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THE PROBLEM

Determime and study the acoustic properties of sea-tloor sedimierts and acoustic
madels of the sea Hoorspealicaliy, use measured values of compressional-wave (sound)
seloary and densiy sl computed vilues of sediment bulk modulus to compute other

clastic comstants and deternime appropnate elastic models tor the sea floor.

RESULTS

Yo Marine sediments can be censidered as elasiic media and the equations of
Hookean clasticity can be used to compute unmegsured elastic constants. Whensound
attenuaiion must he considered, @ viscoctastic medel s Tavored i which the sdin
modutus, goand Lamd’s constant A i the equations of elastiaity ate replaced by com-
plex Lame constants (4 tu” and X+ 70y which are independent of frequency . i this
model. g and A represent elastic response. and 1u” and (N represent damping ol wine
energy . This madel imphies that wave welocities and the dissipation tuncoon, V' are
idependent of trequency. and attenuation in JdB per umit length vanies hinearly with
frequency i the range fronia fow Hz to the megahiert? range

2. Density and compressional-wave velocity were measured in the present study.
A computed value for the system bulk modulus (following Gassmarui, 1951) was used
as the tinrd comstant required to compute the other elastie constants with the equations
ol elasticity . These computations were thus based on theorny without eimprncal tacton
or constyrts.

The components of the computed system bulk modulus are poresity. the bulk
modalus of pore water an agperegate bulh madolus of mmeral grams, and 4 bulk modulos
ol the structure, of frame, tormed by the maneral grams. Good values for the bulk
maduly of distilled and seawater. and most of the commuon nunerals ot sediments. have
been established i recent veuars. this leaves only a vaiue for the frame-bulk nodulus to
compute 2 bulk modulus for the aates-nmuneral svstem of the sediment.

Curves and regression egiatiuns relating porosity and dynanice frame bulk
modulus were dernved and ased i computations of g system bulk modulus, which. with

maasprad deancy and o
measured denset HILEY

oacominats athey
togempute ethe

elastic constunts

3. The computations ot elastic constants as discussed i this report, compared with
other laborstory end in sitie measusements (such ay shiear-wave velocity ) indicate that tie
equadtions of elasticity can be used to derive reasonable values for those elastic constants
not measured. 10so, the hsted vaiues i the tables, and the method, can be used to pre-
dict these constants far ihie major rediment Ly pes

i
1
1
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RECOMMENDATIONS

FoContimue to measuee and stidy the Teast-himan aconstic propecties of imanne
sedimients e attenuation of coinpressional Gonned ) waves, the veloaties of shea wanes,
and chantic and viscoclistic coistanis - These measnements ind stidies should siclngde

Vatations et properties wath deptivim tie sea oot

— Duecr these studies tes and mprovement of acoustic models of the sea oot e

support umdeowaton seund propagation and geophy sical studies
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PREFACE

Thivieport s Part Hoan g senes of Techmaal Pubhicanions aiosound veloenty,
clasticny cand aclated properties of munme sedimenis Trom thiee major envionzents
ot the North Paatic e confmental terpace (heil aond slope) abay sl plam (tnbidiey,
and abvasai lall gpelagig)

Part LETE 143y deraled the mcasuremcnt s computation of mass physical
properies of the sediments o mcuamy Aensaty velociy Cpran aee inpadance, teflection
cocthcents, and bottor loss

HIN prosenteport | 111y presants divussions af elaste did viscochaslic
models tor watersaturated poreus media, and mesurements and cemputations ol
chastic comtanty,

Part HECTE B3~ sl be concerned wail: predictions and compatatioin of
frisfie plivsical properties

Throughout cach report, refereices are made 1o “he other twe studies,
as Approprare.
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recetved the attention it deserves. Brat and Willis (1957)* showed how the elastic con-
stants, devved i 1941 could be experimentally deternimed by static tests on jacketed
and unjacketed sariples of pozous media. I 1956, Biot extended lus analyses to com-
prassional and shea waves by adding inertial terms to his theory of three-dimensional
consohidation he later extended his concepts to viscoelastic and anisotropic bodies. Ina
recent paper (Biot, 1962) he summuanized and extended much of his work of the previous
20 years.

In hus various papers. Biot discussed the full range of systems in wihich water
within pore spaces Joes or dees not maove with the solids upon imposition ol i sinal!
stress such as that of a sound wave. In some acoustic mudels and theoretical siudies, this
movement of tow of water through the sediment mineral structure has been considered
to be ot the Paisuelle type. In the last several decades it has been determined that the
simple Tow equations of the Poisuelle type (derived from flow of water through tubes)
do not hold tor real, i it sediments. These equations have to be considerably altered.
even for clean sands, and are not appheable to relatively impermeable clays (Yong and
Warkentin, 1906). The question of relative water movement is a critical key to whether
or not the equations of elasticity (i ¢., Hookeun respe ases) can be used in studies of
rocks and sediments. If the pore water does not move significantly with respect to the
sohids, then the effective density of the medium is the suni of the mass ot the water and
solids in g unit volume, water viscosity need not be considered. and the equations of ideal
elasticity can be used. This s the “closed system™ of Gassmann (1951).

To avoid an extensive review of the elastic relationsiops in porous meuia {sedi-
ments and rocks), the following concepts (believed by the author to be true) are stated,
with references which support or have animportant (atfirmative) bearing on the concept

1. If a saturated porous medium is a “clused system™ it resp  ids to small stresses
(such as that of a sonnd wave) as a Hookear body (strain s recoverable upon removal of
stress) in a hinearly elas.ic system: any deviations frem Hookean response are so simall
that they can be neglected for the purposes of underwater acoustics and geophysics, and
the system can be studied with the equations of classical elasticity (Biot, 1941, 1956.
1962, Biot and Willis, 1957 Gassmann, 1951: Morse. 1952 White and Sengbush, 1953:
Zwikker and Kosten, 1949, Brandt. 1953 Hamilton ez al., 1956 Paterson, 1936 Wyllie.
Gregory, and Gardner, 1956; Laughton, 1937 Jones, 1955 Knopofi and MacDonald,
1956 Mchaonal er al.. 1958 Birch, 1960, 1961, 1966: Barkan, 1962: Geertsma and Smit.,
1961 ; Nafe and Drake, 1963 Brutsaert. 1964, Simmons and Brace, 1965, White, 196%).

2. Most rocks, composed of randomiy-oriented mineral crystals, are macre cop-
ically 1sotropic to compressional and shear waves in a frequency range from a few Hz to
the megahertz range if the grain sizes are muckh smaller than wavelengths; the clastic
constants of such systems can be computed with the Voigt-Reuss-Hili averaging method
(Hill, 1963), discussed below. A recent excellent sununary of the evidence for the Voigt-
Reuss-Hill averaging method has been published by Anderson and Licbermann (1965
In addition to references cited 1n the previous paragraph, attention is called to reperts by
Brace (1965). Peselnick (1962), and Christensen (1965, 1966).

3. Static measurements of the elastic constants of a saturated, porous rock or sedi
ment are essentially isothermal: dynamic constants are adiabatic. In rocns and minerals,
isothermal and adiabatic measurements can be experimentally and theoretically related
in a linearly elastic svster (Biot and Willis, 1957, Biot, 1962 Anderson ef af., 196%;
Brutsacrt, 1964, Trictei. 1959; Anderson and Schreiber, 1963, and otheis). In connection

*See list of references at end of report.




with this concept and tor discussions of the fact that elastic constants measured by statw
methods are smaller than those measured by dynamic methods, attention is directed o
repurts by Summons and Brace £1965) and Walsh (1965).

4. Liquid saturation of porau rocks sid sediments increases the veloaty ot com-
pressional waves, and decreases the velocty ot shear waves (Gassmann, 1951 White and
Sengbush, 1953 Biot, 1950; King, 1906). Figures 12 and 13 dlustrate these phenomena
(Shell Development Co.L privaie conununication, 1965).

5o ltis not pecessar. to postulate moversent of viscous pure-water relative 1o
wineral gramns o explain attenuation i saturgred porous media. Other sound-atienuation
factors not involving sedmment-structural permeabrlity, water viscosity and ume ure
apparently present  for example, thermal losses and losses due tonternal friction see
Bradley and Fort, 1900, tor a 1ecent resumd)

6. The velocitizs of compressional and shear waves are indeperdont of frequency
tie., no dispersion or change of velocity with friequency ) trom g few b 2riz into the mega-
hertz range: or dispersion is nepliibly small. Experunental evidence on this subject 1s
discussed i a Jater secuon.

Elastic and Viscoelastic Models for Rocks
and Sediments

In the above discussion oi theorctical deveiopment. it was stated or assumed that
the numbered statements were true onty for smail stresses. In the field ot sl mechanes,
especially, Targe static or dynamic stresses have o be considered, and over the Tull rasize of
stresses, sediments are both elastic and viscoerastic. Yong and Warkerun (1900, p. 86-94)

have a good discussion of the vanous maodels and elements within the models which
descnibe this behavior. These writers favored the Burger model tor mechamical simuiation
of actual soil behavior.

The Burger model 1s tormed by couphing the Kelvin-Voet model in senies with
the Maxwell model (Yong and Warkentin, 1966, p 90-93, Hgs. 4, 12:15). In the Burger
model very smnall stresses are apt to be recoverable (i e.. Hookeuan), but it the magnitude
ol a stress is sutticient, the medium behaves as a viscoelastic body. li the fields of soil
mechanics @ :d foundation engmeering, the Hookean model and equations are commeniy
used for serivations of dynamic elastic constants and studies of vibrating loads (e.g..
Barkan, 1967 Heukelom. 1961: Jones. 1958, Evison, 1956 Hardin and Richart, 1963
Haii and Richart, [vo 3 Kochart and Whitnuan, 1967).

In the fields of physics and geophysies. studics of the elusticity of nueerals and
tocks have demonstrated that the elastic equations of the Hookean system adequately
define the velocities of compressional and shedr waves: these equations are convementiy
interrelated in a table by Birch (1961, p. 2206). Tlus freld has been summanized by
Birch (1966 and by Anderson and Lictermann (1908 ): papers of special interest are by
Chnstensen ¢ 19664, by, Brace (19635), and Simmons and Brace (1963).

Although the elastic equations ot the Huokean model adequately account tor
wave velocities in earth materials, they do not provide for wave-energy losses {attenuation)
i these media. To account for attenuation, various viscoelastic or “near-clustic™ modely
and equutions have been proposed. One of these, wluch has been studied 1in connection
with rocks and sediments, is the Kelvin-Voigt model, m which, as originally detined.
coinpressional-wave velocity varies with frequency: and attenuation, at frequencies of
wterest in underwater weoustics and geophysics, increases with the square of frequency.
White (1965, p. 110-112) has g thorough discussien of theory and expenimental evidence
on this subject, and concludes tp. 112) that neither velocit nor attenuation shows this
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trequency dependence. and the Voigt solid cannot be considered an adequate model of
earth materials. The expenmental evidence ot this tepart (and of reports in preparation)
st accord wiath this conclusion

A nrownie body ol expenmental evidence 1 the hield and lsboratory has tenta-
tively placed several probable restuctions on nonelastic maodels and equations. For
exanple, veloaities and energy damping are indepeadent ot frequency. and spatial attenu-
atioitmcreases approsmately Tineaddy with frequency in the range of requencies of most
interest i engineening, nanne geophvsics, and underwater acoustios (4 few hertz ta
the megahertz range).

A viscoelastic or Tnear-elastic” muodel within the lumts of the above restrictions,
without speciiication ol the mechanios of wave attenuation, has been discussed by Wiite
(1965, p. 79-133), Bucker (1963), Hamiton ez al. (1969).and others. In this model the
Lame constants, g and AL in the equations of clasticity are replaced by complex Lainé
constants (o 4 i’y and (X + XY in which g and X represent elustic response, and @’ and
N represent damping of wave energy. This approach is biased on the assumption that all
clements of the complex Lamé constanis are independent ol requency in the range of
trequencies of interest in most problems of engineering, geophysics, and underwater
acoustics. The basic equations of this and associated models are presented in papers by
Ewing cr al. (1937), Bucker (1964), White (1965). and Hamlton et al. (1969).

