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SUMMARY

Piezo-electric shear'wavé transducers ha&e been develdped'and used’
in a range of unconsolidated sediments under varying effective stress
conditiohs. A new'self~monitoring tephnique has provided information
on transmitter respohse. Their incorporation in oedometer and triaxial
cells, together with compregsional wave transducers have enabled the
velocity of shear and compressional waves (Vs_and v 5 to be monitored
during soil mechanics tests. Installation of these transducers into a
var;able porosity cell has also enabled the relationship between Vp, VS
and porgsity to be defined for sands at low effective stresses, VS has
been measured in surficial sediments in situ usiﬂé specially developed
- probes.

| In the porosity cell VS varied between i? m/s and 120 m/s depending
on porosity,.grain shape and size distribution. Thé effective stress—VS
profile for different sediment .-types has been defined in the oedometer
cell wiéhlsmall decreases in Vs occurring after each incremental load for
a low permeability clay. Computed static and dynamic moduli exhibit a
considerable difference in botﬁ-magnitude‘and as a function of stress.
This is attributed to differences in drainage conditions. Contiﬁuous
measu?ements of.Vs and Vb during cyclic loading tgéts on sand ha?e clearly
defined the béhaviour’a;ound liquefaction. v Varied between 0 and 300 m/s
in this test and the Vp/Vskratio enabled the'éample liquefaction process
to be analysed,“éonciuding that only a small part of the sample had
probably failed.

In-situ measurements of Vs Qaried betWe?h 27 m/s and 120 m/s without
any aﬁparent correlation with electyical formation factor, VP or sediment
type.

It has been postuladted that the second, slower, bulk compressional



wave, predicted by theory but rarely observed might be more appropriate
for calculating‘SOil moduli. Observation of received waveforms in the
triaxial cell has tentati?ely identified what may”be this slower

compressional wave.
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1. INTRODUCTION.

1.1 Background

.

Wave motion is tce propagation of a periodic disturbance carrying
energy; it is this transfer of energy from one place tc ancther that find
such a multitude of applicationé. As a tool for scientific investigation
it must be virtually unrivalled in its térsatility, from revealing the
detailed atomic structure of crystals, proteins and nucleic acids to
unravéllin§ the mysteries of the earth's inner ctructure and indeed the
universe itself,

vMatefial propcrtieé of any media through Which a wave motion
bPropagates dictates many of the characteristics of.such a wave. By
measuring the effects the media has on a Qave as it is transmitted
through or reflected from its surface some of the material propertiés
can be deduced.

Within the field of geology, seismologists have used the propagaticn
of elastic waves to stﬁdybboth surface and deep structural propertics
of the earth. The basis of the techniques rély on arrival times of
elastic waves, generated by mechanical or explosiveAshocks‘reflécted
from and refracted through geological boﬁndaries.- It is known that in
Sediments direct relationships exist between phycical properties and .
acoustic characteristics. Mass physical properties, such as, bulk density,
borosity, gréin size, grading and grain sh;ée that affect the engineerihg
properties Ofﬂsedimentc are termed geotechnical parameteré. From atknowledge
°f.C0mPressional wave speed, reflectivity and attenuation, it is possible
to predict approximately the porosity and mean grain size of a'cediment.

However, the relationship between these geotechnical parameters and the more

Important shear strength-is not unique, hence compressional wave measurements on-
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their own are of little practical use to an engineer.

1.2 Shear Wave Propagation

1.2.1°  Shear waves in sediments

A shear wave is the propagation of energy in which ﬁhe particle
displacemént or vibration is in a plane normal to thé direction in which
the wave is travelling. For a media to transmit a shear wave it.must

“* .

. exhibit a finite shear modulus.
Prbpagation of shear waves is easily measured ih rocks and other solid
. materials, but in ﬁnconsglidated sediments shéar,&aves have proved
comparatively difficult to measure because of their low velgcities and
rapid attenuation. In many'offshore engineering projects the foundation
sediments are a consequence of  location rather than choice. The physical
nature of many sediments creates éngineering difficulties that are
“also responsible for the difficult . evaluation of shear wave characteristics.
‘Measurements. of both shear and compressional wave speed also allows the
sediments'. elastic moduli to be calculated.

From a more general sténdpoint, ip the field of non—destructive
analysis of sediments, shear wave propagation and its characteristics
may have distinct advéntages. Qtﬁer analysis techniques, such as
acoustic ?ransmissionfand reflection,’electrical resistivity, and nuclear
methods; gene;@lly'relate more closely to the pore phase and its contents
than they do>to the solid phase. Howe&er, as shear Qaves cannot be
accommodated in the fluid-filled pgre space of a sediment, their

»

propagation characteristics are primarily controlled by the solid phase
and its structure. Shear waves must travel thfough the individual

grains, which make up the soil .skeleton, and across the grain-to-grain

contacts. It is at these contacts that the pore fluid will have its

-20-



greatest effect on the propagation charactéristics of shear waves.

‘It is generally accepted that nearly all marine sediments exhibit
enough rigidity (via frictional forces at grain-toégrain céntacts in
sands and via electrochehical forces in clays, or a combination of both)
to transmit shear waves.

As materials, sediments are multiphase media, characterised by the
mingral and.fluid characteristics andvthe relati&e amounts‘of each
constituent. In this way even a simple two-phase sediment, such as a
pure quartz saturated sand must be considered as a range of materials.

The material changes as the relative amounts of each phase changes. It
.is not uncommon even for a saturated sand to exhibit porosity ranges of
up to 10% (i.e. a stable structuré‘coﬁla exist given the same sand grains
with porosities of anywhere between .35% and 45%). In this study the
corresponding changes in acoustic propérties, reflecting the §aria£ion in
»material properties, with changing sand structure has been recorded
illustrating the large differences that can occur,

In order to increase our understanding of the .acoustic and mechanical
properties of sediments, it is ﬁecessary to establish a reliable technique for
generating and'measuring shear waves in these materials. This must be fo;lowed
by the collection of data in ﬁany different sediments under Qarying conditions
-as that has been collected for comp;essional wa&esA(see Chapter 2.3.2).
ALthOUGh explosiQe and mechanical sources find soﬁe'application,in the field
for transmitting shear wa&es.in soils, they haQe no practical usé in any small
scaleiin:éifﬁ or laboratoryvinﬁestigation. Ideally,'fof this type of work,‘
.a small piezo-electric transducer is iequired, capable of transmitting.and
~ receiving shear:waves even in soil with Qéry low shear moduli. A transducer
of this kind would be similar to that commonly used for measuring compressional
waves in sediments. It would have the ad&antages of reproducing eléctrical

wave forms as well as enabling frequency pulse length to be controlled.



1.2.2 Land shear wave systems

A shear wave velocity measuring system consists of a source, a
sensor and an appropriate timing mechanism. Several types of sources
have been used for shear wave surveys in engineering seismology. The
plénk and sledge—hammef is probably the most popular surface source.

By either using the plank lying on the ground and weighted down with a
vehicle (e.g. Viksne, 1976) orvwith ﬁhe plgnk driven vertically into the
ground (e.g. Davis and Schlltheiss, 1980) polarized shear waves are
genera?ed by a horizontal impact with the hamher. These techniques allow
surface refraction survefs or doﬁn—hole measurements to be made. For a
more detéiled look at layer velocities cross-hole techniques can be-
employed.  Stokoe and Woods (1972) use an impulse rod to generate
vertically~polarized shear waves from the bottom of a hole. Miller

et al., (1975) use>an anchoring technique to generate vertically polarized
shear waves at any position in the hoie. Explosive sources have also
been feported.to generafe recognisable shear waves in boreholes (Kitéuﬁezaki,
1971; Viksne, 1976). Continuous vibration ﬁechniques.using electro-
dynamic or mechanical vibrators (Jones, i958)_can befemployed to measure
surface waves which can then'be used to eéiméte shear wave velocities.

Sensors used in . S- wave surveys are typically the same as thése,
used in P-wave surveys. Special attention has to be paid to the
orientation and‘it is preferable to use three componentkgeophqneé (two
horizontal and one vertical Eomponent). Another important feature of
shear wave detection is the coupling between the sensor and the ground.
Shear wéves do.not travel through fluids,. therefore sensors have to be

rigidly clamped to the borehole or firmly embedded in-the surface.
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1.2.3 Of fshore shear wave' systems

Techniques for measuring shear wa§e Qeiocities on the sea bed are
scarce. Bucker gE_g}}, (1264) and Hamilton gg;él., (1970) obtained
shear wave velocities from measured Stoneley waves.on the sea floor.
Schwarz and Conwell(l974) develcped a sea-floor electromagnetic hammer
thch generated detectable waves up to 300 méﬁres from the source. Stokoe
et al., (1978) describe the development of a bottoﬁ hole Aevice to measure
shear waves in the offshore environment. It inéorporates a mechanical
tensiéhai source and piezo-electric ceramics as receivers. Apart from
these few instances sheai wave measurements in offshore sediments are

rarely made due to lack of versatile and reliable technigues.

1.2.4 Laboratory shear wave systems

In the laboratory, resonant colgmn tests are the most commonly used
to determine the shéar wave’characteristics of soils. Hardin and Music
(1965) déécribe how this technique can be adapted and used during the tri-
axial test, the shear wave velocity being a function’df the resonant
frequency and lengtﬁ of‘the s%mple.“ Anrimportant advantage of.the
technique is that it allows damping characteristicé to be investigated
with changes in the sﬁear strain amplitude. Célikkol and Vogel (1973)
desiqped a.shear wave'probe system which transferred the oscillations of
a piezo—electr}c ceramic crystal disc coupled to a back-up mass to aﬁ
aluminium.prébe. They concluded that the system was.only suitable for
.soils with an intermediate range of Qater contents. They did not detect
shear waves in saturated sediments. | Stéphenson (1978) used ultrasonic
transducers to mea§uré both P and S wave Qelocities in soils to calculate
dynamic moduli, - However, a close inspection of the waveforms reveals -

that the onset of the S wave arrival is particularly difficult to ascertain
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with any reasonable degree of cértainty. - It is thought likely that‘these'
transducers are noﬁ suitable to mea;uré shear waQe paramgters in sediments .
bécause of their relatively low compliances and smail shearing motions.
Shirley and Hampton (1978) describe the design of a shear wave transducer
system capable of meésuring shear wave velocities in saturated high porosity
'laborétory.sediments;:: These transducers are based on-the piezo-electric
cerémic bender element which is described in a later section. '~ The advantages
of the basic transducén conqeived and first used by Shirley, are so stroﬁg
that th;s type of transducgf system is the only oﬁe to have been in&estigated

and developed dﬁring this study.

1.3 ‘Objectives of the Study

it is readiiy ap?arent f£om both the ;iterature and theory of wa&e-
- propagation through sediments that shear wa&e.informaﬁion'is of fundamental
importance yét-little dé;a.has so far beeg éollected. * Although many étudies
have been made using compressional waves propégatingvin a host of different
sediment types, both in the 1aboratéry and‘injéifﬁ,‘the.o§erall data indicate
fhat useful correlations can.only be obtained empiricélly and their use in
tetrms of predicting.geotéchnical properties are 6b§iously liﬁited;
The main aims of fhis.study were as foilows:~
1. Té devélép a versatile shear wa&e'measuring'system,‘ eI
.capable.o% measuring &elocities,in a wide rénge'of saturated
unconsolidated sediments. De&elopment of shear wa§e tfansddcers
suitable for this application is described in Chapter'3;l.
2. To iﬁstall these transduceré invé Qariety'of laboratdry test cells
énd to investigate the behaviour of ;hear wa&es in different sediment
typeé under various stress ana packihg conditioné. Instéllation

of transducers in laboratory cells is described in Chapter 3.2 and
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and some preliminary results from porosity cells, an oedometer cell
. and triaxial cells are presented in Chapters 4, 5, 6 and 7.

