1), reproduced above.

Example: insertion of the value of A yiclds: a = 0.07/
(4) Compute attenuation (in dB/m) at the desired frequency (k2
The experimental evidence indicates that the exponent of frequency probably
viries in saturated sediments between 0.9 and 1.1, Theoretically, or statistically. the
vilue might be slightly less than 1 (Refs. 45 and S1). Use of a value of A, assuming n

is 1 (rather than 0.9 or L1, results in small differences in computed attenuation at fower
frequencies, those of most interest in geophysics and underwater acoustics, For example,



at I RHz 0 0.07 as taken as AL and 7 is varied between 0.9, 1.0, and 1.1, the computed
attenuations ire 019,021, and 023 dB m: at 1 = 50 Uy, the values of attenuation are
0.005, 0.004, and 0.003 dB'm. In a fine sand, ir 4 is 0.5, the values of attenuation at
3RHz cand 1 =09, 1.0, and 1.1y are 134, 1.50, and 1.67 dB/m: at 50 Hy. attenuations
are 0.034, 0.025. and 0.019 dB 'm.
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