The assumption that the complex Lamé constants are yndependent ot frequency
from 4 tew hertz o the megahertz runge imphes that their elastic, or real, parts, 4 and A,
are independent of frequency. Because these canstants, and density, govern wave
velocities it is further implied that both compressional- and shear-wave velocities are
independent of frequency (in hiterature: “no dispersion of velocity with frequency™ )
The subject of possible dispersion will be discussed in a later section.

It the complex Lumie constunts are independent of frequency, therr imaginary
parts, which govern energy losses of wave propagating through o medium, must be
independent of frequency. Biot (1962, p. 1498} nated that the imaginary part of com-
plex ngidity (and other operators involved in encrgy losses) represent a damping which
vanes very little withan a relatively large range of frequency. The independence of the
dissipative parts of the complex Lamé constants from frequency s implied in the studies
of energy losses in earth materials, where the specitic dissipation function, Q. and the
logarithnnie decrement, A, have been shown to be independent of frequercy over a runge
of at least 10% Hz {Knopoft and Macdonald, 1955 White, 19063 Bradley and Fort, 1960.
Attwell and Ramuna, 1966)

Ipoitani evidence that the complex Lamd constants are independent of tre-
guency in hizh-porosity sediments was recently furnished by Cohen (196%). e meas-
ured boih p and iu’ in complex rigidity {p + ig') in artificial, laboratory sediments
composed of kaolinite and bentonite in distilled water, with and without a detlocculatieg
agent. Cohen demonstrated that buth u and iu’ were independent of frequency in the
range 8.6 to 43.2 klz in flocculated clay, but when a deflocculating agent was added,
the tlocculated structure of the clay sediment dispersed, the matenal lost all rigidity, u,
and behaved as a Newtonian viscous Nuid ir which in’ was “viscosity,” and was linearly
dependent on frequency. The addition of 35.5 ppt of NaCl caused refloceulation, and
complex rigidity was the same as befure. Because iu’ governs energy dissipaiion, this
demonstration that ip’ was independent of frequency extends the range of frequency-
independence of the dissipation constant, 1/Q. from rock to flecculated clay structares.
Other aspects ol this study will be discussed in later sections.

Ancther implication of the assumption that the complex Lamé constants are
independent of frequency 1s that attenuation 1n dB/unit length, q, increases lineariy
with frequency, £ (White, 1965, p. 98). Recent summaries of work in this field indicate
that. for moest earth materials, there is 4 small varniation around linearity in the range of
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frequencies ol mterest m underwater acoustics and geophysics; that is, n the relationship,
a =&/ the exporient 2" is about one. In clean sands, however, there is some evidence
that the exponent may be nearer 0.5 (Nolle, ef al., 1963 Hampton, 1967), but this matier
requires turther study in natural manine sands. A linear relation of attenuation with
trequency has been successtully used by Cole (1965) in extrapolating resonant-chainber
attenuations mm marnme sedunents at 20 to 40 kHz down to 100 Hz: and Wood and

Weston (196:1), in an expenment 1n o tidal mud lat, found an aporoximate tincar depend-
cnce i the frequency range from 4 to SC hHz.

The elements of the complex Lamé constants (g, ¢’, A, and X') can be computed
1l the velocity and attenuation of the compressional wave, velocity of the shear wave, and
density are known, and bulk viscusiiy 1s assumed to be zero. “Bulk viscosity " is a
phenemenon related to the tme g which may occur between pressure and volume
change (Jaeger. 1962, p. 71 Biot, 1962, p. 1492): 1t s analogous to the clastic bulk
modulus, K = A+ 2473 Setting bulk viscosity equal to zero (X' = .2u';3) is a simplifica-
tion which has been used by Jaeger (1962, p. 71). bwing, eral. (1957, p. 273). Biot
(19062), und others.

Recenty, in site measurements weie made (from a research submensible) in
sands and silt-clays ol the velocities and attenuations of compressional waves, and veloc-
ities of Stoneley waves (from which shear waves were computed). These measurements
allowed tentative evaluations ot the above viscoelastic model, and computations ot both
clastic (Hookean) constants and the complex Lamé constants of the viscoelustic model
(Hamilton ¢t al., 1969). These computations affinued that exther Hookean-elastic or
viscoelastic equations can be used to derive the same compressional- and shear-wave
velocities and associated elasiic constants.

The author believes that the evidence of the present report, against the theo-
retical and experimental backiground outlined above, strongly supports the use of the
Heokearn (*closed sy stem™) elastic model and iis equations in computations and predic-
tions of the velocities of compressional and shear waves, and other elasuc constunts,

M natmal manne sediments.

Pertinent Equations of Elasticity

If the Hookean model, or the Hookean component in more complex models,
1s approximately correct for studving the velocities ol compressional and shear waves in
aturated sediniciiis, aind dassicad equations of elasticity can be used to compute those
constants not measured. density, anc anv two of the other elastic constants are reguired.
I the case of water-saturated sediments, the density and coimpressional-wave velocity
can be easily measured or can be closely predicted (as discussed in Parts Fand [H). The
best third constant for computations of the elastic constants ol marine sediments 1s the
velocity of shear waves, at least for purposes of underwater sound and geophysics.

Information on the velocity of shear waves in marine sedhiments is rare, i fact,
1t s se rare that vae of the principal contributions of this report could be in the computa-
tions of shear-wave velocities (whiich. in effict, constitute sredictions of the values
expectable in natural manne sediments}). Comparison of experimental with computed
values of shear-wave velocities will be made in a later section.

Lacking sufticientinformation on shear-wave velocitnies, the third constant used
here fur computations of elastic constants is the bulk modulus, or incompressibility (the
reciprocal of compressibility). This constant was selected becuause it 1x possible to com-
pute, in 2 Jogical manner, the butk modulus of the sediment (water-mineral) sy stem from

k11 2 o R
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its companents without estimations: this subject will be discussed in detail in the neat
section. Prior to these discussiony, the pertinent equations of elasticity should be
reviewed. The equations favored are those mmvolving the two measured constants {den-
sity and compressional-wave velocity ) and the bulk modulus.

The basic equation for the velocity of a compressionz! wave, l'l,, 1S

e 0
where
k= incumpressibility or buik modulus = 1.3
u = shear (rigidity) modulus
p = density
8 = compu-ssibibity.

When a medium lacks ngidity, 4, equation 1 becomes

T EALC o

P (p) ,OT K pp AHY)
12

y =(—'—) (2b)

Y: "

Equation 2 apphes to any hiquid, emulsion, or suspension which lacks ngidity.

For a unit volume of a suspension or porous matenial, lacking rigidity and cormn.
posed of water and mineral grains, compressibility, 3, and density. p, in equation 2b have
been expanded into

1‘35“. = Ilﬁw + (I—n)‘Js (3u4)
or, expressed as Ko
K K
K = ——— (3b)
n (Kx‘hw )+ K
p = np“_‘r(lw)ps (4)

where

n = voiwite of pore space occupied by water (lractonal porosity), subseripts
s and “w' indicate mineral solids and water, 3, is computed with equation 2a,
and g3, with the Voigt-Reuss-Hill averaging method i Jiscussed below ). and “sw™ s
used tu indicate system moduli computzd with these two components alune,
and to differentiate such moduli from the system bulk moduli, x (as
in equations 7-10),
The result, when expanded 3 and p (eqs. 3 and 3) are used in equation 2,
S 1 12
e —)
[75, +(-mB])[ne, +(1-mp ]

is known as the Wood equation (Wood, 1941); its experimental and theoretical justifica-
ton was aftirmed by Urick (1947) and Chambre (1955).

(3)




The basic equation for the velocity of a shear wave, 118

b, = (i)' (6)
Subsututing 4 = p l')2 nte equation 1 vields

TR (1)
P s )
whick s the besi equation for the determination of the bulk modulus, &, when b l‘;‘
and p are known. :

In the present study . 3, and p were measured, and & computed (as discussed in
the nextsection). These three constants were then favored in computativis ot the other
constants {when Fowas not known)  The equations used were

H =(Pl'p?-i\').‘\:'~3 (%)
' 4 142
[( yp; Tk 354]

b l 3 ] (9)

¥o-ph -2
Poisson’s ratio, o = /’ = ! - (i)

3'\*’9"1,~ Z{Hp’l;)-' l]
Lamé’s constant, A = k- 2:3 (1)

RESULTS AND CONCLUSIONS
The Bulk Modulus of Saturated Sediment

INTRODUCTION

The best values tor dynanie bulk moguts of water-saturated sedments are
vubtained when gensities and compressional- and shear-wave velocities are known (eq. 7).
K=, - 41.773). Lacking shear-wave velocities, the problem 1s to compuie i 2
logical munncr‘, without empinical estimations, or constants, values for bulk moduli which
can then be used with measured densities and compressional-wave velocities to compute
the other elastic constants.

As noted in 4 previous section, it has been demonstrated that compressibilitics
and their reciprocals, incompressibilities or bulk moduli, can be computed for @ unit
volume of a rock or mineral aggregate from the volumetric contributions ¢f its compo-
nents. The question 157 can an apgregate theory be appiied to relatively highly porous
saturated sediments? As a first approach to this question, experimenial work done by
Unick (1947) proved that an aggregate theory in the form of equation 3a could be applied
to suspznsions . <aolimte in distiled water. Urick used a deflocculent in these experi-
ments, which pres - ted flocculation of the kaolinite (to torm clay-mineral structures);
thus, the material was a true suspension without rigidity and the Wood equa-
tion (5) applhied.

13
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DENSITY {SOUND VELOCITY)!, dynes/cm? x 10"

Hanulton ¢r al. (1950) computed clastic constants, using equations 111, T
naturai manne sediments using measured deasities and compressional-wave veloatics,
and values for aggregate compressibilities, ;.. computed with equation 3a; except
that minicral conpressibilities veere compuied with the Reuss method. Such computa-
tions imply (see eq. 1) thatat pl 2 > 5, all the excess is due o dy nanvie vigidity | e,
which s theoretiwally present (as noted by Nate, and Drgake, 1903, p. 808) but apt (o
be very small. Lackmg sheai-wave velogities (o0 other independently measured constants),
this method could not, at that tme, be evalua ed.

There are now sufnicient data tfrom laborstory and field expenments where
shear-wave veloaities and other constants were measied to allow eviduation of aggiepate
theories, as applied to saturated sediments, and to improve the methuds for computing
buik moduli. th the cases where compressional- and shear-wave velocity and densuy
have been measured in a satwiated. porous sediment or rock, o true value of the svarem
bulk mudulus, & (eq. 7). is always greater than an sggregate bulk modulus & . deter-
mined from equations 3a, b. The difference lies in a necessary additive component of
the bulk modulus of the system:  the “skeletal, structural, or frame bulk modutus™
With this increment, the aggiegate theory appears w be valid for computations ot bulk
moduli and compressibilities of saturated sedunents.

in figure 1, p¥’ ;" 13 plotted against an aggragate bulk modulus (x| L eq. 30}
which does not include the trame-bulk modulus. If the Wood equation (5) applied tor
these deep-sea sediments, they would be suspensions, lacking rigidity and frame-bulk
moduli; consequently, the line, pb~ < =k shown on figure 1 would adequately define
these sediments. The fact that they all fall above the line indicutes that k is nut
adequately defined or that rigidity is present, or both

)
»N
o

I

2.60 1 1 1 1 1 i 1 1

260 270 280 290 3.00 3.10 3.20 3.30 3.40
Kyw: BULK MODULUS, dynes/cm! x 3"

Iigure 1. Bulk modulus, kw twithout g frame bulk modulus, « )i o7 -
aby ssal hill {squares) and aby ssal plain (tnigngles) environments .’
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It has decome apparent tresumd below) that almost atl marine sediments
have measurable ngidities and transnut shear waves. This Lact, plus the nieed tor a
tame-bulk modulus as annerement to agerepate bulk mmodub (discussed above),
mdicates that deviations from the Wood equation ¢as e hgo T are due 1o the presence
of both nmdity wid i frame bulk modulus, For computations of better values of
both ngdity and shear-wave veloatios Gand other constants), the frame-bulk modulus
hits 1o be considered e computatiois o the bulh modulus of the system.