'3.: To design and build probes suitable for measuring the shear wave velocities
of suificial marine sedimgnts in situ. Design and coﬁstruction of
these.probes is described in Chapter 3.3 and a limited amount of data
from éruises is presented énd_discussed in Chapter 8.

Techniques for measuring compressional wa&e.velocity and electrical
resisti&ity in.a variety of laboratory test cells and in-situ probes have
already been developed at tﬁe Marine Science Laboratofies, UCNW (McCann,

1972; simpkin, 1975; Jackson, 1975, 1978), ‘With a capability of measuring

shear wa&e veiocitieé in the laboratory and in situ, these preﬁious developments

would be suitably complemented prQViding a more complete geophysical
characterisatign of the sediments. The regular inclusion of shear wa&e
information in the list of physical properties will provide the basis for
further fuﬁdamental'inQestigafions‘into thé acoustic .properties of sediments

and its relation to geotechnical paraméters to be made in the future and

hence increase our understanding of the beha&iour,of these materials as.

© man with his technology éontinﬁesAto make more use of the sédimentary

continental shelves and ocean beds,
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2. EXPERIMENTAL AND THEORETICAL BACKGROUND

2.1 Wave Propagation

. . .

Transfer of energy between two points, in the form of elastic stress
waves, is governed by Hookes Law. This states that, within certain limifs,
the strain produced in an elastic solid is linearly proportional to the

applied stress.

The proportionality between stress and strain breaks down at a given strain
level which is dependent on the material. It transpi;es that for saturated
. sediments this sﬁrain level is exceedingly iow. After this limit has beeﬁ
exceeded the response ié no longer tfuly elastic.

~Mathematical expression of Hookés Law, in its most generalised form,
requires 36 independent elastic constants. In‘an isotropic elastic solid,
the number of independeﬁt variables needed tO'fuily.describe the elastic
nature of the media is only two. Léme% constents L. and G (G is commonly
known as the shear or rigidity modulus) are those most frequently used.
Others freguently used are Young's modulus, E, Poissons ratio,¥y, and the
bulkvmodulué, X. These constants can all'be expressed as simple functions

of.Lames conétants L and G.
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When the stress-strain relations of Hookés Law are written in terms of
L arid G and ﬁhese relations are used wifh ~ the wave equation, propagation
of two independent waves is indicated. 'The speed of propagation being
governed by the elastic constants and the. bulk densityf). Longitudinal

waves‘propagate at a speed given by
v_ = o | (2.1)

and shear waves propagate at a speed given by

3

v=[° | | (2.2)
/2
The bulk modulus K is given by
2
K = L+3G6 (2.3)
substituting - this in equation (1) yields Vp in terms of X and G
C [x+d)?
Vo o= | —— ' ’ 2.4

which is how VP is most frequently expressed. When the shear modulus
. (G) is zero, the medium is a fluid. and only a longitudinal wave will

propagate .with a velocity Vf given by:
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K\ 3 (1‘) I '
V. =f = L= = (2.5)
£ (P) FP
where/g, the bulk compressibility of the media, is the reciprocal of the

bulk modulus.

For completeness, useful relations between the various elastic constants

are given in equations 2.6 and 2.7
t 4

_ G(3L + 26) . '
B = I, + G (2.6)

L

V = 3610 (2.7)

It should be noted that when G = 0 (as in a fluid) and X = L (from

equation 2.3) the compressional wave speed in a fluid is also given by:

_ 3
(L - _
Vf-(25> . o (2.8)

By re-arrangement of the above equations all the elastic moduli may be

expressed in terms of compressional wave speed, shear wave speed and bulk

density.
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from equation'(2.2)
G=VS> P g _ (2.9)
from eqqations {(2.4) and (2.2)

. . . 4 A .
K =/-'>‘(vp2 - 5% %) - (2.10)

4

from equations (2.3), (2.7), (2.9) and (2.10)

(V./v)? -2
P/ 5 (2.11)

2(vp (vs)z -1

2.2 . Acoustic Properties of Suspensions

Marine sediménﬁs are a divefse range of materials varying from de-'
floculaped suspensions at one end of the spectrum,,to porous solids at.the
other. ~ Although this study is primarily concerned with a range éf sediments
in the middle of this spectrum, it is insEru;tive to relate their physical"
and acoustic properti¢5'to the overall range of materials. |

Equations 2.1 - 2.11 apply to homogeneous, iéotropic elastic media;
in éarticﬁlaf, equation (2.55 applieé fo a fluid. Suspensions of solid
particles(in liquids are fluid (i.e. have no shear strength) as long aé the
individual grains do not interact with one another (either by contact, or
electrochemical forces). - The suspension system therefore has a zero shear
modulus and equations (2.5) and (2.8) are applicable.

' Wood,(l936) ériginally developed an equation to relate sound speed
to suspensions. Wood's.equation for velocity replace; bulk density and

compressibility by component texrms for the water and mineral fractions,
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Each component contributing to the bulk compressibility and bulk density

of the suspension in proportion to its volume concentration in the suspension.

/D and/3 become

|

P
/3

qfa + (1 - n»%n (2.12)

nfy + (L-n)fy B (2.13)

where

f)nr mineral density
v

B
P

By

n

mineral compressibility

i

water density

i}

water compressibility

fractional porosity

"

. Substituting equations {2 12) and (2.13) into equation (2.5), thebveloqity
bf sound in a suspension becomes
1 1

(@, + 11 - nlB) (g, + (1 - nlp)

(2.14)

Equation (2.14) is known as Wood's emulsion equation; an impoftant
feature of which is that it predicts that the soﬁnd speed can be lower in
dilute suépensions than in the indiviéual water or mineial cémponent.

Early laborafory measurements on low concehtration suspensions of kaolinite
made by Urick (1947, 1948; Urick et al., 1949), demonstrated the validity
of Wood's equation in theée suspensions; In situ measurements, using
transducers inserted by divers, described by,Hamilton (1956); recorded
sediment‘velocities'three per cent lower-in‘high porosity muds than in the
overlying water. This phenomena agreed with Wood's equation. However,

in all but very high porosity sediments, the velocity was found to be
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higher'than Wood predicted. It therefore provides a lower limit for most

sediment data rather than describing it.

2.3 Propagation of Elastic Waves in Saturated Sediments

2.3.1 Theory

Biot has developed a comprehensive theory for the static and dynamic
reépqnse of porous materialé consisting of a frame which is macroscopically
homogeneous énd elastié, containing compreésible fluid in the pore spéces
(Biot,:l94l, 1956, 1962a, b). In these various papers, Biot discusses the
full range of systems in which the fluid‘oécupying the pore spaces does or
does not move with the solids upon ?he‘application of a small stress, such
as that from a sound wave.

In the absence of boundaries, Biot's theory predicts that three types
of body waves are possible in a fluid-saturated porous medium. These are
two dilatational waveS ana one shear wave. One_dil;tational wave travels
through the fluid, and both the shear wa§e and the sécond dilatational wave
travel throﬁgh the solid frame._ In a solid elaétic media there is no
diétinction between fluid matrix apd frame, therefore, the second dilatafionai
wave would not be found. In the two phase sediment this wave is predicted |
to be highly attenuated in the nature of ; diffusioﬁ process as it propag;tes
through the sediment skeleton. The dilatationaiwave usually measured is
the more normal compressiénal Qave in a porous material and is transmitted
essentially through and governed by‘the fluid phase. _ This wave travels
with the highest #elocity and as a result of the vibraﬁing elastic structure
of the solia ;onstituent, travels faster than in the fluid alone. Viscous
coupling.betweeh the fluid and solid constituents means that none of these
waves are entirely ihdependent;.‘howeQer, the shear wave is probably least

influenced,by pore fluid coupling (Nacci et al. 1974).
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Taylor Smith (1974) a.nalys’ed Biot'sv equation and compared it with
normal elastic theory. To confirm or.'otherwise the validity of his -
approximation, measurements of bulk moduli are needed to compare with
the computed ‘values. To do this values of the rigidity modulus are
required which of course necessitates shear wave velocity measurements.
Bi_ot's equatidn for the compressional wave velocity‘, where little relative
motion exists between solid and ‘fluid components, includes a coupled pore
compre»s'sibility term, ﬁp' _which takes intp' account the low perméability in

L

clay sediments and a total bulk compressibility of the sediment frame or

skeleton,/f.?f , where’

/Qf = npp +/3mv | (2.15)

whereﬁm.is the bulk compressibility of the solid particles. The

compressional wave velocity (from Taylor Smith, 1974) will be given by
Voo = e+ s R)p | . (2.16)

where P, Q@ and R are the Biot coefficients.

(-1’8, + ( -LB +B N

p = +
n o 3 (2.17)
. IE}f.(,,m,w -B) + ppﬁm

-n( [r;_l]/gp +3) : (2.18)

’ﬁf(/%wv _ﬁm) +/6}37'!3m

nA '
4 C(2.19)

R =

~
-~

3 ¢ - 7y :”}) ,{_'\
/:)f g;,»w /:)m) +/ p";n
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Hamdi and Taylor Smith (1981) éoint out that a slight controversy exists
about the choice of the frame'compressibilitykgf. Bisﬁop and Hight (1977)
state thaf it denotes the compressibility of the soil when measured in a
test with drainage to constant pore pressure. Hamdi (1981) concluded that
it is best measured by.the.reciprocai of Fhe slope of the unloading curve
" in a drained consolidatibg test. In thi; way,/?p and/Bf decrease as the

effective stress is increased and the porosity decreases.

Anbalternative approach is again to use the well kﬁown elastic theory

-

" for homogenéous, isotropic media, using elastic moduli obtained from
component parts of the system except without using é-cbupled pore compress-
ibility term. This is much-the»same aleood's;approach for dealing with
suspensions, excepf a simple aggregate médification of component moduli
is no longer applicable.

Wood's theoretical formulation of comp;essional wave velocity does
not aécount forvany interaction between the individual solid particles in
tﬂe two phase‘medié. It is, therefore, restricted _in application to true
éuspensibns. In the m;jority of real sediments, interaction between grains,
either‘frictional’or électrochemical does exist providing the system with
some rigidity. . This rigidity is provided solely by the solid framework
(although it ié influenced by the fluid matrix) ana the framework is
considered to be elastic. In Wood's formulation of system compressibility
he used an. aggregate éalue_derived from the cémponent compressibilities
of the minera;”and fluid constituenfs.' For a model where the grains do
interact, é third cémponent due entirely to the resuléing framework ox
skeleton or mineral grains, must‘be included. |

. Gassman (1951) has used this frame éémponent concept in his formulation

of a 'closed sYstem',.in which the pbre fiuid dqes not move significantly

relétive to the mineral frame. Hookean elastic equations are considered

applicable in studying wave velocities, but not for energy damping. Oof
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particular interest is Gassman's equation for deriving a system bulk

modulus for the porous medium, as used'by Hamilton (1971a)

Kf + Q
K=K —r— , . (2.20)
Km+Q
’ Kw(Km - Kf)
where Q = ' (2.21)
n (Km - K ) -

~ .
1]

system bulk modulus
K.m = mineral‘buik modulus
Kw = pore fluid bulk modulus (usually water)
n =

fractional porosity

The system bulk modulus is greater in equation -{2.15) than that
calculated from volumetric considerations. When the frame bulk modulus
is zero (i.e. true suspension conditions), equation (2;15) reduces to Wood's

equation, (2.14). Also, when n = 0 (i.e. 100% mineral solid)
K=K_=K . j (2.22).

and when n = 1 (i.e. 100% fluid)

K = K ‘ . (2.23)

The model is theoretically accurate at both extremes of porosity and
complies with the proven Wbod’s equation only when the suspension condition

exists. Assuming K_ to be finite, then the bulk modulus, K, from equation

£

(2.15) is greater than that calculated from only volumetric considerations. -



' Solving equation (2.15) for Kf, it becomes

NKK (K -K) +K K (K~K)
m m w m w m

K, = : (2.24)
nKXK (K -XK)+K (K-K)
m m w w m

2.3.2 Compressional Wave Data

A large amount of datd has been published on the physical/compressional
wave interreiationships of saturated sediments (e.g.-Hunter,et.al.,1967;
Morgan, 1969; Buchan et al., 1972; Anderson, R.S., 1974; akal, 1972;

land Hsmilton, 1970, 1972; 1976) . Expense, practical difficulties and
iack of control o;er in situ sediments, have resulted in many measurements
being performed on artificially sedimented material in the laboratory
{Busby and Richardson, 1957; Shumway, 1960} ﬁolle EE;EL" 1963; Hampton,
1967). McCann and McCann (1969) have used published results to study

~attenuation mechanisms. Acoustic measurements’on retrieved core sampies
have been made (e.g. Hamilton, 1963; Buchan,et al:, 1967. Schreiber, 1968;
Horn et al., 1968; and McCann, 1972). Measurements during ssring, giving
is situ profiles, hsve been made by Shirley and Anderson (1973; 1975¢c)..

Several_generalizations can be'mads from the results of the above

" workers. Compressional Wavé velocity, over a wide frequency range,
correlates more consistently with parameters such as the bulk‘density,
porssity and void ratio than with other geotechnical parameters. Graphic
mean diameter also shows a correlation with velocity from natural sediments,
but this c¢an be attributed to the density as bulk density and grain size
afe also related in situ (see Chapter 4.3.).v. Attenuation of‘compressional
waves in saturated sediments has been the topi¢ of much discussion but

as the mechanisms are not central to this study they will be mentioned oniy
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briefly; Three mechanisms are identifiea; these ‘are, séattering, viscous
losses (caused by relative motion between the solid grains and the liquid
matrix) and frictional losses at g;ain—to—grain contacts. Stoll and
Bryan (1970} suggest that internal friction is the dominant attenuation
mechanism over a wide frequency range (10 Hz to about i MHzf for fine
sediments. In the closed sysfem, as‘useé by Hamilfon (1972), no relative
motion between solid and fluid phases occur, attenuation is entirely
attributed to internal friction and isnproportional to fréquencyf Hence

~

when sediment acoustic attenuation is expressed in a generalised form

nl

ol = kf - (2.25)
where X = attenuaﬁion.coefficient
k‘ = constant.coefficient
f = frequency‘
n' = exponent
then ﬁ' = 1. The exponent may véry for limited freqﬁency ranges

(Hampton, 1967;  Stoll and Bryan, 1970; Taylor Smith, 1974), but the
o&erall variation is approximately linear as noted by Hamilton (1972).

Despite variable‘bulk-density for any given sédiment being an importaﬁt
materiaivproperty for soil' engineers and geophysicists, little informétion
is availaﬁle on the vqriation of acoustic properties with changes in
sédiment strﬁcture under ambient conditions. Laughton (1957) and Brandt
(1960) studied the variations that occur when high external loading causes
porosity changes. Uﬁdér ambient conditions sound speéd and electrical:
fofmationvfactor are both very sensitive to variaﬁions in packing (Taylor
Smith, 1975). ‘ |

Hamilton (1971b) suggested methods of predicting compressional wave

. velocity in situ from laboratory measurements. Sound speed variations,
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in unconsolidated marine sediments, with temperatdre and pressure are very
similar to that found in sea-water. Using fhe_ratio of laboratory sediment
velocity to laboratory water velocity‘and mdltiplying it by the in situ
water velocity, a predicted in situ ratio can be obtained.

© Compressional wave velocities for saturated marine sediments from
all sources exhibit velocities above those predicted by Wood's suspension
equation (except forvvery high porositf muds) . A finite rieidity within
the sediment, caused by the structural frame, is generally the accepted
explanatien of the departule ffom Wood's eéuatioh (which, modelled on a
true suspension, does not exhibit rigidity). Shumwey (1960); amengst
. others, empirically modified the equation to include a rigidity texm so
that the discrepancy, between experimental and theoretical ;alues, was
reduced to a minimum. Using Gessman'S'(l951) theory, Hamilton (1970)
incluaed a rigidity term so that the systen bulk modulus included a frame
component and shear wave velocities could be utilised.

;Hamiltoﬁ {(1971a, b; Hamilton eE_gl., 1970) discusses appropriate elastic
and visco-elastic models for saturated sediments, concluding that for small
stresses (such as those of a sound wave) elas;ic eguations ean-be used,
but a linear visco-elastic model should be used to account for. wave
attenuation. Differences between ‘acoustic and'mechanicel loading of -

sediments, in relation to elastic theory and its limitations, are discussed
by Taylor Smith (l974f. Elastic constants can be derived from a knowledge
of bulk density, compressional and shear wave velocities, the latter being
the most difficult to ascertain with confidence in seéiments. The value
of seismic techniques for dynamic £esting in marine sediments is reviewed
by Feldha;sen and Silver (19715. The need for information on both shear

and compressional waves in sediments for geoacoustic modelling of the sea

floor is illustrated by Hamilton (1974).

&y
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2.3.3 Shear Wave Data

2.3.3.1 General Background

As the propagation of shear waves in sediments and the application of
techniques for such measurements is central to this study it is appropriate
to briefly review previous and'cﬁrrent techniques aﬁd data. As a
generality the paucity of shear wave_data compared to compressional wave
data in sediments can be accounted for by the lack of reliable techniques
for propagating, receiving?and analysing shear waves. Sources aﬁd
receivers in sediments which are rich in shear wave characteristics and
where the compressionalIWave pulse does not mask the slower and more
highly attenuated shear wave pulse ﬂave proved to be problematic.
Consequently, - the relative simplicity of producing and receiving compressional
waves has probably detracted attention from the shear wave problem.
Nevertheless, as vast amounts of comp;essional wavé data has now been
collected and as geophysical modelling of sediments becomes more sophisticated;
the necessity of shear wave data to complete these models has resulted in

a substantial amount of recent effort being made into providing the

required techniques.

2.3.3.2 .Resonant Column Techniques -

In resonant freqﬁency tests solid or hollow cylindrical soi} specimens
are forced to‘vibrate at low'frequenéies in eifher a longitudinal or
torsional moae. The longitudinal mode is used to meésure Young's modulus,
E, and the torsional mode is used to méasure the shear modulus, G. A
variable frequency oscillator is used toféxcite the specimen and the
resultant amplitude of vibration is méaéured as a function of frequency.
The 'resonant frequency, és defined by the response curve.is used with the

length of the sample to calculate the appropriate modulus. A comprehensive
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account of obtaining the moduii’and damping of scils using the resonant
column method is‘provided by Hardin and Music {1965) and Prnevich EE_il'
(1978) . The damping .characteristics pf the sqil are obtained_from the
response curve when the specimen is allowed to decay from its driven
resonance. Hardin and Drnevich (l972a, b) provide a full account of the-
background, theory and da@a for cohesive and non-cohesive soils.

Apart from providing an excellent laboratory technigue for the
determination of the shear'moduli of both cohesive and non-cohesive soils
it has several advantages over other systems. The main attribute of the.
resonant column device is that it allows tﬁe effects of strain amplitude
on shear.moduli to be investigated. Hardinvand‘Drnévich»(l972a, b) have
shown thaék;elationship between shear modulus and strain is non-linear
and that beyond a threshold strain the modulus decreases with increasing
strain which has been modelled with a hyperbolic curve. When used within
‘abtriaxialAcell (which is the normal situation) the resonant column test
permits both confining preséures and axial loads to be applied which
allow siﬁulation of in-situ conditions to be made as well as providing a
versatile apparatus for fundamgntal étudies. Confining stress have the
largest iﬁfluence on shear moduli but the time-df.application must also
be considered. Anderson and S£okoe (1978) haQe demonstrated that the
shear moduli of sénds, silts and clays can all increase sigﬁificantly with
time of confinement ag a constant confining pressure. Hardin and Drnevich
(1972b).conclgded that a maximum sheai modulus, G max{‘can be determined
by'extrépolation of a strain amplitude-shear modulus curve to zero strain.
However, for practical purposes a value of shear modulus using a strain
amplitude of 0.0025% or less. can be taken.as equal to G max.

Despite the numefous advantages of the tria#ial resonant column system
it is not éa;ily accommodated in many other types of léboratory tests which

may usefully wish to monitor shear moduli, nor does it render itself to
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installation on in-situ equipment.

2.3.3.3 In-situ onshore techniques

Thé necessity to characterise dynamic respdnses of soils has arisen
because of the problems asscciated with the stability of soils subjected
to earthgquakes and machine vibrafions. Shear moduii is the most important
parameter to these studies and consequently some considerable effort has
been expended to devise and develop suitable techniqués for its in-situ
'evaluation. Techniques é;ployed can be classed into two groups: continuous
and transient methods. |

Continuous methods described by Jones (1958) involve the generétion of
surface RaYleigh waves using a contgolled energy source,vcommonly a coﬁnter-
rotating mass-or eléctromagnetic vibrator producing vertical vibrations.
Phase relationships and hence wavelengths are ascertained using a portable
geophone aé the vibrator which is ope;ated at sevefal frequencieg. From
a plot of number of wavelengths versus distance the velocity of the surface
Rayleigh‘wéves VR' is calcula?ed. Shear wave velocities, Vs' can be
calculated from elastic theory assuming a Poisson's ratio, or assumed to be
equal (VR and Vs differ by a maximum of only a few per.cent in.soilé).
It is considered that the shear moduhﬁ dérived using this technique is
an average value for an effective depth-of.onthalf‘wavelength. According
to Ballard and Mclean (1975) good agreement has been found to exist between
these surface vibratory tests and other techniques. The main disadvantages
of these techniques are that they do not provide accu¥ate shear velocity-
depth profiles and for practical purpoées the availability of large
vibrators 1limits the depth of penetratidﬁ to less than 30 meters.