COMPONENTS OF THE BULK MODULUS

I hos study of the elasticity o porous media (rocks and sedienis), Gassmann
(1951 consdered the “closed system™ i which the water within pore spaces does not
“enculate” under the smiall stress of an elastic wave, and the elastic modul are caleu-
Lated with the equations of clasticity . Altheugh Biot (F941) must be credited with the
catly dincussion of the “closed system™ (from static considzrations), Gassmann (1951)
has @ particularly clear discussion of the faclors myvalved 1n computations of dynamic
clastic constants i watee-saturated, porous media.

Gassann (195 1) demonstrated the posababite ard uihiy, of aciiving o bulk

modulus for saturated rocks from measurements ot compressional- aid shear-wave

veluaities and density on dry materal. Hhs cquations (discussed below) are used m 4
difterent way . in this report, o denve an essential component of the svstery bulk
modulus (1 frame bulk modulus™), and then to compute bulk modul for the sedi-
ments o this report.

I denving lus equation, Gassmann used the pnnaiple of effective pressure
trom the field of sl mechanies; for details see any text book on sal mechames
{Skempton, 1961, has a particuiarly good discussion):

[’:I”*I’V (1

where

~
"

total pressure
I = hydrostatic prossure

P = eltective, or mrergranular, pressure
. £
Upon appheation of a total pressure. p, upon sl sides ol a unit volume of a
porous, “clusedssystem™ medium, there are three pressure ettects. (1) the eftect of

hy drostatic pressure, Fon the pore water, (2) the effect of hydrostatic pressure, [

; .
on the minzral grams whick form the trame, stiucture, or skeleton, of the scdimem’f
and (3 the erfecuve, or itergranular, pressure. P on the Trame. These pressures,
when related to the compressibilities of the minetal and water components ot the
unit volume, result in three component compressibilitivs (or their reciprocals, bulk
moduli). At aiv given pressure, these bulk moduh are dependent on porosity, and
are related to the system bulk modulus, £, by Gassmann’s basic equations (Gassmann,
195), p. 15):

Kot K (k. ~K,)
S ) S L S (134)
S’\)."’Q niK K )

"




where

K = aggregate bulk modulus of mineral sulids
&= bulk modulus of pure wdla
Ky = frame-bulk modulus (*skeletal”™ bulk modulus of Gassmann)

"

n fractional porosity.
Gassmann's paper (1951} 15 in German and he did not show the complete

derivation of equation 13a; therefore, it is fully developed in Appendix A.
When solved for Ky 2quation 13a becomes

x{n{xs -xw}+r<“_/ - KK
K, = X (13b)
s nik -k )J+e (&/k -1
§ w " 5

When the bulk modulus of the skeleton or frame, Ko is zero, equition 13a
reduces to the Wood equation (3) for a suspension of mineral grains in water. When
putosity is zero (i.e., a solid cube of minerals), equations 13a and b reduce to

White and Sengbush (1953) and Wyllie, Gregory, and Gardner (1956), with
proper reterence to Gassmann (1951}, came tu the same conclusions regarding the
relationships of the bulk moduli as shown in equation 13a. Laughton’s (1957)
“structural bulk modulus™ is, ot course, fundamentally the same as Gassmann’s
skeletal bulk modulus,

The only difference between Gassmann's skeletal bulk modulus, Kol and
Laughton’s structural bulk modulus, k , is that in the fundamental equations relating
pressures and compressibilities, Gassmann included effective pressure on minefal
compressibilities (ie., P b‘ or P K, ), and Laughton omitted this effect. As a result,
at high porosities, Kke[ .md K .ire closc together, but diverge at lower porositics
because, as porosity approacheﬂ zero, hydrostatic pressure approaches zero, and total
pressure approaches effective pressure (eq. 12). Laughton’s equation (k =Kk +K
wheretn Kk is k. in equation 3b) results in the unacceptable soittion, at z¢ro
porosity, thdx k.= K-k, Thus, ina rigorous solution, Gassmann’s prior equations
should be used, espcuall) with the lower parosities of sands and rocks.

Using Gassmann's equation (13a) to derive the system bulk modulus tor
saturated sediment (without a gas phase), one needs to know four components:
porosity, n; the bulk medulus of the pore water, k w . the aggregate bulk modulus of the
mineral solids, k : and the frame bulk modulus, k

The basn~ assumption underlying Lompu[.muns of the bulk modulus of pere
water in sediments (in this repurt) is that pore water and bottom water have the same
salinity. Siever ef al. (1965) and Friedman ef al. (1968) have shown that this assump-
tion is valid within small limits. Any changes of sound velocity and density caused
by these salimty differences can be distegarded. Thus, the values of the bulk modulus
of distilled and seawater can be found in tables or computed with equation 1a, b and
used as the bulk modulus of sediment pore water, k. Some typical values for sea-
water are listed in Appendix B.
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In yecent years, the elastic constants of the nore commuon mincerals have either
been detenmined or revised by a number of speaahists. Atienton s especially directed
to two recent compdations which also mehude exeellent discussions and numesous refes-
cnces (Birch, 1906, Anderson and Eichermann, 1965). Because of their common
)}eurrence i Manne sediments attention as also directed 1o aeports on calote
Pescliuck, 1902), on quarty (McSkinn o7 al, 19650 Soga, 1908), an nicas, horablende,
and feldspars (Chistensen, 1968 1900), on obadun (Manghnam ef al., 1965), and the
bulh moduli of oxsdes tAndo L and Nadeo 1908).

The avilabthty ot these recent, accurate measuremients of the clastic constants
ol minerals allows use of the VargeReuss Thil averagimg method (hereafter the “VRH
method™) to compute the bulh modutus of o raedomly -onented nuneral ageiegate wath
sonie combidence (references under paragraph numbercd 20 above). As Tl (1952, 1963)
painted out, the Reuss average assimes uniform stress within the aggregate, and o lower
Himit to compressibility . k R camputed with

The Voigt averaging method assumes untform stram with the ageregate, and an upper
Lt o mcompressibihity Koo computed with

where

H and 170 = fractuional concentration of phases (mumeral species) i a unn
volume

Ky and x, = incompressibibities (bulk modah) of the plisses

Hill showed that the correct average hies halfway between the Reuss and Vot aver-
ages; thus, the computed bulk modulus, &, ot the aggregate i

Hill (1963, p. 361) n¢

ted (hat both the Reuss and Vot averages were “rather poor
when the phase meunl differ by more o} atactor of 2 or o This o shoun to he

)
!
true, tor example, if the VRH method s tried for a two-phase suspension composed of
waler and mmeral particles,

The agegregate bulk modulus of mnieral grains, KooWa computed in thas study
by using the V'RH averaging method.

The only remaining constant needed to compute the bulk medulus of a satu-
rated sediment (using eg. 13a) is the frame bulk modulus, & . The recommended way
tos derive this value (Tor use in eg. 13d) is to enter a curve feiging this constant to
potosity or void ratio (volume of voidsivolume of solids). These curves have been
derived in two ways: by Laughton (1957) uang drained, static compression tests, and
in this report by sulving equation (13b) with caretully selected daty which mchude
values for density, and compressional- and shear-wave velocitics, as described below,

Laughton (1957) derived two curves telating static frame-bulk moduli to void
ratios through a series of drained compression tests on two deep-sea sediment types
a calcarcous vvze and a “terrigenous mud." As Laughton noted, a stavc tent, because
of vanous laboratory testing ditficulties, has wide margins of error the estiaated plus
of mmus 2.5 X 1010 dynesjem~ tor lus tests). Although theoreticatly usabie tor
dy namic computations, @ static campression test for the frame bulk modulus s Tess apt




1o beas cotrecCas o dynamieally determmed modulus, expeendly Tor the puiposes of
computmg other dy namiae clintic constants which are usabile i underwater sound o
geophy sical studies,

DYNAMIC FRAME BULK MODULLUS

A dy nanie fame bulth modutus 7 a Cas tsed i this ieport, s one deter
muned with cquation P30 using dyeanie valies o the vanoos bulk modut required 1o
solve the equation,

The accumulation of measuiements of e clastic comstants of mmetals, and

vompresstonds and shear-wave velocities and densities inorocks and seduuents durmg !
the past 15 vears, now pernuts, mthe author's opriinon, comrputations of sy stz-bulk
moduli (v inegs. 7 oand 13a), and values for the bulk moduli ot pore water and
nunerabs (8 cand &) Tor enough rocks and sediments to deline, approximateiy, relstion
shups between dynamie trame-bulk moduby and porosity {, and 2raneg. 1300 ).
Data which can be used i computahons o a dy namic frame-bulk modulus,
using equation F3h must meet the follow g seguitements.
I Measurements must melude both compressiongl- and shear-wave velociies m !
watersattirated sedinents or tocks. |
2. Density and poiosity are known, of can be computed from known data

3. The vaneratogy of the medm is hnown Gneluding percentage of volume
of species), or can be reasonable estimated.

4. The nature of the pore luid 1s known, or can be reasonabhy inferred.

5. The wemperature within the medmni at tire tuae of the velecity measure-
menty s known, or can be reasonably interred.

6. The pressure on the sample, or medium, s known or can be computed
(because any bulk modulus varies with pressure).

A selection of data ¢from the hiterature and trom hield work by the author
and Bucker) which met the above requirements was used to compute dy namie trame-
bulk moduli for avariety of saturated rocks and sediments. 1hese moduin were then '
plotted against porosity (fig. 2). All data in figure 2 were referied to an approximate,
common pressure which would be expectable with 1 meter o1 less of overbuiden pies-
sure, and a comamon temperature ol 23°C: temperature is patticulany inportant m
compating compressibilities of pore Auids.

In a previous section it way noted that i Gassmann’s equation (13b), when
porusity is zero, the bulk modalus ot the frame cquals the bulk modulus of the solid
mineral (or the agzeregate of nunerals). this allows 4 vahd point to be plotted at zero
potusity through whith any regression line for media of the same mineralogy should
pass.  Four such ponts are noied at zero porosity i figure 20 quartz (Soga, 1908),
caleite (Peselnick, 1962), and two agaregate values tor sediments off San Diego
(Appendix B).

A single regiession hine is shown n figure 2 for all data. However, this line
should be considered as approximate because of the sparse data and because there should
be individual hnes for each sediment-rock mmeral type. Exampies of these lines shouid
be (1) relatively pure caleitic limestones, sands, and calcarcous vozes, (2) reiatively pure
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quarty sandstones and sands, and (3) natural, multimiueraie sedmentany rocks, sands,
and tiner-gramed tenigenous sediments. However, it s surprisimg how well the
generahized rogression hne defines the availuble data, for exampie, the trend of the datg
from 7eru porosity o about 45 percent porosity would liave predicted reasonable values
ol & for the high porosities above 70 percent. Appendin C provides regression equa-

hons 1ot sands and siltclays.

Because the frame-bulk modulus vaties with porosity and etfective pressure

tAppendix A), a hne relating log &

y

and porosity Tor puie calaitic rocks and sediments

should he above those f0r pure quanz and normal, multimmeral earth matenals, as
purosity increases from zevo, This is indcated m figure 2 by the values for caleite
zero porosity, limestonie (Peselnick, 1962), and Austin Chulh (White and Sengbush,
1953), compared with the values tor quartz (Soga, 196%8) and quartz sands {Shell
Development Co,, priviate comm., 1965). In Laughton’s static tests, the Ime relsting
Ky with vord ratio for calcareous oczn was above and roughly puaratlel to that tu
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terngenous mud (1957 g, 4, po 258). The lowest pressures at which Laughton
obtamed static measurements of frame-bulk moduli (lus &, ) calcareous voze (an estis
mate at P = § kg'em?) and ternigenous mud (£ = lo kg'cm? ) are included in figure 2
tor comparion with the dyvnamic moduli. Other sources of data for points i figure 2
are sandstone (King, 19600), Eagle Ford shale (Wiite and Sengbush, 1953 and sands
and sikty clavs off Sue Diego (Hanulton e al., 1969).