Surface shear waQe refraction techniques offer a simple and inexpensive
technique for preliminary site investigation. The method is similar to

that used for the more normal compressional wave refraction survey except
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the source and receivers are rich and sensitive, réépectively, to
horizontally polarised shear waves. Sources consist of weighted planks

as used.by Viskne (1976) or wooden. stakes driven into the ground as used

by Davis and Schultheiss (1980). Horizontal impacts from a sledgehammer
provide the horizontal ground ;hearing motion. Assuming that identifiable
shear wave arrivals can be recogﬁised the interpretatibn is the same as

for compressional waves. The depth of penetration is limited with this

v technique because the high attenuation of' shear waves makes signal detection:
difficult over 100 metrés ;n distance Improvements in shear wave geophones
and their ground coupling as well ‘as develobments in signal processiﬁg

techniques could improve the range of detection and hence the effective

depth surveyed.

.

Techniqﬁes using boreholes are the most widely used for determining
éhear wave.velocities and hence the shear moduli of onshore soils. Two
systems have been well feborted: crosshole and doﬁnhole methodsi
The ctosshole method (Stokoe and Woods, 1972) consists of using two
og more boreholes with a seismic source in bne and multi-axis (three
. component) geophoneé in the other borehole or boreholes placed at known
elevations. .Shear waves can often be difficult to‘positively idenﬁify

and some considerable'care.musf'be egercised.when interpreting thé seismic
records. It is imperatiye‘tovuse sources which are rich in shear energy.
(preferably polarised.in which the impulse direction is reversib;e) and
repeatable (fpr stacking purposes) (Da&is and Schultheiss,‘1980) if good
records are to be obtained. For crossholevsufveys i£ is normal to provide
a verticél.impulse at the bottom of an'aanncing hole providing‘horizontally
propagating vertically polarised shear wé&es. Thig is accomplished using
rods and a surface hammer or by using the standard penetratién test as a
repeatablevreversible impulse source {(Stokoe and Abdel—razzak,bi975) which

has the advantage of providing strength pfofiles to supplement the data.

-41-



Other downhole sources have been designed,-oﬁe of which provides horizontally
polarised shear waves. It consists of a tube or.vane imbedded in the base
of a borehole, a torsional impulse is épplied tHrough the rods and is
convertéd to shéar energy in the soil (Hoar and Stokoe, 1978). A system
which can be used‘in a previously drilled.hole, therefore, eliminating the
need to drill out to diffgrent depths is_described by Stattonkgg_gl. (1978)
which involves using a hammer device which can be hydraulically clamped to
the sides of the hole and produces reversible vertical impulses. Miller

v
et al.. (1975) report on a similar device capable of providing .large shear.
strains in the soil mass. 'Explosive sourcés can aiso be used to generate
sﬁear waves in bofeholes but McLamore et al. (1978) in a comparison of both
mechanical and explosive sources used in crosshole testing‘conclude that
mechanical sources provide more identifiable shear wave arrivals whéreas
P-wave arrivals are more réadily identifiablg from explosive sources.
By using accurately measured holes at close separations the crosshole
technique is a versatile technique which fits into site survey programmes
and can génerally provide accurate shear wave velocity-depth profiles.

The downhole method involves using a seismic source at the ground
surface next tq a borehole with one or more geaphones clampéd at variable
knowﬁ depths. _in this techniqﬁe the source is usﬁally a partially buried
stake or .plank which is struck horizontally with a.sledgé hamper producing
vertically propagatiné horizontally polariéed'shear‘waves (Wilson et al.,
1978; Davislgnd Séhultheiss,’l980). This source is obviously easily
repeated and reversed. By using two geophones time differences of arrival
can provide interval velocities to'compile a Qelocity—depth profile. This
‘téchnique has the significant advantage o;ér‘crosshOlebtesting of only
requiring a single bofehole.

"It céh be seen>frqm the above brief literature review that on-shore shear

wave techniqueg,although still not extensively used, have become established
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over the past ten years as soil mechanics methods have demanded accurate

in-situ data. However, this is not the case for,offshore techniques.

2.3.3.4 offshore Techniques

It can be seeﬁ from the previous section that shear wa&e generating
and receivihg techniques used on land canﬁot easily be adapted for
sea floor use. Various attem?ts, however, ha&e beén made té measure the
in-situ shear wave velocities of the sea bottom sediments. Dynamic loading
of sediments can occur fro; Wihd and waves as well as from earthquakes and
machine vibration, hence the_need'to characterise sediment dynamic response
becomes more important as more technological ﬁses are made of the sea
floor, especially.in seismically acti&e areas.

Davies (1965) and Hamilton gEngl,v(l970)vhave made measurements of
Stoneley wave velocities in the-Indian Ocean and off San Diego, Caiifornié,
respectively using explosive detonators as sources and an array of reéeivers
on the sedimént surface; Hamilton (1970) used a submersible as well as
divers to place the equipment on the sea floor.These techniques enable V; to
be computed from the surface Stoneley wa&e using -elastic equations or by
~using complex Lame constants for a visco-elastic watef sediment interface
(Bucker et al., 1964). Bucker et al.(1964) found that the ratio of
Stoneley wave velocities.to shear wave vélocities computed in this way are
insensitive to moderaée changes in sediment densities and compressiohal
‘wave velocitigs and is approximately 0.87. Davies (1965) reported values
of shear wavé velocity at the sedimeht surface on the-deep sea floor of
50 msec—l and Hamilton et al. (19&0) réport values ranging from 88 msec

for a clayey silt to 197 msec_l for sand in water depths from 20 to 986

meters.

Stokee et al., (1978) have presented the concept and design studies

of a shéar wave velocity borehole .logging tool. The measurements would
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be made at the bottom of an advancing borehole in the same way as other
wire-line logging tools are commonly dsed. This device consists of
torsional source which produces ﬁertically propagated horiéontally
polarised shear wave which are detected using piezo-electric ceramic
t;ansducers which are mounﬁed in guide rods which are édvance beyond the
bottom of the hole. The author-is unaware of any further development of
this deviée but if it proves successful .and reliable it would be a most
valuable addition to the suite of geophysital tools used in the borehole
-
logéing industry.

Schwarz and Conwell (1974) developed and used successfuliy on the
seafloor in 300 meters of water a refraction technique for measuring shear
wave velocities. The source consisLed of a hea&y (i70 1b) iron slug
- acting as an electromagnetic hammer agaihst the end plates of a tubé. Two
SOIenoids at either end of the tube, dri&en by discharges from a capacitor
bank, enabled repeatable and reversible shots to be.fired._' An array of
horizontal geophones on gimbals éxtending o&er a 300 meter line were used
‘as receivers. Results showed shear wave velocities increasing from 38 msec—l
at the surface to 345 msecml at a calculated depth of 90 meters. Although
the source is large and the array of bottom geophones not easy to haﬁdle
it would seem that this technique is the only one tested at preseht which
caﬁ provide data over such lérge distances and hence probably most
representativé of grosé ip4situ cdnditions- To increase the range and
hence the depths of penetration either more sensitive geophones or their
couplings must be developed or larger and moreﬂefficiént shear wave sources
must be used. De&éiopments along these iines are currently taking place at

UCNW and at the ‘Institute of Oceanographic Sciences ( Wormley ), (whitmarsh.

and Lilwall,1982)
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. 2.3.3.5 Laboratory Pulse Techniques

Whilst the difect transmission of pulsedbw§§es has provided a
technique for the stud& of compressional waves in unconsolidated sediments
similar techniques for shear waves at low confining pressures have until
recently been non-existent. ‘ Laﬁghton {1957) using Y-cut quartz crystals
in a confined compression test, found thét shear waves could only be
detected in ocean bottom sediments at &ery high compaction pressures (49 MPa).
At these high pfessures thé lowest calculated Qaiue was 1140 msec—l. It
is obvious that below these pressures shear‘waQes with much lower velocities_
do exist but this type of measuring system iS'farvtop insensitive for their
detection. It is interesting to note that considerable compressional and
shear wave velocity anisotropy was recorded for deep sea élays and terriginous

muds., For example in a red clay the following mean values are quoted for

a maximum pressure of 1333 MPa:

-1
msec
h =
Y 1370
hy = 1140
sv .
V. =' N
Vo 1110
Yy = 1610
pv
o v, _
, Von T 2170

Y

a%bc is the wave velocity where:
"is the direction of propagation (h - horizontal, v - vertical)

. b is the wave type {p - compressional, s - shear)

¢ is the particle.Vibration direction (h - horizontal,v - vertical).
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It can be clearly seen from thesedata that sediments of this type
»(especiallyvat high pressures) cénnot be.considefed té be isotropic but méy
:only be considered as transversely isotropicl

Stephenson (1978) has reported measuring shear wave velocities in a
- remoulded silty'clay compacfed to various.Qoid.ratios.and values of water
- contents. ' The transmitting and receiving transducers were pilezo-electric
“radial e#banders with a resonant frequency of 90_kHzL Although the raw
shear wave velocities are ?ot given it is possible to calculate these
§elocitiés from the smoothed g?aphs of shea? modﬁlus {G) versus void ratio.
At ﬁhe highest void ratio on the graph 0.65i the Valﬁe for G is 500 MPa.
" Using a degree of‘saturation of 85% as indicated the buik density is
approximately 2000 kg m—3. This means that the shear wave velocity is
500 msec—l. At a void ratié of 0.35 the shear wave velocity is over
lbOO.msec—l. For this type of material under no confining stress these
velocities are.extremgly high and do n§t compare with the much much iéwer
Qalués provided‘by Hardin and Black(1968). ItLiS-diffiéult‘to see how the
.differences éan be explained except by assuming the shear wave values
t§ be incorrectly interpreted from‘the records. An examination of an
example wave trace given by Stephensop {1978) in Fig. 3, p. 188, reveals
a complex waveform which is difficult to intefpret (especially in the time
domain) from‘the information given. in the light of the author's own
experience it seeﬁs tﬂat shear waves with a frequency around 90 kHz under
no confining‘pressureiwould be attenuated so rapidly'és to make ﬁheir
idéntification extremély difficult. |

Celikkol and Vogel (1973) describe‘the desigﬁ of shear wave transducers
uSing'piezo—eleﬁtricitransducers méunted.at the top bf aluminium probeé;
. The probes‘inserted into the sédiment provides'a shearing motion which is
traﬁsferred tovthé sediment énd received by the second probe iﬁ a reciprogal

manner. Shear wave velocities in a fine sand and a sand-silt-clay are
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reported for water contents between 5.7 and 34.6 per.cent. Shear wave
velocities were generally found to increase with decreasing water content;

-1 . . .
values lying between 198 and 384 msec . However, it was concluded that

the system could not measure shear wave velocities in soils with a water

content greater than 50 per cent even with the probe separation that was

used of only 7 mm.

The most significant developments in laboratory pulse techniques for

measuring shear wave characteristics, in all types of unccnsolidated sediments

2 i .
7

and at low confining pressures, have been made by Shirley and others at

the Applied Research Laboratories, Bustin, Texas, since 1975. Published

- papers and internal reports document the transducer development and data

obtained. Shirley and Anderson (1975a) describe initial developments in

transducer design including the use of piezo-electric bender elements ag

shear.wavé transducers. This type of piezo-electric element proved to be

most successful and its operation is described in detail in Chapter 3.
Shirley and Anderson (1975b) and Shirley and Hampton (1978) describe

measurements of shear wave velocities in high porosity kaolinite clay as

N - _l .
low as 2 msec-l with an attenuation of 520-dB m . Further reports,

Shirley (1977), Shirley and Beli'k1378), Shirley et al. (1979). have
concentrated on developing transducers to measure shear wave velocity
profiles.dufihg coring in the same way as compressional wave profiles are
obtained (Shirley and.Ander;on, l975é).‘ Horn (1980) used‘ composite
piezb—electrig,benders as shear waﬁe trénsducers to measure shear wave

velocities in saturated laboratory sands. This work is discussed in more

detail in Chapter 3. The above references of Shirley and others are
referred to elsewhere in this report as the concept of using ceramic bender

elements for a diverse range of shear wave applications is presented,

results obtained and discussed.
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2.4 Sediment Structure and Fabric

2.4.1 Packing structure of sands

Sands are composed of solid grains of varying shapes, sizes and
surface textures. | The bulk properties, of the sand body, are con£rolled
by the arrangement or geometrical configu;ation 6f all these grains. To
cdmpleteiy describe éuch an assembly would be ah impéssible £ask since
every grain would need to have its co-ordinates, shape and érientation in
space quantified. Each g;ain.would then need té be characterised by its
interaction with its neighbours, type of contact and‘so on. A description

.of this type can only reédily be applied to granular materials consisting
- of symmefiical shapeé with systematic arrangementg.. 2An unéerstanding of
_packing‘characteristics is important in other disciplines apart from the
soil sciences (e.q. ceramics and crystallography), and so has received
much attention. A complete analysis of regular packing in épheres hés
been written-by Gratén ;nd Fraser (1935).

Systematic packing of unifo?m spheres produces fqur essentially
different structures (cubic,.orthofhomic} tetrggonal and rhombohedral) .
Each system is cﬁaracterised by its type of packing, which is reflected
by the number of contacts a typical sphere makes with its neighbours
(co-ordination number) . Most tightly packed is the rﬁombohedrai
strucfure, that has a Eo—ordination number of 12.

Relative»yolumes occupied by the solid spheres and the interstices
or voids are given by porosity (n) o;‘void ratio (e) thch are easily
calculated for sysfematic arrangeﬁénts of spheres.f Fractional porosity
(n} . is gi;en by

v
-V . »
n ’=, —_— . ' (2.26)

<3
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volume of voids

where V
v

total volume

Ve

Void Ratio (e) is given by

(2.27)

where VS = volume of solids

4

Porosity and void ratio are related bf
e = — or n = - ' (2.28)

Porosities for systematically arranged structures of uniform spheres
range from 0.4764.to 0.2595 for cubic and rhombohedral packing respectively.
Further regular structures can be composed by inserting secondary, teftiary,
quaternary séheres into the interstices of the‘structure, reducing the
porosity of the structure at each stage. These modelé, although extremely
valuable in Erystallography, are iﬁadequate fqr a Complefe description of
gfanular-materials. . Variations in particle size and shape make models
based oh spheres and their regular packing sfructures, extremely limited.

In feal grandlar systems the co—ordinétion numbexr of aﬁy grain depends on
its position within tﬁe ove;gll structure as well as its size shape and
orientation. A sand is more accurately described as a random granular
assemblage of irregulérly-shaped particles (to distinéuish the deviation
from systematic packing structure;). However, the bulk properties,

such as porosity, can still be used as an bverall measure of packing
s;;ucture. IF must be streésed that using porosity as an overall measure

is statistical by nature and gross heterogeneities remain unquantified.
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Variable struéture, measured by changes in éorosity, is an important
chafacteristic of granular materials and, as such, ité limiting valués
afe worth considering. Limiting values can be expressed as maximum and
miﬁimum density, void raﬁio 6r porosity. In this study porosity hés
been used to quantify structural differences, although in engineering
practice.density is more commonly used. Limiting values of porosity are
controlled by the inherent factors of a sand: size,isize'gréding, shape
and shape grading. The range of possible porcosities, for any given sample,

v , _

will, therefore, vary according tokits bulk graih characteristics. In.
this way, it is possible to have. two sands‘with idenﬁical po?osities, but
one is very loose (close to its maximum porosity) and the other tightly
compacted (close to iﬁs minimum porosity). Porosity, as c;n be seen by
this example, does‘not describe packing ip all its aspects. Kolbuszewski
_(19485 considered that relative pofosity'(nr) gave a better assessment of

packing than fractional porosity. Relative porosity is given by

n - n
max L _
n = ——————— x 100% ' .
‘r n - n_, (2.29)
max min
where n = maximum porosity
max
n_. - .
min = minimum porosity

n = actual porosity

Relative porosity is ﬁeasured in per cent: n_ = O% is the loosest staté,
n, é 100% is the most compact state; ‘A complete evaluation of méasurements,
'influenciﬁg parameters, accuracy and engineering uses of relative density
measurements (which is-comparable with relative porosity) is given in a
colléction of papers edited by Selig and Ladd_(l973).

Experimentaliy determined limiting porosities depend on the technique
used. Iﬁ this study a simple.teéhnique was used where the sand was allqwed

to free-fall from a funnel into a large (orne litre) measuring cylinder.
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Both thé height of fall and thg rate of ﬁouring_influence the resulting
porosity; . Increasing height and decreasing rate both reduce the final
volume occupied in the measurihg cyliﬁder, and hence the porosity, of a
given weightvof sand. However, there-is a limitiné height, above which

the porosity remains conétantly low and similarly a limiting rate of pouring,
below which the porosity is constant. These limiting values of height and‘
rate depend on the sand béing tested. iérger grain sizes require greater
heights of fali and élower rates of pouring.

Apart‘from porosity, ahich provides only an overall pi§£ure of the

relative proportion of mineral and fluid constituents, grain characteristics
must be defined. ‘Quantitafive analysis of the particulate mineral phase
can be obtained from grain size measurements. vsénd grains are not spherical
hence a single parameter does not'uniquely_define its size, it can only
provide a 'size' as measured by a given  technique. A single parameter
‘sizing of a sand grain can be its maximum dimension, minimum dimension,
volume, surface area, equivaient sphere diameter (determining from settling
velocitiés and Stokes Law).  The most common technique for sand size
particles is to group them into size intervals according>to a sieve mesh
size through which they.will ﬂot pass after a certain &ibration.period.
Folk and Ward (1957) describe the subsequent parameters which are used to
describe a éiée distribution where Dn'is the grain diameter in phi units
a£ the nth percentile.

Mean grain size (DM) is a heasure of the overall average grain size

and is given by

Dy = ' (2.30)

Sorting (Sp) is a standard deviation measure of the grain sizes in a sample

and is given by



(D,, = D. ) (Dgg = Dg)

s = — — + h (2.31)
p 4 6.6

Skewness (Sk_)} is a measure of the deviation from normality of a grain-

size distribution and is given by

(Dggq * P1g = 2P5q) (Dgg + Dg = 2Dg4)

Sk = + (2.32)
P

2(Dgy 7 Dyg) ~ 2(Dgg - Dg)

vA symmetrical curve has a Skp value of zero; 'positiye valueé indicate
that tﬁe curve has é tail in the smaller graiﬁs, whereas negative values
indiéate that thé curve has a tail in the larger grains.

Kurtosis (K ) is a measure_of the degree of peakedness, that is, the
ratio between the spread of the grain diameters in the tails and the.spread

of the grain diameters in the central portion of the distribution, and is

given by

Ky = _ (2.33)

Quantitative deécription of grain size and grading is, to some’éxtent;
arbitfary. :'Wheﬁ used for potential correlation with other parametérs (in
this casé acbustic);‘different methods of quantifying the data may prove
moré‘valuable than thoge'above.’ The number and t?pe of samples tested in
this study does not justify a rigorous examination of differént qﬁantitative
desqriptors. J“éowever, with the accumulation of more data under the same
conﬁfolled conditions, an analeis of‘numerical‘measures of grain size and
grading couldvbe‘of value.  For example, 'a quaﬁtitative measurement that
‘uses'all the grain sizé data to describe the grading charactefistics has
been devised by Sharé and Pgw—Foong Fan‘(l963).

Particle shape is a difficult graih parameter to quantify. However,



for its‘limited application in this study a visual method has‘been used
that qualifies the differences between samples. .Pafticle shape is usually
sub-divided into the two more distinctive parameters of roundness and
spheridify. | Roundness is a measure of the shaipness of the particle
edges, whéreas sphéricity is.a measure of the degree‘to which shape of the
particle approaches that of a sphere. If is possible to have grains that
are well—rounded,vbut with a low degree of sphericiﬁy and gréins that are
almost spherical but very angular. To assess the shapes of the sands
tested the grains were coméared with visual éstimafion charts.. Pettijohn
(1957) defined five roﬁndness grades: (1) angular, (2) subangular,

(3) subrounded, (4) rounded and (5)'wéll—rounaed. Images for estimating
two—dimensional sphericiéy have been drawn by Rittenhouse-(i943). The

visual estimation charts used were those reproduced by Chilingarian and

Wolf (1975, pp. 15-16).

2.4.2 . Clay fabric

In this study clay 'fabric' or 'structure' is relevant only to a few
measurements (clays have been used in the oedometef céll and acoustic‘
Qeiocitiesvmeasured in situ). The terms fabric and structure refer to
the orientation and distribution of particles within the éediment ana to
the forces befweeﬁ adjacent particles. It is relevant to mention briefly
the nature of clay fabrics so that the important differences that exist
between cohesive and non-cohesive sediments are appreciated when theAmeasured
physical and écoustic properties are examined.

The d%fference between sand sized (2000-63um) and clay sized (<2um)
particies has é profound effect on their mass properties (silts, 63-2um,
exhibit a range of intermediate properfies as might.be expected) . Another

major difference between sands (iﬁciuding most silts) and clays is their
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particle shapes. Generally saﬁdsjtend té be equidimensional whereas clay
particles are most commonly plate-shaped.

Net negative charges are cérried_by soil particles primarily through
isomorph substitution (substitution of an atom in the crystal.lattice‘by
another, possibly with a different valenéy state). Lambe and Whitmaﬁ
(l979)vpresent'a clear discussion of this-and other phenomena relating to
the nature of soils and théir individual partiéles. i Electrical charge
on a,particlé is not uniformly distributed over its surface, hence

:: . :
a charge distribution is set up which influénces‘the way in which the.
particles interact. Also the magnitude of the electriéal charge is related
. to the surface area, the%efore, the effect of‘the electrical charge will
be strongly related to ratio of surfacé area to volume. - Bétween sand and
clay size particles this can.vary'by 107. It can be seen that the influence
of the electrical bharge on clay particles will be much greater than on
sand sized particles; -in fact, it dominates the behaviour of clays.