Computations and Discussions of Elastic
Constants
INTRODUCTION

The elastic constants for vanious sedinent ty pes within the ihree environments
were computed with equations 7 to 11, The input data were (1) measured values ot
saturated bulk densities and compressional-wave velocities (Part 1, tables 1 and 2: re-
produced in this report as tables D-1 and D-2, Appendix D) and (2): computed values
of bulk moduli, &, using equation 13a with: (a) measured values of porosities, 2
(Part I, tables 1 and 2); (b) computed values for the buik moduli ot the pore water,
K., using cquation 2ab: (<) computed values tor the aggregate bult. moduh of the
muneral grawns, k., using hiterature values tor the bulk moduli of dividual minerals
and summing their individual volumetric contributions to the aggregste bulk moduhs
using the VRH method: and (d} values computed for the frame-bulk moduli, & by
entenng the regression equations for sands and clayv-sdt (fig. 2, Appendix ().

The computed elastic constants are listed in tables 1 and 2. The relation-
ships ot several constants with other physical properues are shown in the figures.

All of the input data noted above have mergins of error, some known and
some uiknown. Al of the vomputed constants should be sonsidered approximations.
Consequently, no attempt was made to statistically estumate variances or errors in the
tinal computations. The numbers of decimal places shown in the tables are tor purposes
ol comparison between the vancus computations and should not be taken as the
author's estimate of accuracy.

Computations of elastic constants are strongly dependent on accurately
»-easured values of density, purosity . and compressional velocity., An examination of
equation; | and 13a indicate why this s tawe. I pl° 2 js not greater than the com-
putcd bulk modulus, k (which s strongly depcndem’qun purosity) . there is no ngidity
or shear wave, and Pois-on’s ratio is 0.50. Because the rigidity modulus, g, i3 so smiall
in most marine sediments. inaccurate values of 5. ;- and n.especially. mav resuit in
computations ndicating no. or too great, ngidity. ‘gm these reasons, all attempts
should be nade in the laboratory to improve measurements ol these properties. For
example, “saturated Jensities” should be truly. fully saturated (not always easy in
sands), and properties should be “salt-free” {ie., no dried salt weighed with the dried
minerals; see Part 1), Accurdte measurement of buik grain density. without salt, mds in
cross<hecking density and porosity values (Part 1), In the computed elastic constants
listed 1n tables | und 2,k > pi;,z in some principal sediment ty pes, as follows. 3 out of
of 40 cases in continental-terrace clayey silts, 1 out of 52 cases in abyssai-plain silt-
clavs, none out of 41 in abyssal-hill silt<clavs, and 2 out of 9 in fine sand. these cases
were not included in the averages of p, } . or 0. For this reason, but mostly because of
rounding ot: at a lower number ot decimal places than used in the computations, the
average values in the tables cannot usually be exacily interrelated with the elastic
equations.

1t should be cmphasized that ali values for the elastic constants ar2 for a temp-
erature of 23°C and 1 atmousphere vt pressure. Methods for relating these constants o
in situ values will be discussed in Part I (Prediction).




TR

UEIW 3Y) JO 10M1A PIRPUENS = S
J5 /Wl AEM TEDYS JO A1DO[AA = 74

OIS UOSSIOg = 0

0101 X 7Wd/52ukp JURISUOD 5 W =

018t % NE.,\,Q._ £p ‘sninpows (Jedys) Anpvdu =7

0101 X NEu?E Ap ‘sompows Y|ng = ¥

amssard azaydsowe | D,ET $AN[EA AI01RIOQET IION

21

[44 L8 000 080 L300 | T650°€ 6200 | tZ€10 LLO0 | 9Lyl Kep Aiprg
s v9g 200°0 8LY'0 0v00 | SeLOE 100 | LTpVo OFY0 | OTLLE s Kakey)
g1 60 £00'0 £91°0 0600 | $66£°€ £200 | I£LT0 SoC'0 | I8LSE Kefo-1ps-purg
6LE 1950 E 6LIT'E e 6087°0 - 5Ipe Iis Apueg
I Lsp 9000 LS¥P'o 10 | OEECy 1500 | 926£70 SPIG  TigYy pues 1S
e £0¢ - £5°0 e STRL'Y e $£0$°0 e 811 oulg AIdA
1% I8 L000 6970 LrT0 | tPOES vO00 | TITEO S6l'0 | LLY¥Y'S aury
- 05T B l6t'0 . 00099 e 6871°0 e 6589'9 ESLANY
purg
£ 3y EN Sy as “Bay as Gay 1S |ty adky
Ly N Judtpag
J1LNWOQD (INTWNOYIANT (30T amﬁ_ﬁ_\m__.ﬁ__m” mm_@cwﬁ_ﬁv__qmmwﬁ__wu% 1TI4VL

e



, S e —
|
|
|
UBAL AYD JO J0IID pAEPUMIY = S
05/ AN JENS 3O 41100104 = Ty
OEL S BOSSIOY = 0
QU1 X 7 WA/SAUAD *JURISUOD 5 JueT] = Y
00X m:..:;,:_.,.—, snpnpow (Jeays) Auprdy =
:_c_ X m_ Dysoausp tsnnpous ng = ¥
aynssaud araydsoun: "3, ET sInEA AIMRIoQeT SII0N
i $ol 1000 l6+'0 8500 610t 9000 Hps0°0 5500 IRLO'E e
; I [4Y4 100°0 L8Y0 0t0°0 YRLO'C L0000 56L0°0 0£0°0 910t Aepd Aty
,, e YO PLIOE 80t1°0 Iy s AaAe|)
TR N1 PSS AQY
c 9ol T lot'0 T t8PLT Tt £8+0°0 T SO8L'T Arp)
i b ovc 1000 98P°0 ocoo SPILT L000 €LL0°0 6100 TLLLT Aep Auig
8l Zle 000 LLY0 9500 +096°C s10°0 stvl 0 0900 1950°¢ 1s Aaey)y
12,43 T ILY0 troL't YAl Ns6't ns
0 oo ey 89900 LSy s Apueg
{(21pIgIn] ) UE({ [PSSAQY
3S Ay s Iy as Sy as Ay 48 Ay adAy
"4 0 X il Ty WAWPIS
juawna ALy

SINTWIQTS NESINVLSNOD JILSVTE G11NdINOD
'S INFWNOWIANT (O19VIID) T1IH TYSSAEY ANV (ALIAIEENL) NIV 1d TVSSAHY T 3T14VL

22




EFFECTS OF USING A FRAME-BULK MODULUS

A value for a “'system bulk modulus,” «, can be computed from its compo-
nents (and porosity ) i two ways. (1) using the moduli for pore water, k., 1nd
munerals, k.. in equation 3b, and assuming that k... is k, or (2) using moduli for pore
waler, minerals, and a trame-bulk modulus, x4, in equation 13a. The effect of using a
frame-bulk modulus is to increase the value of the system-bulk moduius by a sinall, but
signficant amount. When mcasured values of density and compressional-wave velocity
are usced with computed values for k to compute rigidity, g (eq. 8), an increase in k
reduces the value of rigidity. Lower rigidities cause lower shear-wave velocitics (eg. 6).
Numerical examples of the witterences inx, u.and P, when k is computed with and
without & are given below.

System Bulk Modulus Used* M Ve
(dynes.cm? X 101U) {dynes;em? X 1010 »* {misec)***

- ——

1. Fine sand (n=45%)

K, (without n",-). 5.0333 0.6997 594

Kk (with xf)i 5.5418 0.3183 401
2. Abyssal-hill silty clay (n=84.3'%)

K, (without Kr): 2.8165 0.1151 296

k (with uf): 28292 0.1056 284
'Km_i eq.3b; k. eq. 13a

= wl'pz - K134

=gyt

Differences in rigidities and shear-wave velocities are greater in the lower-
porosity sands (ahove) because Ky increases with decreasing porasity (1ig. 2), causing
alarger difference between the two bulk moduli (k. and k).

COMPRESSIBILITY AND INCOMPRESSIBILITY (BULK MODULUS)

The theoretical and experimental evidence concerning compressibility and
the bulk modulus have been discussed in previous sections; therefore, this section will
be confined to empirical relationships.

Because the bulk modulus is favored in the computations, values of compressi-
bility are not listed in tables 1 and 2. However, if desired, they can be easily computed
3= 1/k).

At any given temperature and pressure, values of compressibility and the bulk
modulus vary within a small range in both pore water and mineral solids (Appendix B).
The volumetric contributions of both of these moduli, and the frame-bulk modulus, are
strongly dependent on porosity, n, space occupied by water, or (1 - ), the space
occupied by mineral solids in a unit volume. Therefore, 1tis no surprise to find that the
plots of computed values of 3 or k vs. n, or density, p, show a goed correlation
(figs. 3-10).
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Values for 3 or k at 23°C and 1 atmosphere can be derived by entering figures 3
to 10 with density or porosity, or by use of the regression equations for the bulk modulus
; shown in the figures (see Appendix C).
' The bulk moduli of the deep-water sediments are plotted against p sz in fig-
ure 11, together with aline, p l'p’ = k. in this figure the values of x contain the frame-
; bulk modulus, and are assumed to repres:nt “true” values of k (as compared with fig. 1,
| in which kg, lacked frame-bulk moduli). If these are true values of «, the divergence of
the data points from the line indicate the presence (and values) of rigidity (prz =Kk +
4/3u).
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RIGIDITY (SHEAR) MODULUS AND SHEAR-WAVE VELOCITY
INTRODUCTION

There has long been a question in marine geophysics and underwater acoustics:
do surficial, natural, manne sediments have enough rigidity to allow transmission of
shear waves; and, if so, what are reasonable values of these moduli? The answer
appears to be that (1) in some bays and estuaries. near river deltas, and in a few other
localitics, sediments are deposited at a fast rate, lack appreciable structural strength,
and for al} practical purposcs are little more than suspensions; however, (2) almost all
of the remainder of continental-terrace and deep-sea sediments should possess enough
rigidity to allow transmission of shear waves.

The evidence for the sbove statements can be divided into experimental evi
dence in the laboraton and iz site vn land and on the sea floor, and theoretical evi-
dence. Because the presence of a shear wave is dependent on rigidity (eq. 6), and most
measurements have been of shear waves, the Toilowing discussion wili be Targely confined
to shear waves. Values of shear-wave velocities from the discussions below arc assembled
in table 3.

LABORATORY MEASUREMENTS OF SHEAR-WAVE VELOCITIES

I the laboratory, shear waves can be transinitted through dry and saturated
sands at relatively low normal pressurcs. Experimental difficulitics have, so far, prevented
low-pressure, laboratory measurements of shear-wave velocities in high-porosity, natural
marine sediments. For example, Laughton (1957) was unable to measure shear waves in
a sample of calcareous ooze until the material was compacted to a porosity of about
33 percent under a pressure of 512 kgicm?.

Much of the laboratory work on shear waves in sands has come from soil-
mechanics and oit-industry research. Recent papers which summurize (and add to) much
of this work arc by Barkan (1962}, Hardin and Richart (1963, including discussions),
and Shell Development Company (private communication, 1965; figs. 12 and 13, this
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TABLL 3. SUMMARY OF SHEAR-WAVE VELOCITIES IN
FULLY-SATURATED SEDIMENTS.

.
Sediment (m,‘;‘c) Ref.* Remarks
Laboratory
Coarse sand 9s 1| P=0.07 kg/em?; resonant col.; Ottawa sand
Coaise sand 133 1 P =0.12 kg/cm?; resonant col.; crushed sand
Coarse sand 285 2 P =14 kgiem?; pulse tech.; St. Peters sand
Fine sand 260 2 | P=14kg/cm?; puise tech.; St. Peters sand
In Situ (Land)
Sand (dense) 250 3
Medium sand 160 3
Russian soil-mechanics lit.
Fine sand 110 3
Qlay 150 3
Sand 130 3 Russian soil-mechanics lit.; vibration:  10-35 Hz.
Sand 534 4 50-ft depth; explosive
Clay-silt 244 4 10-ft depth; explosive
Clay-silt 131 5 Sediment sfc; vibration: 35400 Hz
Fine sand 190 6
Sand 255 6
Sand 230 6
Sand 227 6 | Sediment sfc; vibration: 8-60 Hz
Clay-silt 150 6
ay-silt 180 6
Clay-silt 200 6 |/
Clay 230 7 Bore hole; 3-m deptn; explosive {(detonator)
Clav 120 8 | 01to 20 m depth (seismic logging); from ¥ /)¢
Clay 170 8 0 to 10 m depth (seismic logging); from VeV

. s




BT

Sediment

b
(n/sec)

TN T R R

TABLE 3 (continued)

hayon

Ref.* L Remarks

Sit<lay
Silt<clay

Sittclay

; Silt<lay
Medium sand
Fine sand

Theore tical

Pacitic Basin
Pacitic Basin
Atantic Basin
Atlantic Basin

Argentine
Basin

In Str (Sea Floo

), compu

SO-190
101
107
87
197

101

250
250
150

30-120

200300

Computed average values, t

ied from Stoneley waves

9 | Deep Indian Ocean; explasive

10 f San Dicgo Trough; explosive

Cont. shelf oft San Diego: explosive

13
14 Rayvleigh wave model {in situ values)

15

L

his report (23°C: 1 atmosphere)

Fine sand 382 Continental shelf

Silty clay 287 Continental shelf

Silty clay 232 Abyssal hills, Pacific Basin

Clay 195 Abyssal hills, Pacific Basin

Silty clay 240 Deep abyssal plains, adjacent to Pacitic Basin
*Refercres

1. Hardin and Richart (1963; and discussions) 9. Davies (1965)

2. Shell Development Co., personal communication, 1965)  10. Hamiton er al. (1969)

3. Barkan (1962} 11. Bucker e al. (1964)

4. White and Sengtush (1953) 12. Kovach and Press (1961)

5. lones (195%) 13. Oliver and Dorman (196 1)

6. Heukelom (1961) 14. Latham and Sutton (1966)

7. Molotova (1963) 15. Andeisun and Latham (1969)

8. Zhadin, V. V. {in Molotova and Vassil'ev, 1960) 16. Sykes and Oliver (1964)
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teporty. Muny at the studies referenced in these reports also include values tor the
velocity of compressional waves in artificial sands at “full saturation™ (usuaily with dis-
tilled water). Most of these values must be disregarded. The soils engineer must know the
physical properties of soils from the diy to fully-saturated state, and the author does not
question these values at less than full saturation. However, unless extrenie cire is taken
toevacuate all air from the “saturated™ samples, the values for compressional-wave
velocities are far oo low. Any values for compressicaal-wave velocities at 100 percent sate:
ration should be well above velocttics in water. Schon (1963) lustiated the marked
merease i compressional-wave velocity as saturation nears 100 pereent. Examples of
reasonable vilues fur compressional velovities in artifivial sands at (ull saturation are in
reports by Brandt (1960), Schon (1963), Nolle of al. (1963), and Shell Developm:nt Co.
tsee Nigs. 12and 13). These values To; arhiticial sands are consistent with those measured
in natural sunds in the laboratory . and i sifu by Hamilton of ol (1956), Shumway (1960),
and with the measusements of this icport. The velocity of shear waves in fully -saturated
sands s slightdy fower than in dry o1 partially saturated sands (Hardin and Richart, 1963,
Shell Development Co., figs. 12 and 13).

Wilson and his students at the L S, Naval Postgraduate School have @ contimumng
program to measurc dynamuc rigidity in artificially sedimented clays and natural marine
sediments, using a torsional vscillator resonance technique (Hutchins and Wilson, 1968.
Hutchins, 1967, Cohen, 1968). Typical values of rigidity have been: 2.16 dynesiem? X
10° for a 32-percent concentration (by weight) of kaolinite m distilled water, and
4.0 dynesiem? X 105 for a 19-percent concentration of bentonite in distilled water
(Cohien, 1908). Using cquation 6 and values for density and rigidity trom Cohen’s reporg,
the computed values of shear-wave velocities in four selected samiples were S to 7 my/sec.
Some additional aspects of this work will be discussed below.

IN SITU MEASUREMENTS OF SHEAR-WAVE VELOCITIES (LAND)

Insine expenimental work on shear-wave velocities on land has largely been by
vil-industry and soil-mechanics laboratoriss. White and Sengbush (1953 ) measured shear
and compressional velocities in saturated sands and other matcerials using explosive charges
(blasting caps) and drapped weights in a borchole. Heuhelom (1961) used dy namie deflec-
tor techniques to measure ngidity and shear-wave velocities in a variety of natural sedi-
ments we the Netherlands. Russiain work i soil mechanics i this field was assembled by
Bartan (1962). Jones (1958) has described measurements of dynamic properties of soils
at the Roac Rescarch Laboratony, Harmondaworth, Eng'and, in which an electromagnetic
vibrator was used io generate elastic waves. Thes: measurements are of particular inter-
est because tie technigue and theory were similar to those of Davies (1965) and of Bucker
et al. (1964) tor o situ measurements on the sea floor.

IN SITU MEASUREMENTS OF SHEAR-WAVE VELOCITIES (SEA FLOOR)

Davies (1665), Bucker ¢f al. (1964), and Bucker and tis colleagues (in Hamilton
et al., 1969) have measured values of Stoneley -wave velocities from which shear wave
velocities can be cormputed. Davies’ measurcments were in the deep ludian Ocean, and
Bucker’s were an sands and clay-sitts of the continemal shelf. The conversion of com-
pressional waves to shear waves at refraction boundaries within deep-sca sediments was
reported by Nate and Drake (1957).

31

v, L,




32

THEORETICAL VALUL S OF SHEAR-WAVE VELOCITIES

The theoretical values of shear-wave velocities noted in this section come from
the reconciliation of experimental data with theory in connection with the propagation
of Love and Rayleigh waves across ocean basins, and from the computations of this
report.

To get quantitative agreement between theory and observations of the dispersion
of Love and Rayleigh waves across oczan basins, Kovich and Press (1961, and Oliver and
Dorman {1961), used shear-wave velocitics of 250 m/sec in their models. Latham and
Sutton (1966), for an area near Bermuda, used a value of 150 m/sec, and Sykes and
Oliver (1964) used 200 to 400 m/sec for the Argentine Basin.

Anderson and Latham (1969) studied the dispersion of Rayleigh waves caused by
sediment layers in the sea floor between the Mid-Atantic Ridge and Bermuda. Thoy
derived values of shear-wave velocities for various cases. Because sediment propertics in
the area are reasonably well known, a value for shear-wave velocity in the upper | meter
of sediments was computed using the method described in this report. All values were
corrected to in situ values using the methods of Pari 111, The necessary data for the
sediments were taken from Horn er al. (1968c): average, laboratory values of density,
porosity , and velocity for the upper 1 meter of five cores tzken on the Mid-Atlantic Ridge
and Sohm Abyssal Plain (Stations AS7-1, 2, 3,4, ana §) wete averaged and corrected to
in situ values. The velocity of botiom water at S000 m (1545 mjsec) was taken from
NAVOCEANO TR-171 (1965); bottom-water density was assumed to be 1.05 g/cc. Tha
computed in situ value for the average shear-wave velocity (148 m/sec) lies between
Anderson and Latham Cases C and D (160 and 70 m;sec). The authors prefer Case D, but
cannot eliminaie Case F which corresponds most nearly to seismic profiler results and
calls for sheas-wave velocities of 30 mfsec at the 1op and 120 m/sec at the bottom of a
layer 150 n. thick. Simiiar computations for a generalized red clay in the bucific Busin
at a watcr depth of 5000 m indicate 2 ,ediment-surface shear-wave velocity of about 220
m{sec, which can be compared with the value of 250 m/sec ured by Kovach and Press
(1961) and Oliver ard Dorman (1961) to reconcile experiment with theory in their
stu:Jies of Rayieigh-wave dispersion.

Computed values of shear-wave velocities for each sediment type within each
environment in this report are listed m tables 1 and 2. For comparison with the values
trom the studies noted above, average izboratory values for several inajor sediment ty pes
are also sh wn in tabie 3. The correction of laborztory values of sediment mass physical
propertics L¢ in situ vaiues i5 a subject in Part 11 (TP i45). In the case of shear-wave
velocity 1n surficial sediments, such computauions indicate a progressive decreas? in
velocity with water depth. This velocity decrease from laboratony te 5000 m seawater
depth, for a high-porosity silty clay, is of the order of 10 to 15 percent.

An examination of tabie 3 indicaies that valuzs computed in this report are
within the range of {and consistent with) a wide range of laboratory and in situ measure-
ments of hear waves in saturated sediments.

CAUSES OF RIGIDITY

In saturated sedu:ents, ngidity 19 related to sediment structure and the complex
factors restricting relative interparticle movements under shear stresses. In Part [, the
common sediment structures (Part 1, fig. 1) wera revicwed: in this section, those aspects
of sediment structural strength relating to rigidity will be discussed.

Shear strength is one of the critical engineering properties of sediments or soils.
As a result, there is a voluminous literaturs on this subject 1n the fields of soil mechunics
and foundation engineering. Fully referer.ced discussions appear in recent textbooks




(e.g., Jumukis, 1964: Yung and Warkentin, 1966) and in recent papers of particular
interest to the present discussion (Rosengvist, 1960; Lambe, 1960; Schmertmann and
Osterberg, 1960; Hvorslev, 1960; Seed and Chan, 1961; Mitchell, 1564, Grim, 1962).
The following outline 58 denved from thesc sources and those referenced below.

The sheor strength of a sediment at tailure, 7. is represented by

J
izt (a- ) tan ¢ (14)
where
¢ = c¢ohesion
o = normal stress on the plane of failure
4 = eXcess pressure in pore water
¢ = angle of internal friction
(0- u)= effective stress

Equation 14 has two components [cohesion, ¢, and friction, (0 - u) tan ¢] ;
it can be applied 1o all sediments. Shear strength in sands without significant amounts
of {ine stlt and clay is defined by the friction component (1 ¢., these are “cohesion-
less™ sediments). Most silt<clay sediments have both cohesion and friction (under
normal stress). A few clays may have no angle of internal friction, in which case the
shear strength is defined by cohesion alone.

Equation 14 is partly empincal mn that the exact mechanic: of failure are not
completely understood, and it is not aiw s possible to separate the contributions of
the two components to ultimate shear stiength. However, Schmertmann and Osterberg
(1960), and others, have shov:n by careful testing that true cohesion and fricuon are
mechanically independent, and that equation 14 is valid over the entire range of strain,
as well as at failure.

{n sands and most clays, shear strength and dynamic rigidity will increase with
effective pressure, as indicated in equation 14. The effects of pressure on rigidity, how-
ever, will not be considered below, although veny light effective pressures exist even in
« small laboratory sample. The propagation of elastic waves in sands under pressure is
well understood (Brandt, 1950; Hardin and Richart, 1963; Shell Development Co..
figs. 12 and 13; review by White, 1965). Because this report deals with surface sedi-
ments (0 to 30 cm; see Part 1), the discussion here will be concerned with the effects of
cohesion as the source of rigidity in high-porosity silt<clays.

Cohesion is the resistance to shear stresses which can be mobilized between
adjacent, fine particles which stick, or cohere, to each other. Cohesion is considered to
be an inherent property of fine-grained, clayey sediments which is independent of
stress; it 15 caused by physio<hemical forces of an interparticle. intermolecuiar, and
intergranular nature. Some important components and aspects of cohesion which affect
ngidity are as follows.

1. Clay particles are surrounded by layers of adso. 5ed we.iet through which they
interact with other particles. The amount of pore water, the diztance between particles,
and the number of interparticle contacts are unportant influences on cohesion.

2. Interparticle forces of the London-van der Waal and Coulombic type, the
positive and negative charges on the faces and edges of clay particles, and the type of
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ions adsorbed vn the clay surfaces and in the ditfuse 1on tayer in the adjacent adsorbed
water are inportant contributors to cohesion.

3. At points of ncar-contact between clay particles there is often bonding of the
nature of vementation, especially in the presence of iron oxides, calcium, silica, and
other minerals in solution in in.erstitial waters. Where sediments have been exposed
to overburden pressures there 18 apt to be pressure-point solution and redeposition.

4. The structure of the mass of clay particles is important; for example, it has
been demonstrated that the flocculated, or *“cardhouse,” structure (Part 1, fig. 1d) is
the strongest; these structures are largely determined by interparticle forces and the
number of interparticle contacts.