‘The efféct of this‘net electrical charge Qhen the particle is in
water is to attract oppositely charged ions to its surface to achieve
neutrality which in .turn attracté water because of its polar nature. In
this way the particles are surrounded by a layer ofvadsorbed water (the
thickness of which dépends on the mineralogy) which in terms of the overali
sediment properties can not necessarily be considered to be part of the
'free' fluid phése. ‘The distribution of_cﬁarge on fine-grained particles
and the resulting éttractive and repulsive férces, have a great influence
on their mass arrangement. In this way fine—grainedAparticles which have
formed by nétural sediméntation cén have open flocculated structures (this
depends o; the ion concentration in the Qater) which if remoulded may
form relatively~cloéed disﬁersed structures. |

It can be seen from the above brief discussion that clay fabrics can

be very different dependihg on a multitude of factors .and that they are
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always substantiélly aifferent from sediment structﬁres composed of sand
sizea parﬁicles. These differences résult only indirectly from the large
change in particle size. Both the geotechnicél and'acoustic properties
are iﬁgvitably closely linked to the parameters which describe the |

sediment fabric.
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3. . EQUIPMENT DEVELOPMENT

3.1 Shear Wave Transducers

3.1.1 Design Considerations

Two requirements exist for shear wa§e measurements to be successfully
vimplemented: :
(a) The shear transducers must generate and detect a shearing motion’
» within the medium. |
»(b) The réqeived signal.(assuming a pulse technique is used) should
be of such a quality that either its signatufe and preferably its
onset can be clearly identified in order that timing measurements
can be performed.
In saturated unconsolidated sediments both these requirements are-'
far more difficult to achieve than in hard rocks. The followihg generalised
saturated sediment chéracteristicsiserve to illustrate the problems encountered
when designing shear transducers for use in these types of materials.
(1) They ﬁave high compliances: shear moauli'in the range lO4 —'108N/m2.
It is essential fhat the transducef sﬁiffness is as close to that of‘
the sediment to minimize the impedance mismatch.
- (2) High attenuation co efficients exiét for shear waves whigh increase

rapidly with increasing frequency. Transducers which operate at
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relatively loQ frequencies are, therefore, required if transmi;sion'

is to take place over long paﬁh lengths. |

{3) Compressional waves travel at velocities.around 1600/sec and

are less highly attenuated than shear waves. If these form a

significant component of the received signal then they can easily’

‘obscure the later arriving shear wave.

Apart from these thfée sediment chafacter%stics~which have to be
considered when satisfying the requirements (a) and ib), the physical
limifations of.the éystem have- to be catered for; For the purposes of
this wérk, shear wave systems for uée in laboratory cells as wéll as in
EEEB needed to be designéd. | It is necessary, therefore, to have a compact

transducer design enabliﬁg it to be incorporated into small- cells such as

thé standard oedometer.

3.1.2 The bender element

_Piezo—electric matérials when strained produce a voltage differenée
across opposing faces. The inverse also occurs i.e. electric fields éause
. alterations in the size of the material. Exactly‘how the electric field
and sﬁrains are related depends on the material properties énd.its physical
dimensions.  Ceramic piezo-electric mate;ials are commonly maﬁufactured
from lead zirconate and lead titanate ﬂPZT). These are polycrystalline,
ceramics which obtain.their piezo-electric characteristics after they have
been polafized in a d.c. electric field during cooling. Piezo-electric
ceramics can Bévfabricated into a widerrange of shapes and sizes than
wouid be possible to achieve with single crystals.

Piezb—electric ceramic crystals have been used very successfully for
generating and réceiving compressional waves in sédimenﬁé when they operate

in their thickness mode. A piezo-electric ceramic can be used_to‘generate
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shear wavés, in a solid matefial, when the direction of polarization and
electrode surfaces are arranged as illustrated in Figure 3.1. \If'én

electric field is applied to the piezo—electfic cefamic, perpendicular

to its direction of electrical polarization, then the ceramic will experience
a shear deformation ‘as shown by kthe broken line. When the electric field

is reVersed, so also is the deformation. In thisrmaﬂner, with the application
of an alternating electric field, a shear waQe will prépagate~noimally to |
the face experiencing the transverse motion when thié'is in contact with

a solid medium.

Attenuatioﬁ of shear energy,_resultihg“from the granular néture of
soils, is Véry high and increéses rapidly with increasing frequency. . There-
fore,.a transducer suitable for generating, transmitting and receiving
| shear waves in sediments should havé a low operating‘frequency (probably
less than 5 kHz). The resonant frequency of a transducer, of the type shown
in Pigure 3.1 ds a:function of its stiffness, because when an alternating
eléctric field is applied, it acts as a vibrating bar. if used in.conjunction
ﬁith a sediment, there would be a large mismatch of characteristic impedance
between such an element and the sediment. This is é result of the .large
difference in the compliance of the two media (i.e. the element exhibits
a small movement with a largé applied force, whe¥egs a sedimenf exhibits.a
large moﬁeﬁenﬁ with the applicétion of‘a small applied force). Hence, -
only a Qery small portion of the mechanical motion of the ceramic element
would be ffansferred,into the sediment. Shear moduli in sediments(
especially saEﬁrated marine sediments, are Qery small in comparison with
crystalline solids, and this type-of transducer which ;évsimilar to a Y-cut
quartz crystal is not suitable for unconsolidated sediments_at low confinipg
pressure as demonstrated by Laughton (1957).

PZT bender or 'bimorph' (Vernitron trade name) elements are composite
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sheets coﬁsisting of fwo pieéo—electric transverse expander plates bonded
together face~to-face so that an applied voltage across the plates causes
it to bend as illustrated in Figure 3.2a. Thé‘bending motion arises
because one plate expands at right angles to the polarization direction
while the other one contracts. This motion is analogous to the action of
a bimetallic strip. Electricéi connections to the bimorph are arranged
_dépendingvon the polarization-direction of the two plates (see Figure
3.2b). A seriés connected element develops twice the Qoltage of a
parallel connected eleﬁent but provides only half the displacement of the
parallel element for the éame applied voltage.. Figure 3.2a shows‘the
deformation of a bénder element operating without any constrainﬁs in air.
In practice, the performance of a bender element is greatly influeﬁced by
the manner intwhich if is mounfed and driven,

The maximum displacement of a parallel bender element at each end in

free air is giveh by (Shirley and Andersoﬁ, 1975)

_ Ly
D = 1.5d5 —@—

where I, . = length
T = thickness
\'4 = applied voltage
d3l = piezo-electric constant

 Therefore, fg;,a typical element used invthegé studies (L = 30 mm,

T = 0.5 mm) the aisplacement is 3.1 x lOf4 mm/v.' Fof glements loaded

by mounting'constraints these displacements will, of céufse, be different
and fér cantiiéver mounts it will be dougle at the free end. It is these
relatively large displacements for small applied voltages coupled with the
iow résonant frequencies that make bender élements suitable as shear wave

transducers for sediments under low confining pressures.
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FIGURE 3.2.. . ‘Bimorph“bénder element; (a) the free bending motion,‘.
’ (b) the electrical connections.




3.1.3 Bender elements as shear transducers

A ceramié bender can come closer to meeting the design requirements,
needed for shear wave transducers in sediments, than other piezo-electric
élements. . Bender elements can be made in' thin sheetS'(typically 0.5 mm)
with low resonant frequencies qnd relatively high compliances in a small
size. The bésic concept of using this type of element as a shear wave
transducer is shown in Figuré 3.3. Here a parailel connected element
mounted in a cantilever mode is subjected to a driving voltage which
results in a transverse bending motion. This creates shear stresses in
the surrounding media which may propagate aé shear waves in the direction
as shown. A bender element may alsQ be used as a shear wave receiver
because of its reciprocal behaviour. A parallel connected element is
used as the tiansmitter and a series connected element as the receiver
because of its greatér voltage sensiti§ity to strain displacements.

Shirley,working at tﬁe Applied Research Labora£ories, had the original
concept of using<bender elements as shear wa&e transducers. Shirley and
Hampton (1978) deécribe the design of a multi-element transducer'and
using‘this they obtained measurements in high porosity sediments.
Velocities as low as 2m/secvwere reported andlattenuations as high as .

520 aB/m. These transducers consiéted of a stack of bender elements
separated by layers of highiy—complianﬁ materiél. With these transducers
. only the front face of thé.stacked array was designed to be in contact with
the sediment.. A largé radiating face is, therefore,‘necessary to provide
an adequate‘coupling to the sediment.

The lafge méchanical motion and low resonant frequency of such a
ceramic bimorpﬁ, makes it more suitable éor generating shear waves in highly
compliant,vunconsolidatea‘sediménts than the transdﬁcer shoﬁnvin Figure 3.1.

A full discussion of the theory behind the development of the bimorph
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" element is given by Shirlef and Anderson (1975Db). ;To increase the area
of the'radiating éurface aﬁ array of identical bimorph elements in parallel,
éeparated by a laYer of highly compliant ‘corprene', is used. Figure
3;4 shows this configuration ;fter construction. |
Other types of shear wave transduéerS"haQe been designed using bendexr
elements, one in particular which is similar to designs tested during this
work is described by Shirley (1978).
| It is interesting at this stage:in thg discussion to quote Ballard
and McLean (1975): |
"The most desirable seismic source is one which inputs repeatable
amounts of energy iﬁto the soil, may be adjusted to various energy
levels, has provisions for consistent coupling with the soil medium,
is capab;e of generating oriented waves, has provisién for frequency
"control, and is‘preferably non-explosive."
Bender eleﬁents may come very clbse to meeting these requirements for

smdll-scale applications.

3.1.4 .Transmitter monitoring

‘A pulse technique is commonly used to measure seismic velocities both
in situ and iﬁ the laboratory. In the case where piezo-electric ceramics
are uséa as transmitters, electricallimpulses are used to generate stress
tfansients that propagate aé seismic wd&es. drdinarily, the onsets of |
received pulses are iéentified.and'timed to compute the required velocity
in a given matefial. va other information is required from the energy
pulse i.e. attenuation data, then the gpprobriéte data is obtained by
comparing.tﬁe’frequency spectxa of a given pulse at two or more receivers
situated at different distances from the‘source. In this way, the wave-
fo;@ received at the ﬁearest.reéeiver can then be considered as the source

signal. The real source signal is unknown and is possibly substantially
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FIGURE 3.4 ARL Shear Wave Transducer constfucted'from
R bender elements '



different from the electrical driving signai.

' For compréssional wave transducers it is possible to use water as a
test media for calibrating a transmitter and then, by applying correcfions
for acoustic mismatches at boundaries, attenuation data can be obtained.
For shear wave transducérs the lack of‘a suitable material fof calibration
makes a similar procedure impqséible. Consequently, attempts were made
in the 1a£er étages of the tkanéduce: de&elopment programme to monitor
accurately the sourée characteristics.

. .If the.frequency response of the transducers within the sediments

"can be ascertained then it is theoretically possible to obtain the frequency

response of the soil. Consider the transducer/soil system

Fa () transmittexr | Fp,(f) soil F.(£) receiver Fg(£)

—_— ' > —_—] ——
(a) : Ht(f) (b) Hé(f) (c) Hr(f) (a)

The transfer function is defined as the complex ratio of the output to the

input of a system as a function of freguency. Therefore:

F, (£) | PO 0
H,_(f) =, H {f) . H(f) =
t ga(f) /sr Fb(f) r Fc(f)

where Ht(f)’ Hs(f) an§ Hr(f) are the tfansfer functions of the transmitter,
soil and receiver and F*(f) is the-Fourier spectrum of the signal measured
at x. In a'normal.experiment the electrical input signal, Fa(f) would be
known and the received eiectrical signal (gi(f). " The transfer function.

of the whole system is given by

.