5. Differing clay minerals affect cohesion because of particle size and differning

interparticle forces; for example, Na-montmorillonite has stronger cohesive bonds than
kaohnite.

6. Shear stress in clayey sediments occurs between particles and not through

them; ncarcontact points will defonm elastically, or piastically (depending on stress),
by an amount sufficient to sustdin the effective stress.

7. The rate ot deposition, or age, of a claycy deposit is an important factor in
cohesive strength. [t has been shown that when the interparticle bonds of a2 slowly
deposited sediment are broken, only a part of the original strength is regained (thixo-
tropic regain), especially when the original strength is considered to be of the nature
of interparticle cementation.

8. Cohesion is mobilized at very small strains relative to the frictional component
of ultimate shear strength; friction may be negligible at the strain of maximum cohesion.

9. Cohesive strength decreascs with increasing temperature. Lambe (1960) has
diagrammatically explained the ccmponents of shear strength (fig. 14).

COMBINE D, AS MEASURED

/
7

\\ DILATANCY

— —
/
N
TS
,\< FRICTION ¢+ INTERFE RENCE

~
// <

STRESS ——o

STRAIN ———

Iigure 14. Components of shear strength of sedimenis
(rom Lambe, 1960}. See text for discussion.

The value reported as the shear sirength of a tested sediment is the highest
point on the upper stress-strain curve (“combined, as measured™ in fig. 14j. This
value is the additive result of the various components of shear strength. Cohesion is
mobilized at very small strains; after it is destroyed it ceases to contribute to overall
shear strength. In this connection, sume investigators (¢.g.. Schmertmann and Osterberg,
1960; Seed er al., 1960) indicate a more gradual decline in the curve for cohesion,
which is logical because increasing pressures force particles closer together, thus increasing
some interparticle forces. Dilatancy, which results frum particle interference, causes a
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tendency to volume increase and more shear force to overcome. After additional
strain, there is no further tendency toward volume increase; thus, the dilatancy com-
ponent is overcome, and the impoertant component is friction. When the overall
stresssstrain curve becomes horizontal, the only component of shear strength is friction,
including particle interference, which lessens as the clay platelets tend to align them-
selves with their long axis parallel to the direction of shear.

To destroy the sediment structure, shear stress must first break down the com-
plex of interparticle forces and cementing bonds outlined above. When a clay sediment
structure and cohesion are destroyed by stress, porosity is reduced under additional
pressure, so that further tests of sound velocity are not realistic and results should not
be applied to real sediments. This is why velocity measurements of silt<lay sediment
samples under laboratory pressures (as in the consolidation test) cannot be directly related
(o the same pressure levels in a natural sediment. Converscly, any artificial clay-sit
sediment composed in the laboratory will not have the interparticle bords (cohesion) of a
natural sediment, especially those sediments of the deep sea which have accuinulated
slowly over geologic time.

A recent study with artificially sedunented clays dramatically demonstrated
some of the effects of sediment structure, interparticle bonding, thixotropic regain of
strength, and mineralogy on dynamic rigidity (Cohen, 1968). Some other important
aspects of this study were discussed in the section “Rocks and Sediments as Elastic
Media.” Cohen used a torsional oscillator resonance technique to measure complex
dynamic nigidities in nuixtures of kaolinite and bentonite in distilled water at various
frequencies.  His results included the following:

1. Kaolinite

a. Kaolinite concentrations of about 32 percent (by weightl in distdled water
formed flocculated stiuctures with densities and porosities comparable to
high-porosity sediments. The elastic portion of complex rigidity, u, in one
experirtent increased from 0.8 dynes;cm? X 103 after une day, to
2.16 dynes/em? X 105 after S days.

b. When Calgon, a deflocculating agent, was added to the above mixture, the
structure became dispersed, no elastic rigidity was measured, and the mix-
ture behaved as o Newtonian {luid.

¢. When 35.5 ppt of NaCl was added to the Calgon mixture, the clay floccu-
lated and rigidities were about the same as bafore.

2. Bentonite

a. Bentonite concentrations of about 19 percent in distilled water formed
flocculated structures in which densities were lower and porosities
higher than in natural sediments. Elastic rigiditics increased in a ty pical
sample from 1.33 dynesicm? X 10% after one day, to 4.57 dynes/cm?® X
103 after 3 days { with little or no increase in the next few days).

Cohen’s results demonstrated:

l. the quantitative rigiditics mobilized in floccuiated clays, after 2 few days, as
the result of interparticle bonding and thixotropic regain of strength (after defloccula-
tion). and the increase of rigidity with time,

2. the destruction of interparticle bonding by addition of a deflocculating agent,
and resumption of bonding in the presence of an clectrolyte; and that flocculated
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structures of this type have measurable dy namic rigidities, and dispersed structures
behave as fluids or suspensions,

3. that bentonite (dominantly montmorilionite) forms stronger structures than
does xaclinite, a well-known fact in soil-mechanics research (e.g., Warkentin and Yong,
1962; revicw by Meade, 1964).

Slow rates of deposition and great age of deposits cause increases in sediment
structural strength duc to increased intergrain bonding having the nature of cementation
(Leonards and Ramiah, 1959; Bjerrum and Wu, 1960; Bjerrum and Lo, 1963; Meade,
1963; Leonards and Alischaeffl, 1964). Such increase i strength is reflected in the lack
of appreciable reduction in porosity with overburden pressure in decp-water silt<lays
(reviewed in Part 1), and in the relatively high shear strengths in these sediments
(Moore, 1961, 1964; Hamdton, 1964, Richards and Hamilton, 1967). The maximum
rigidities measured by Cohen (1968) were about 2 dy nesjcm2 X 108, In the San Dicgo
Trough, in situ determinations of shear-wave velocities and densities resulted in com-
puted least values of about 1 dvne/em? X 108 (Hamilton et al., 1969). In deep-sca
clavs, computed values of rigidity were about S dynesfem? X 108, The increased values
in the natural sediments probably include additional rigidity, resulting from the effects
of age and bonding, which has the nature of cementation. Schreiber (1968) has demon-
strated the effects of cementation in volcanic glass-ash lay~rs in a natural marine sediment
from the decp Caribbean Sca. These layers had unusually high compressional velocities
and sediment strength (cohesion). The zddition of HC1, cr loss of water by drying.
resulted in marked loss of strength.

Hardin and Richart (1963) have demonstrated that in sands, shear-wave velocities
are independent of grain size and size distribution, except as they affect porosity; and
that dynamic rigidity decreases with increasing porosity. However, sands composed of
angular grains have higher rigiditics (at the same porosities) than do those composed of
round grains, apparently because of increased resistance of the angular grains to inter-
grain movements.

Shumway (1960) related the amount of sand (fraction of a unit volume) in his
samples to rigidity under the assumption that these grains were in contact and that the
greater their volume, the greater the elastic rigidity of the sediment structure. This is an
invalid assumption; in the higher porosity sedinents (even if present in significant
amounts) such lurger grains are not in contact (Part I, fig. 1f) as pointed out (in the con-
text of elasticity) by Kozlov (1962). Shumway also assumed that rigidity was zero at
80 percent porosity, which is incorrect in the laboratory (Cohen, 1968) or i situ
Hamilton ¢t al., 1969; discussions above).

QUANTITATIVE EFFECTS OF RIGIDITY ON COMPRESSICNAL-WAVE
VELOCITY

The ctfects of rigidity on values of compressional-wave velacity in iatural
marine sediments are small, but significant. Computaticns were made which invelved
equation |, measurzd values of compressional-wave velocities and densities, and either




values of u computed from cquation 6, when shear-wave velocities were known, or
those computed after an initial computation of the bulk modulus. The results were:

Sediment Type Vo (mfsec) _Rimarks
with u without u
Fine sand (laboratory) 1740* 171a Shetl thevelopmen. Co. Jaia
Medum sand Gn siew) 1798 1784 Hamilton er al. (1969)
Fine sand (cont. terrace) 1742%* 1696
Silty clay {abyssai hills) 1507** 1486
"l'p, l's, p measured; y computed

"l'p, p measured; &k, and then g computed

In general, the ~omputations indicate that the presence of dynamic rigidity in
sands is apt o raise compressional-wave velocities on the urder of 1 10 3 percent; in deep-
sea clays the average increases should be about | to 2 percent.

CONCLUSIONS REGARDING RIGIDITY

The data presented in previous sections indicate that almost all marine sedi-
ments which have mineral-to-mineral contacts (as in sands), or flocculated clav structures,
have small but significant rigidities which aliow transmission of shear waves. This is true
even in artificial clays in distilled water (Cohen, 1968). Thus any equation for elastic-
wave propagation in natural marine sediments which does ot provide for rigidity (as the
Wood equation, 5) should be abandoned.

s apparent trom the discussion of ¢cohesion that dynamic rigidity cannot be
computed for a system such as deep-sea clay from its physical components (i.e., given
porusity, mineralogy, and pore-2luid composition). One might be able to compute some
of the interparticle forces using clay-mineral technology, but the bonding resulting from
age of the deposit and “cementing™ effects could not be computed. However, enough
information is at hand to reasonably predict values of dynamic ngidity, given the sedi-
ment type and environment, plus physical properties such as density, porosity, and
mincralogy.

Although there are “usable’ empirical relationships between rigidity and other
physical propertics (figs. 15, 10), a better procedure for deriving a value for rigidity (lack-
ing shear-wave velocity ) is to use equation § and values for density, compressional veloc-
ity, and a computed value for the bulk moduius - especially for the continental-terrace
environment where scatter is great between rigidity and any commaon physical property.
Lacking values for any physical propertics, the average values of ngidity for the esti-
mated sediment type in the particular environment should be used. 1f grain-size data,
density, or porusity are known, missing values of density, porosity, and velocity ¢an be
determined for 23°C and 1 atmosphere by using procedures discussed in Part I; i siru
values shoeuld be computed according to the procedures of Part HIL

Empirically, the best index 1o rigidity is p b’ 2 in both the continental-terrace
and abyssal-plain environments (fig. 16). In the abyssal-hill environment, the best index
1s percent clay size (or sand plus silt; see fig. 15). Regression equations are included in
Appendix C for these three relationships.
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POISSON'S RATIO

When rgidity is zero, no shear wave can be transmitted, and Poisson’s ratio is
that of a fluid or suspension, 0.50 (eq. 10). As discussed in the preceding section, most
natural marinc sediments possess rigidity and transmit shear waves; therefore, most sedi-
ments have values of Poisson’s ratio less than (.50.

As noted previously, many literature values of compressional-wave velocitics in
“saturated™ sediments (especially sands) must be disregarded because the measurcments
were, apparently, made in sediments at less than full saturation, where shear-wave veloci-
tes are slightly higher, but compressional velocities are tar too low. As a result, many
published vatues for Poisson’s ratio, especially in soil mechanics literature, are tov iow
because the ratio, b !l’:. determines Poisson's rativ (eq. 10).

In the references to tabie 3 there are 11 cases where compressional- and sheas-
wave velocities in the laboratory or i situ allow computations of Poisson’s ratio; these
are within the range of this ratio as computed in the present study (tables 1 and 2).

Average values and standard errors of Poisson's ratio are listed in tables § and 2.
Maximun and miimum values (net hsted) indicate the foliowing ranges and averages in
some principal sediment types and environments.

Environment Poisson’s Ratio No. of
Sediment Max. Min. Avg. Samples
Continental Terrace:
Sands (all grades) 0.496 0416 470 13
Clayey sit 0.499 0.447 0478 40
Abyssai Plain (Turbidite).
Silt<clays 0496 0.466 0.484 52
Abyssal Hill (Pelagic ):
Sitt<luys 0.499 0.467 0.487 41

The data in the table above are fof laboratory conditions. Anderson and
Schreiber (1965). Anderson and Liebermann (1968), and Nafe and Drake (1967) have
noted that Poisson’s ratio does not change substantally with pressure and temperature in
rocks. Using the methods discussed in Part 111, computations comparing laboratory and
in situ values of Poisson’s rativ for a given high-porosity deep-sea silty clay indicate this is
alsu true of marine sediments. With temperature and pressure the only variables,
Poisson’s ratio in the laboratory at 23°Cand 1 atmosphere 1s 0.486; at a water depth of
6000 m (pressure: 626 kg'em?2; temperature:  1.5°C), Poisson’s rativ is 0.490.

Velocity-Frequency Relationship

The subject of velocity dispersion (dependence of velocity on frequency) is
important in geophysics and underwater acoustics. Questions concerning basic theories
and models for propagation of elastic waves in various media cannot be resolved until
various questions are answered: does velocity dispersion exist; and, if so. to what extent,
in which media, and over what frequency range? The subject of velocity dispersion in
saturated sediments was recently raised, again, by Hampton (1967) who reported disper-
sion 1n Jaboratory measurements i artificisl sedimenis.
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Because well-known and valid theore tical models exist on both sides of (he
question of dispersion in carth matenals, the answer must lie in experimental work which
will sct parameters for these models. 1tis the epinian ol the author that the experi-
mental evidence strongly indicates that in the frequency range from a few hertz to the
megahertz range, there 1s no measurable dependence of velocity on trequency in carth
matecials, including almost all natural sediments and rocks.

Inany discussion of the evidence concerming velocity dispersion, a clear distine-
tion shoutd be made between various media. The broad categories are:

1. rocks with little or no pocosity.

to

. porous, saturated, and unsaturaied rocks,

‘)

. tully-saturated sands with mineral-to-mmeral grain contacts,

. higher-porosity, fully saturated sediments with 1 structure possessing cohesion,

[T

. partially saturated sediments (natural ur laboratory) containing gas or air in
pore spaces, and

6. clay-sdt “sediments” which are suspensions, especially those formed artiticially
in the laboratory with a detlocculating agent.

The expenimental evidence or velocity dispersion falls into the categories of
work in the laboratory on rocks and on natural and artificial sediments, and 2 situ on
rocks and sediments. Measurements ot both velocity and sound absorption are involved.
The references cited below are recent examples of this experumental work; no compre-
hensive review is intendzd.

A number of investigators have measured compressional- and shear-wave veloe-
ity and aksorption in rocks (laboratory and in sing). Their common conelusion 15 that
there is no (or negligible) measurable velocity dispersion in the range from scismic fre-
quencies into the megahertz range, and that the specific dissipation constant, 1/Q, is in-
depandent of frequency. Examples include work by Wyllie er al. (1956), Birch (1961),
Peselnick and Outerbridge (1961), McDonal er ol. (1958), White (1965), Press (1966).
Bradley and Fort (1966) have good resumes of much of the evidence.

No velocity dispersion was measured in artificial sands in the laboratory by
Hardin and Richart (1963), Nolle et al. {1963). and Schon (1963); these measurements
included a frequency range from 200 Hz to 1 MHz.

In soil-mechanics investigations in sifu in sands, low-frequency vibrations were
used in studies by Barkan {1962) and Jones (1958) to measure shear-wave veiacities
(Jones” measurements atso included clay-sdt). No velocity dispersion was measured in
the frequency range from 10 1o 400 Hz.

Compressional-velocity studies in high-porosity, deep-sca clay in the North
Pacific by the wnter at 200 kHz (laboratory), by Schreiber (1968b) and Horn et al.
(1968b) at 400 kHz (laboratory). and by Fry and Rartt (1961; seismic measurements at
sea) are all in reasonable accord (less than 1 percent differences). The average of com-
pressional velocity for abyssal-hill, silty clay (Part 1. table 2) is 1507 m/scc. An average
velocity of the top of 10 cores off Hawan (Schreiber, 1968a), in the same material, is
1504 m/sec. The average ratio, velocity in sediment/velocity in water, at 200 kHz (Part
1, table 2) for abyssal-hill silty clay 1s 0.985 (imax 1.006, min 0.973). The ratio comput-
ed by Fry and Raitt (1961, table 1) for this sediment type was 0.974 (see discussion
in Part 1.

In a continuing program to measuare compressional velocity and attenuation in
situ, the writer measured no velocity dispersion in shallow-water sands (three stations),
ur siit<lay (one station) at 14, 7, and 3.5 kHz.

In a laboratory study of complex rigidity (4 + iu’) in artificially sedimented
clays, Cohen (1968) demonstrated that both components of complex rigidity, u and 1yt',
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were independent of frequency in the range 8.6 to 43.2 kHz. When a deflocculating
agent was added, the flocculated structure was dispersed, the material lost all rigidity, u,
and the mixture behaved as a Newtonian viscous fluid in which iu" was lincarly depend-
ent on frequency. The addition of 35.5 ppt of NaCl caused reflocculation and both ele-
ments of complex rigidity were the same as before.

Therce are several important conclusions to be drawn from Cohen's study (ii
addition to those discussed in previous sections):

1. Suspensions (withoui structure) do not behave as focculated clay structures,
and almost all natural, high-porosity silt<lays have thus type of structure (see section on
“Causes of Rigidity ™).

2. 11 the clastic portion of complex rigidity, u. is independent of frequency, there
is no shear velocity dispersion in tie flocculated clay.

Hampton (1967), in a laburatory study of artificial scdiments, reported ad to 6
percent increase in compressional velocity from 3 to 200 kHz (this amounts to 60 to 90
m/sec in silt<clays); his ratios, velocity in sedimentivelocity in water (1967, fig. 11), indi-
cated sediment velocities as low as 7 prrcent below that in water at lower frequencies.
Hampton referred to Ament (1953) for theoretical supoort of his conclusions.

Ament’s (1953) theoretical approach to sound propagation in gross mixtures
involved a true, viscous suspension in which particles were not in contact and i which
permeability . viscosity, and scattering of sound by the particles were involved. He com-
pared his approach with experiments by Urick, who measured compressional velocities
through suspensions of mercury, bromofonn, and kaolinite {(with a deflocculating agent})
in water. Sutton ez al (1957) and Laughton (1957) discussed Ament’s equations and
concluded that they could not be applied to natural marine sediments; the author agrees
with this conclusion. As discussed above, subsequent measurements of elastic-wave
velocities in the laboratory and field do not support any theory involving significant
velocity dispersion from low (seismic) frequencies to the megahertz range.

Hampton's values of the ratio, velucity in sediment to velocity in water (1967, fig.
11y notonly varied with frequency but were anonymously low (at lower frequencies).
His values for artificial kaolinite “sediments,” for example, in the frequency range 8 to
40 kHz (0.93 to 0.97), can be compared (at similar concentrations) to those of Cohen
(1968) m kaolinite suspensions and flocculated ¢lay in the same frequency range (0.97 to
0.99), and those of Urick (1947)1n a kaolimte suspension at 1 MUz (0.97 t0 0.99).
Shumway (1958, 1960) measured a ratio of 0.97 in a red<lay slurry. An average ratio
for six of Shumway’s (1960) high-porosity sediments in the San Diego Trough (20 to 40
KHZ) was G.98 lis equation 7 (1960, fig. i, p. ioi)predicts an average least value ot
0.97 fur his sediments. The author (1956) measured, iz situ, in the San Diego Trough,
average values of 0.98 at 100 kHz. Fry and Raitt (1967) computed an average valu. of
0.974 for deep Pacific surtace sediments at seismic frequencies. In the Atlantic, Houiz
and Ewing (1964) used the same measuring techniques that were used by Fry and Raitt
to obtain sediment surface velocitics. At three stations (Stas. 4, 5, and 8) favored in
later discussions, Houtz and Ewing measured values of 1517, 1532, and 1517 m/sec,
which when divided by appropriate values for bottom-water velocity yield an average
ratio of 0.98. Table 2 in Part | hsts average ratio values in deep-water silt-clays (at 200
kHz) in the range 0.98 t0 0.99. In suminary, the evidence from laboratony and field,
over a wide range of frequencies, docs not support Hampton's low ratio values

When air ur gas bubbles (from decaying organic material ) arc trapped in pore
spaces within any sediment they have a marxed elfect on both compressional velocity
and attenuation, depending on the concentration and size of bubbles, and the frequency
{c.g., Meyer, 1957) veloaity vanties with frequency (velocity s usualiy too fow) and
attenuation 1s apt to be high. Although Hampton recognized these facts, and attempted
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to remove gas and air bubbles trom s artficral sediments, hus data imdicate the proba-
biliy of an and;or gas bubbles within hus imatenals.

Summary of Factors Affecting Compressional-
Wave Velocity

To summanize the eftects of many complex, vanable tactors on compressianal
velociy s mstructive to separate cquation | into two components and to expand
density o, as per equation 4, and w as per equation 13a.

. o 43
“2 :L,;.ﬁ (l)
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where
x,+Q A (K7 Ry)
E Ve ) 5 — o =up _iil-n)p (13a)
"AM+Q ¢ Nk = n ) W s

The vanable factors contnbuting to compressional-wave velocity are thus:
Rulk moduli of pote water ( Yominerals (&), and frame (k).

Porosity (1), m 4 univ volume, porosity equals the volume of paie water
and (]-11) equals the volume, or concentration, of mineral grains.

Density of pore water 0, ), and mincrals (o)
Rugidity modulus (u)

Given laboratory conditions of constant wemperature and pressure, and assuning
that pore water is the same (true within narrow linnts; see Appendix B). the etfects of
changes in porosity and nuneralogy are thus (summarizing previous discussions ):

1. Changes in muncralogy onlv cause changes in

a. the bulk modulus, &, through changes in

(1) the bulk modulus of mincrals, &
(2)  the frame-bulk moduius, Ky
b. bulk density, p, thiough: (1-n)p

¢. the ngdity modulus, g in sediments hay 1 cohesion, some minerals have
sttonger nterparacie bonds (see Causes of Kigudity ™)

2. Changes m porosity ondy cause chonges an
a. the bulk modulus, &, through changes in
(1) the frame-bulk modulus, &, (fig. 2)
4
(2) the denominator ot (eq. 13a): u GO )
b. bulk density, o, through the products (eqg. 3): np and (1-m)po
<. the rigidity modulus, g, because higher porosites lead to fewer interpaiticle
contacts in sands and in silt-clays (having cohesion; see “Causes of Rigidity ™)
The causes of vanations in rigidity were discussed 1n a previous section, but the
results of these vanations can be readily seen when equation 1 is separated into 115 two
components, as above. When rigidity, .18 zero or neghigibly small, the compoenent
43 u
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drops cut and the remamder of equation 1is the cquation for compresstanal velocily in a
liquid, or any medium without rigidity . Has the same as the Wood equation (St the
medium is a true suspension with no sediment structure, in wineh case Ky, leq. 3b) can

he used fer the bulk modulus, k. 1f there is 3 sediment structure, & should include a frame-
bulk moditlus,n,. Beeause almost all marine scdiments have a definite structure and
possess rigidity . the Wood cquation, whicli served to approximately detine compressional
velogity in much catly work, should be abandoned in favor of cquation 1, the ¢lassic
equation for compressional velocity.

3
3

The mteraction of all of the above Tactors eesults in almost all tughicr-porosity
sedimrents having compressional velocities Jess than i water (pore water or bottom water
above Gie sea Noor) unless rigidity is unusually high. This low-velocity phenomenon is
mostly due o the low rigiditics in high-porasity sediments, and the dominant cliccts of
high water compressibilities (o1 low sncompressibifities) refative o mineral moduli (see
Appendix B for typical values).

Summary Statement Regarding Elasticity of
Marine Sediments

To prove that a medium responds as an clastic body . it is necessary to use the
theory of elasticity and its equations (egs. 1, 2, S-11) to compute unmeasured elastic con-
stants (without empirical constants or assumptions) and venty these by measurcments.
Further, values for elastic constants should be computable fronm the basic components of
the medium. and static and dynamic values should be theoretically related. All af these
requirciients have been satistied in the case of rocks (e.g., Birch, 1961 Simmons and
Brace, 1965; Anderson and Liebermann, 1968). 1t is a conciusion of this report that
these requirements can also be satisfied in the case of saturated, porous scdiments

Deusity and compressional-wave velocity were measured in the prosent study . A
computed value for the bulk modulus was used as the third constant required to compute
1 the other clastic constants with the equations of elasticity. This bulk modulus was com-
puted trom the porosity and the bulk modul of the components of the mediuni (pore
Nluid. minerals, and a frame-bulk modulus) following Gassmann’s equations (13a; Appen-
dix A). This method 1s thus based on theory without empinical factors er constants.