'Fd(f)
Htsr(f) = F (f)
a
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From the above equations it can be seen that the transfer function of the

soil is given by

Htsr(f)
H (f) = 0————7"
s ' Ht(f) Hr(f)

The transducer monitofing_experiments described in this section are thought
to enable H. (f£) and H. (f) to be ascertained; Hs(f) can then be obtained.
Most importantly, the monitéring techniques described allow the transducer
transfer functioné to be ascertained under‘any test condition. This is
necessary as the traﬁsfer function will change depending on the type of
sediment and its stress state.

A 'multimorph' (Vernitron trade.name) ié a highly-compliant piezo-
‘electric ceramic bender that operates on.a similar principle to the
'bimorph'; it is illustrated in Figure 3.5a. In the Mk I in-situ probe
a 'mulﬁimorph' element was bonded to the surface of the transmitting bender
elements whereas in one of the triaxial cell transmitters and in the porosity
cell transmitter a 'multimorph' was used adjacent to the bender element.
These monitoring configuratiéns are depicted in Figures 3.5b and 3.5c
respectively. 'With thése arrangements, the actual motion of the transmittér
element is monitored as an output signal from the 'multimorph’. The |
disadvantages of thié system are that it assumes the multimorph is
perfectly. bonded to the biﬁ&rph and" that the inéreased masé of .the trans-
mitter does not impede’ité shear motion characterisfics.

Another technigue for monitoring a piezo—electriq transmitter has
also been invented during this study. it is described as a self-monitoring
techniqﬁe beéause no other mechanically independent transducer is involved.
This technique of cuﬁting and wiring the transmitter element is shown in

Figure 3.6. One of the surface electrodes has two shallow cuts (deep

enough to penetrate the electrode surface) running along its surface in the
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direction of shear wave propagation. With the outer two sections electrically
cénnected this tﬁen léa?es a small isclated centre section, the area of which
is small in comparisén with the total surfaée area. The electric field
generated by the driving‘voltége (va) is, thgrefore, only slightly altered

by the presence of the cuts. An electriéal'connection is applied to the
centré electrode by cutting awéy parf of one of the component plates
revealing a small electrode area on which to solder. This delicate cutting
operation and all others, including'éutting the elements to size, was
performéd using a dentist's diamond-edged wheel in a lathe. Thé bender
element is mounted oh a horizonﬁal.tablewin a Qertical4slide; this allows
freeaom of merment in all three axes for the cutting operation.

When the element bends uhder‘the action of the driving ﬁoltage (va)
another voltage is developed'betweén the centre eiectrode and the thin strié
electrode.  This‘is in response to the actual movement of the element and
is electrically independent of the dfi&ing ﬁoltageﬁ

In some circumstances it may prer detrimental to have the inner
‘electrode és the earth terminal. Notmally, fhe_outer electrodes would be
earthed to improve the electrical shielding of the element. Ho&ever, in
moét circumstances these connections can be switched depending on whether
the element was being monitoiéd or used aé'a transmitter with a receiver
’ being monitored. |

Figure 3.7 illustrates the use of the Self—monitoring technique during
tﬁe construction of anbelement for a triaxial endcap. A parallel bender
element (18 xﬂi8bx 0.5 mm) Qas cut and wired as shown in Figure 3.6. The
response of .this raw element (suspended in air) to a sguare wave driving
signal is shown in Figure 3.7a. This lightly damped sttem,’resonating at around
6kHzis differeﬁtto the damped response of the raw element when buried in
dry saﬁd (figure 3.7b) . Affer the raw element had been encapsulated in

epoxy resin (21 x 21 x 2.5 mm) the test was repeated. In air (Figure
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~(a) In air

Raw element, 18x18x0-5mm.

(b) In dry sand

Vertical scale :upper traces 5V/div, lower traces 0-5 V/div.

(¢) In air.

Encapsulated element, 21x21x 2-5mm.

(d) In dry sand.

“"Vertical scale : upper traces 5VY/div, lower traces 0-2 V/div.

. Horizontal scale: 0-5 m.sec/div.

.. FIGURE 3.7

Self monitoring of a parallel bender element.

The upper traces show the square wave driving signal
The lower traces show the different responses of the
etement to the driving signal.



3.7c) the signal is well damped, wiﬁﬁ a higher resonant freéuency 9 kHz,
but it is still further damped.when buried_in' sand (Figure 3.74).

These self-monitoring techniques have been conceived and partially
testéd but not extensiQely used. It does appear, however, that the
monitoring sigﬁal can be éuccessfully used as the output signal in
corrélation studies. It éan also be used as an indirect measure of
sediment characteristics by observing the different damping behaviours in
different sediments (see Chapter 3.3.3).

As a fihal point, it is interesting to ﬁote.that the self-monitoring .
technique should work equally well on any pilezo-electric element. In
this way, it méy prove to have an application in_the'compressional wave
characterisation of sediments. These self-monitoring techniques have been
shown to enable wave shaping to be’performed using an electrical feedback
system (Jackson, 1981) the signal from the monitoriﬁg transducer is
compared to a refereﬁce signal and the dri&ing voltage adjusted accordingly.
In this way the shape of the'received waveférm can be improved for

identification: purposes and attenuation measurements.

3.2 ‘Incorporating'Transducers in Laboratory Test Cells

3.2.1 Introduction

Sediment cﬁaracteristics which control the propagation of shear wéves
ére probably to a greater or lesser extent:responsible for the shear
strength as mé;sured-by soils engineers. Therefore, the routine inclusion
of shear wave velocity measurement into the suite of geophysical parameters
used to charactgrise-sediments is thought to be an important stepvforward.
It is,'however, no use determining the geophysical properties ofvsediments

on their own and expecting them to be of any use at all to the practising
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soils enéineer. In the process of forwardingthe use of géophysical‘
measurements to help predict and understand the eng;neering behaviour of
‘soils under load, comparative studies of geqphysical and standard engineering
parameters must be undertaken. Using this philosophy, it has seemed
appropriate to develéé laboratory systems where both sets of pérameters '
can be measured simultaneously. Two pieces of test apparatus are frequently
used by séils engineeré:b the oedometer, which meésurés consolidation
characteristics,vand_the triaxial cell which can measure the strength
characteristics under a wide variety of test conditions. These, therefore,
were the test cells chosen for_the inclusion of P and S-wave traﬁsducers.
Apart from the need to understand the intér—relationships between
mechanical and elastic.wa&e properties for different sediments there is
a lack of data and knowledge at the present time on the variation of elastic
wa&e properties (especially shear wave vel&cities) for sediments with different
geotéchnical parameters. Although large differences in engineering and
acoustic charédteristics ﬁccur écross the Qhole range of marine sediments,
: Qariations'of structure in sand-sized sediments are smaller but still exhibit
a wide rangevof geptechnical characteristics, priﬁarily through‘porosity but
.also through'grain size (2.0 - 0.063 mm) , size aistribution, grain shapes
and bulk density. An understanding the the empirical correlations- that
exist between physical éroperties and stress wa&e propagation characteristics
is important to both the engineer and geophysicist in his acqﬁisition of
geotechnical information froa seismo-acoustic records. Very little reliable
shear wa&e daﬁé was pre§iously.a§ailable to enable pfedicti&é correlatiogs
to be established or understood. .It.was one of the purposes of this sfudy
to produce‘data‘enabling the effects of some geotechnical péraﬁeters on
fhe velocity of shear waves to be quantified. To do this, a range of

different sands has been tested in a small vibration tank and a specially
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designed ‘porosity cell'.

3.2.2 ARI, Vibration Tank

Small, sandwiched, ceramic, bender transducers (developed by Shirley
and Anderson Il975b]) capable ?f transmitting and receiving éhear wéves in
sediments with low sﬁear moduli, were described in Ehe previous section.
This development was intended to enable shear wave measurements to be
recorded in situ, in a manner similar to that used for compressional waves
during coring. Continuous measurements of compreséional wave velocity
and attenuation at a fixed frejuency can be made during a gravity cofing
oferation using the profilometer developed at the Applied Research
Laboratoiies (ARL), Austin, Texas,-(éhirley and Anderson, l975c;- Anderson
gﬁ_gl}, 1974; ' Shirley EE_él" 1973). »Two piezo-electric acoustic
transducers, mounted in the cutting head, with an electronic package
mounted at the top of the core barrel, measure.traQel times and émplitudes
of pulses propagating across the diameter of the core. A profile of
Yelocity and attenuation With'depthlis proﬁided as the corer penetrates the
sediment. A similar profile of shear wave parameters would greatly
improve the sediment analysis if it could be obtained. The small éize of
the transducers is an essential component in the development, as they
have to be incorporated inté’the.cutting head of the corer. Shirley
et al. (l979).describé a éomposite profilometer shear and.compressional
wave.tranéducgr for this purpose. However, Shirley gE_éL. (1980) report.
that the signal to néise ratio prevented.this designvfrom functioning.

A 1arge_amoﬁnt of noise is generated'while the . corer was penetrating the
sediments.Another design which uses bendér elements on probes which extend

in front of the cutter head were tested. Despite some unexplained

phenomena some tentative shear wave data (40-100 msec_1 in sandy mud) was
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recorded before the fransduce:s (which are particularly vulherable) were .
damaged.

During fhe earlier stages of this deveiopment (1976) the wrifer had
the‘oppértunity to tes£ the stacked piezo-electric ceramic bender afray‘
(Figure 3.4) iﬁ a vibration ténk. The tank consisted of an.aluminium

~alloy container (15.2 x 30.5 x 15.2 cm) with two compressional wave
transducers moﬁnted through the éides. 'A schematic representationAof
the tank arrangement is shown in Figure 3.81 Disfances between
compreséiéﬁal wave projector and receiver transdﬁcers were varied by
moving‘the cyiind;ical alﬁminium transduqer houéings through the wall of
the tank; a seél being provided by the O~rings as shown.

A variable amplitude, electromagnetic;*vib;ating motor was securely
G—clamﬁed to the tank so that the packing conaition of the sands could bé
controlled. o

Triple-layered, sandwichéd.bimorph eléments described earlier were

© used fo: producing>and recgiving shear wa&eé in the tank. Practical -
difficulties, in the use of these transducers; are‘substantially greater

than with their compressional counterparts and need to be briefly discussed.
When these shear elements were mouhted in the walls of the aluminium tank_

(as was originally the case) in a manner similér to thét used with the
Compressional transducers, . a clearly defined shear wave waS‘difficult to
obtain. Ceramic bimorph elements, because of the nature of théir oscillationsh
- transmit compressional waves normal to thevdirection.of shear wave propagation.
When the eieménts were mounted in the sides of the tank, these compressional
wavesvtravelled around the tank through its walls, and were received in a
reciprocal manner by thé receiving transducer together with the direct shear
wavé of interest. ‘Although the géometry of thé systém can ensure that "

the comprgssional wave path length is substantiaily greater than the shear

68—



Electromog.nétic
Vibration Unit

Aluminium o . ' -\
- Alloy Tan?\\p— | ) .

|
|

O-Ring Seal
]

- Sediment o

Q
]

\\\\\\\\\\\

Transmitting

Transducers

Compressional

T mom [
R iver
Tfjsé;ulers<<j ‘ NN |

Shear

| \_

FIGURE 3.8 Schematic diagram of the ARL wave
measuring - tank



wave path, the low attenuation,‘multiple paths and greater velocities

of Fhe compressional waves make it almost inevitable’that they not |

only interfere with the shear wavé but can totally.mask it. To

overcome this problem, elements mounted in probes were used (Figure 3.9a)

and in this way direct contact between the transducer and tank was

eliminated. A framework controlling the alignment and distance

between the transducers, however, had a similar éffectfx>the tank;

' waﬁes passing through‘the frame tended to obscure thé shear wave. Total

bisolation was achieved by utilising an accu;ately machined slotted spacer,

made in two identical hal§es, in which the probes were.secuied (Figure 3.9b).