The computations of elastic constants as discussed in this report, compared with
other laboratory and i sitee measurements (such as shear velocity, tabie 3), indicate that
the equations of etasticity can be used to derive reasonable values for those elastic con-
stants not measured. It so, the computed values in tables 1 and 2 predict these constants
for the major marine-sediment types.

REVERSE SIDE BLANK 43
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APPENDIX A:
DERIVATIONS OF GASSMANN'’S EQUATIONS

The derivation of Gassmann’s equation (1951, p. 15, paragraph No. 59)

K/,+ V) W C »\/-i
K=k —— = -

¢
xx;\‘Q nix =KD

15 indicated, hut not completely shown in tus original {German) publication. The follow-
g derwvation (hy the suthor) is completed because of its importance to the computa-
uons of this report. and to make it more readily available to interested readers.

Gassmann's equation, above, is not empirical; it folflows from the basic assump-
tions that g unit volume of 4 saturated porous medium responds elastically under the
light pressures of @ sound wave. In this “‘closed system™ no pore water leaves or is added
1o the unit volume during passage ol the sound wave.

The notations of Gassimann are changed as follows:

Ttem Gassmann Changed To
Total pressure P Ne change
Hydrostatic pressure P }’h
Etfective pressure, or pressure on frame iz g,

Bulk modulus of system K No change
Bulk modulus of pore water K K,

Bulk modulus of mineral solids [3 K

Bulk modulus of mineral frame

-
>

f
Total volume b No change
Volume ef pore water b b

~ W
Volume of minera! solids P bV

. With these changes in notztion, peytinent equations and “running’ translations
from Gassmann (1951, p. 15) are:

<158y bnoorder w deternune &, the unit voiumce. b will be expused to
an additienal wotal (hydrostaie) pressure, AP, which is effective on all
surfaces L AP resohed into two cainpaiciits. AL 1y thai pari off
AP whichis effective on 2!l surfaces of the volume 1, and determines
tire addimonal hydrostatic pressure in the ~ores. AP, s the remainder
of AP which s eftective on those portions of the surfaces vecupied by
the mineral solids of the frame.

4 AP = AR +AP {A-1a)

Thie desired bulk modulus. k. of the cdosed system is defined by the
cqudtion.

A ’
b AL oF {A-1b)
b K
A;S\ AI)I‘
¢ — = - - (A-1¢)
' K
W W
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desenbes the compression ot the pore watei (or, itom F):

Alw
— = -aAPF nx
I T W
: AF AP,
d A Th T (A-id)
v 5 K,

aescnbes the compression of the fiame. proceeding troim the two
components AP (a)

Ak (I-my AP, AP,

¢ _— = - = {A-le)

I K K

$ s
describes the compression of Ge mineral solids . .. with the application
of Fo= (l-my b
f. Vo=l {A-11)
W

defines porosity .
2. Al = h\.l'x+_\l'“ {A-i)

which indicates that the system s closed. therefore. no pore water cun
be added nur can any escape.”

Using the above basic relationships furnished by Gassmann, the final equation tor

computing the system bulk modulus, . can be denved as {ollows

2. kquating volume chuanges

fromb. ¢, and ¢, above, and multiplying by ¢- 1)

AP AP.' AP Abn
— ={1-n) + +
I8 K X K

3 3 W

froma AP = AP~ AP

AP (l-my AP, APn AP AP,

+ +

reduces 1o

Dwide bv AP

= .- + ==
N K K k
w 3
A
K AP KK K
5 ow \




1 —] ) APh In(ns*xw)]
K K AP K K

s oW

K- K Af, ms - K

KA AP K K
5

5w 3

reduces Lo

N l”lhx - r\'“_)]

- : (A2)
AP K (K _-n)
h wos
3. bquaung pressure- colume-mroduli relationships
a. Compression ol (rame (decteases ny ... .. ... kg A-1(d)
b. Compression ol solids (increasesn) ... ... .. .. Fa A-ige)
¢. Compression ol water ... Lq. A-l(c)
In the closed system no pore water is addcd or escapes. theretore
3a- 3t = 3c.or
AP AF t1-m)AP AP AP, n
It v h € ki
+ — - 11— =
K Ky K K K,
_\Ph ..\.Pe ‘\‘Ph _\P, n AP ._\P]_n
—_ - + - = -
K K,
s f K K Ky K
AP AP AP'.III AP, i
Ky N Ko K
_\.Pe ("'_r_"j) . _\PI.’_I: rr )
- ! k vw
AP, Nk _"K VK,
N b s L
I3 . -
AI\'(AS h_l')
fromeg. la. AP = AP - AP,
AP, n(Kk ~K K,
} s -t
AP- AP, = A s w )
"w("'\_"])
N ek 1+ R
- SPH (K KK, AP [h (K I\'!)]
K Ak K )
w5 !
Divide by M’h
AP ”‘-ks""“-)xj' 1 'Hw”;;h/" .
_ = (A-3)
API: K w(hs‘h"—)
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4. bquating equations A-2 and A-3

K [n(r\S*xw)l . n (xs-xw)x/ + Kw(l(f‘kf\

Ko 78) KW(KS‘K/-'
let
xw(xs-x/) =4
n(KS‘l\w) =8B
) :—4.
M
then
KB ) b’N,*A
K AN -K) A
W

which, after dividing by B, reduces to
P | U
x(, KKy '}\“'B)_kalk“ KK B
. 1 .
L Substitute 1-1':3- and solve for x

KWKy (Kf Q)

A+ KKy tr U

Ko Ko ('.\'].fQ)

¢ - + K
KK, Kw'(f thj ng
which reduces to

xS(K/*Q)




APPENDIX B:
BULK MODULI OF WATER AND MINERALS

Some valucs of bulk moduli (incompressibilities) of scawater, k. and minerals,
« . used in the computations in the main text, are listed below. In addition, values for
the aggregate bulk moduli for some of the more important ty pes of sediment mineral
aggregates are histed. These were computed by the Voigt-Reuss-Hill method (see
discussion, main text).

A. Seawatcr™

Salinity Density Vp Bulk Modulus, .

(ppv) (gicc) (m/sec) (dynesiem?2 X 1010)

33.50 1.0228 15283 2.388955

34.00 10232 15289 2391766

34.50 1.6236 15294 2394206

35.00 1.0240 15300 2397082
*Density and velocity from NAYOCEANO SP-6K (1966 K. computed from: pl"p2 =K
B. Mineral Species**

Bulk Modulus, n
Mineral (dynesiem? X 1010y Reterence
(‘;cilc 72940 Peselnick (1962)
Microcline 31813 Anderson and Nafe (1965)
Orthoclase 47.393 Anderson and Nafe (1965)
Albite 32910 Brave (1963).
Anderson and Nate (1965)
Labradorite 66.667 Birch (1966)
Quartz 37726 Soga (196):
McSkimin ez al. (1963)

Obsidian 37 500 Manghnani ez al. (1968)
Homblende 84173 Brace (19635)
Biouie 41,152 Brace ¢ivinN)
Apatite 91.743 Birch (1966)
Magnetite 151818 Birch (1966)
Olivine 126.582 Birch (1966)
Ensiutite 99.010 Birch (1966)
Hypersthene 101.010 T TH0)
Augite 95039 Birch (14

**Computed trom & = 1:5 where g given, references are 10 »oent, r2adrhy vaable « crees which
frequcatly cite other sources; for recent, general compilaiions sce brech (19660 25 Anderson
zad Liebermann (1965)
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Computed Aggiegate Bulk Moduli, X

Sediment
Medium sand
Fine gray sand
Clivey silt

“Clay ™

*xome typical valucs.

.
¥

Bulk Modulus, &,
(«.i_\'m:s,"\:m2 x 1070

51.200
§2.326
54.425
S0.- - -

Reference
San Dicgo (nearshore)
San Dicgo (nearshore)
San Dicgo Trough

Skempton (1961);
used tor deep-sea silt-
clays.




APPENDIX C:
EQUATIONS FOR REGRESSION LINES
AND CURVES (ILLUSTRATED DATA)

Regression fimes and ¢urves were computed for those ifhastrated sets of (x,3) data
which constrtute the best mdwes (v) to obtdn desired properties (v). Separate cquations
are histed, whete appropuiite, tor cach of the three general environments, as follows: con-
tnental terrace (shiell and slope), (T by ssal hill (pelagic ) (H); aby ssal plaan Clurbidite),
(P, The cquations are keved by figare nimbers to the velated seatter dagrams in the
natin et The Standard Enors of Tstimate oL cpposite cach equation, are applicable
onhy near the mean of the (o ) values, and accunaey of the () value: given (x), talls off
away from this region (Griftiths, 1967, p. 448).

Lo isportant that the regression cquations be used only between the limiting
vities of the index property (x valueshoas noted below. These equations me strictly
empttical and apphy only to the (xv,0) data pomts inivolved.

The imutimg values o (x) i e equiations below are:

1. Porosity, 11, pereent

(1), 35 to 82 pereent

(H)and (P). 70 to 90 pereent

2. Density L pLgice

(1), 1.25 10 210 gice

(H). 125 10 1.50 gice

(P). 1150 145 glee

R C .2 R
3. Dowsity X (Velweiy ¥y p l,, Jdynesiom” X 1010
B ki
(1), 2.9 to 3.4 dvnesiom?® X 10190
(F).271034 dy ncs_;'cmz x 1010
4. Clay size gramns, C, percent
(H), 35 1o 80 percent
N . 2 .
Frame Bulk Modulus, k - (dynes/cm”) vs. Porasity . 2t tracuon ) (Fipuie 2)
N ) >
(T) For sands: K, dynessem™ X 10?
logk, = 271405 - 4.12135 ()

2y an8
H

(I, (H)(P) For siftchay v \'l,.d_\nca;ui‘n X 10
log K, = 3.73807 - 4.23571 ()

Bulk Moduius. & (Lj_\'ncs_.-'miz » 101 ) vs. Potosity, 11 (percent) (Figures 7. 8)
(Thk = 2273698 - 0.679982 (11} + 0.008265 (n)° - 0.00003566 (1)
g = 01379

(1) (P) K = 905540 - 0113167 (1) + DOVOATS (1)°
a = 0014

Bulk Modulus, k (dy neszem? X 1010 vs. Density, p (g ce) (Figures 9, 10)

(Th & = - 2216073+ 3499361 16 (p) - 34144205 (p)° + 8119349 ()"

il JOATBRRRRL M
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0.69991 - 7.428005 () + 3.445399 (p)?

(H) K =
o = 0.0362

(i K = 342493 - 2.486986 (p) + 1.596811 ()2
0 = 0.1525

Bulk Modulus, & (dynesfem? X 10'9) v Density X (\"'v.‘lot;ihr’)z,/.)Vp2 (dynesfem? X

_@”)(ngw i)

(1) K = 0.24037 4 0.891027 ("’"ni)
0 = 0.0528

¥) K = 066033 +0.742309 <""p2)
0 = 0.1446

Rigidity Modulus, ¢ (dy ncs,’cm: x 1010)vs. Clay Size, C (percent) (Figure 15)

(H) g = 2.38655 - 0.105307(C) + 0.00lo11 ((‘)2 - 0.00000828 ((‘)}
o= 0.0334
Rigidity Modulus, & (d\'m:s/\:m2 X 1010y vy Density X (\'f:locil)')2 R pl'p: (dynes,r'cm2
X 1010) (Figure 10)
(P) 1 = 4.78616 - 5.154326 (prz) +1.797785 (pl'pz)z

- 0.200143(,;;'pz)3

o = 0.0229
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APPENDIX D:
ADDITIONAL SEDIMENT PROPERTIES

Tables 1 and 2 from Part 1 (TP 143) are included in this appendix as a conven.
ience to the reader. These tables furish additional information on properties of the sedi-
ments discussed in this ceport (TP 144). Tables D-1 and D-2 can be corselated with tables
I and 2 the man text
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