In this way the probes could be set in the sediment at equal depths and

.correétly aligned.with edch other without fear of disturbance even dufing

vibration. While'acoﬁstic measurements on the wave form weré being made

the slotted spacers were remo&ea 1ea§ing the prbbes standing free iﬁ the

sediment. Using this technique suitable filtering ensured that a

shear wa&e Qith a gqod‘signal to noise ratio was obtained (see Figure 4.7).
'it should be noted that the shear wa&e transducers were mounted in

. the ﬁrobes so that when they were inserted &ertically into the sediment -

the vibration direction of the shear wave was alsoiﬁertical. It is

feasible that Verfically oscillatiﬂg shear.wa&eé (Svaéves) will ha&e

different propagatioﬁ characteristics from horizontally oscillating shear

wé&es.(sﬁ wa&es). It is suggested thét this*ﬁay be particularly relevant

in patural sediments, Where‘a combination of grain shape factors and type

of sedimentary deposition often produce a trans&ersely anisotfopie

. structure. In the‘laboratory, using artificial sands of high sphericity, such an
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anisotropic structure is less likely to exist.

Figure 3.10 shows the system block diagram of the electronic equipment
used to generate and receive both shear and compressional waves. Pulses
from the projector transducer were generated in the following manner. A
‘variable frequency oscillatot.(General Radib; type 1310-A) generated a
continuous sine wave which was'monitored by the digital Itron counter-timer
(Model 650-9/R). Thé pulse timing Qeneratbr (Scientific Atlanta Inc.,
series 1118B)_produced a voltage pulse with a variable length and repetition
rate which was fed, together with the continuous sine wave, into the trans-
mitter-signal gate (Scientific Atlanta Inc., series 1111). Opening and

.closing of the signal gate was controlledvgy the pulse timing generator so
that a pulsed sine wave was generated at the gate output. This pulsed sine
wave was amplified using a 3-watt pre-amp (General Radio, type 1203-B) and

a wide band lb—watt power amplifier (Krohn-Hite, model DCA-10R). The
projector'transducer transforms this driving voltage pulse into a pulse

of compressional. or shear wave energy {depending on the transducer type)

and aﬁ a frequency, pulse 1¢ngth4and repetition rate set by the oscillator
and pulse timing generator.

A signal was received by a similar transducer after the pulse had
traversed the sediment between.the two ‘transducers. This signal is trans-
formed from a mechanical stress to an analog electrical signal by the
recipiocal action of the piezofelectric ceramic receiver. The time
taken for the pulse to tréversé the sediment depends on the characteristic
‘speed of propagation for the type of Wave in the particular sediment as.
well as . Fhe separation between the two transducers. Recei&ed signal
vlevel will be less than the input level because of several faétors, pre-
dominantly those of aéoustic impedance mismatching between the transducers

and the sediment, spreading losses and attenuation. The signal was
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amplified’using a_20/40'dB amplifier before it was "band-pags" filtered
(Krohn-Hite, model BlOCR). In the case of.thé shear wave measurements
another 20/40 dB amplifier was incorporated after the filter, for use
’whén the signal level was still very low. A dual channel oscilloscope
(Tektronix, type RM561A) monitored the. resultant signal and allowed
quantitative measureﬁents £o be made on the pulse.

Attenuation calculatiéns were made ffom voltage readings taken
directly from the oécilloscope, correcting for any previous amplification.
Velocities éf the waves through ﬁhe sediments weie made by measufing the
time interval between transmitted and received pulses over known distances.
Although these time intervals éould be measured directly from the oscilloscope
time base with its sweep triggered by the pulse timing generator, a more
accuréte technique was -employed using the pwo-channels. A variable length
square pulse (pfoduced by the pulse timing generafor which started simul-
taneouslvaith the start of the sinewaﬁe'trénsit pulse through the sediment)
was fed directly to the'second.channel of the éscilloscope. By using
the near-vertical edge of this pulse as a cursor, it could be superimposed
on an easily identifiable feature of the received waQeform by adjusting
the length of the squaré pulsé. The period of’this square pulée is the

required transit time and was measured by the Itron counter/timer to an

accuracy of O.ZQ/QS.

3.2.3 Jackson's porosity cell

Jackson }i975) built a laboratory porosity/resistivity cell in which
sand samples could be depositedAwith'a very loose packing structure (high
'porqsity) and then compacted in known stages into a very dense packing
state (low porosity) USiﬁg Vibrétion. .The purpose of these experiments was

téiinvestigate the variation in formation factor (FF = resistivity of
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sediments/reﬁistivity of pore water) with changes in porosity, such that
séa—bed porositieé could be aséertained frbm in—situ resistivity measure-
ments. |

Witﬁ the dévelopﬁent of in-situ probes designed to meaéure P and
S-wave velocities and electrical resisti&ity (Chapter 3;3) it seemed -
appropriate to extend the bapability of Jackson's porosity cell to inqlﬁde
both P and S-wave transduégfs as well as the resisitivity electrodes.
This capability not énly provides the opportﬁnity of ascertainihg in-situ
conditions but allows a large range of reiationships between sand structure
parame£ers and geophysical parameters to be investigated. Previous
éxpeiiments perférmed by the write: using the ARL_vibration taﬁk had -
shown tﬁat shear wave veloqities changed by a factor ofkapproxiﬁately’two
overvtﬁe whole range of porosities for any given sample. These data have
also shown some tenﬁative'correlaﬁions with grain'size distributioné and
gfain shape which needed clarification in a cell which provided better
control over'the pécking state.

’ﬁérn (1980) using a cell based on Jackson's original design has made
shear and compressional measurements in two saturated sands at varying
porosities. The shear Wave;transducers were similar to those described
bband used by the author at ARL which.were bﬁilt 5y.D. Shirley and based on
a design that was intended to be used With only the front radiating face
in confact with the sediments. (Shirley and Bell, 1978). This type of
transducef, in the authqr's‘experience, haslproved satisfactory for
laboratory meaéﬁrements providea that - they were completely decoupled from
the égdiment container. In Hofn's experiments the éame decoupling problém
is indicated and thevproblem:was not o?ereome. HQwéverJ”by decreasing the
.tranéducer face separation to 20.25 mm, an acceptable signal to noise ratio

was obtained. The major noise results from vibrations. travelling through

Y
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the celi'walls.
: .Three major factors were particularly undesirable with Horn's
experiments:

(a)rThe measurement of P and S-wave velocities were not made

simultaneously.

(b) A transducer sepafation of only 20.25 mm was used in a 100-mm

cell, This is likeiy to produce pbrosity irregularities especially

in the travél path (only 10 or 15-grain diameter‘in a coafse.sand)
which.may explain the narrow range of veloéities reported.

(c) A standard laboratory sieve shaker was used which imparts violent

shocks to the system, bausing sand structqres to alter dramatically,

especially at the higher porosities.

To overcome the undesirable features @escribéd above, simultaneous
measurements of P aﬁd S-wave velocity‘écross the whole width of the cell
using specially-designed transducer. mountings was envisaged. v'These
measurements, together with formatioﬁ factor, would be obtained during.
the sand compaction on a vaiiable amplitude vibration table which would
enable the compaction rate to be accurately controlled.

.This part of the pioject:was undertaken as a collaborative‘effort
with P. Jackson at IGS. A schematié'illustrétion of -the moaified cell is
shown in Figure 3.11. bThe perspex cell has been adapted to accommodate
two perspex transducer.housings which are situated either‘side of tﬁe sample
chamber and are free to move into the cell for calibration purposes. P i
and . S-wave tf;ﬁsducers are mounted in the ends of the housings with constr-
uctions similar to that used in the triaxial cell (see Figure 3.16). The
shgar wéve transducers protrude 8 mm into the sample aﬁd the parallel
connected transmitter has a multimorph element mounted adjacently for

ménitoring puiposes. 250-kHz crystals backed by silicon carbide loaded
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epoxy fesih were used for the waave transducers. A pair of small
perforated potential electrodes had previously been mounted in the centre
of the cell and these were mohitored throughout’the experiments together
with the large electrodes to investigate possible’inhoﬁogeneities within
the sediment structure; ' The.electronic measuring system used was very
similar to that deéicted by Figure 3.19 and used.in_the large triaxial
cell. A variable amplitude electromaénetic laboratoxry sieve shaker
was used for the vibration table. This machine produces vertical, 50-~Hz
variable-amplitude oscillations with a maximum amplitude of 3 mm (with a
2.5 kgtloading), There is also a facility for intermittent vibration
éequencesvwith vériable duration. These controls allow the sandbstructure
to be compacted at a very controlled rate. When‘the sand is loose only
very low amplitude vibrations are necessary to reduce thé porosity.
Progressively lower‘porositiesbrequire inqreasing vibration amplitudes for
further.compacfién. For_maximum compaction, howeyer, it has been found
that it is necessary to slowly decrease the vibration amplitude to its
minimﬁm level. It has also been found that ﬁhe vibration sequence has

a significant effect on the shear wave velocity; this is discussed later

in the light of the results obtained.

3.2.4". Oedometer =

In a standard oedometer test, st?ess is applied to a soil specimen
élong its vertical axis, while strain is prevénted in the horizontal
directions by'a sample ring.(confined compression). . Free drainage is
permitted fhrough one or both of the porous stones at top and bottém_of
the sample. Sample sizes may.vary but, because of the problems associated

with side friction, the thickness:diameter ratio must be minimized,

usually 1:3 or 4. With sample thickness typically around 20 mm there is
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little room for transducers.

The oedometer cell modified for these éxpériments was of the fixed-ring
vtype holding a sample 75 mm in diameter and 19.1 mm thick. P and S-wave
(compressional and sheér) transducers were mqunt;d in the porous stones as
shown in Figure 3.12. The compressional wave elements are 20-mm diameter,
1-MHz elements set in epoxy resin with a quarﬁer wavelength facing which is
flush with the surface of the.pérous disc.  Shear waves are transmitted
and received usingle x 5 x 0.5 mm bender elements-which are cantilever
mounted tofonelside of thevP—waQe elements. Théy are.mounted in a slot
cut inlﬁhe porous stone‘by epoxy resin and protrude 2 mm into the sample. -
‘In the firstAceil to be modified, the bender element was coated in a thin
layer éf epoxy resin to insulate it from the saﬁple.. Howe&er, afﬁer éome
use, both the insulation and the element began to deteriorate physiéally.

" After testing the effects of increased epoéy‘resin coatings the elements
were cast in resin 2.5 mm tﬁick before being moﬁnted as pre&iously; this
provides for/a much more rugged systen. Despite a decreasé in signal -
strengfh.for the same applied voltages, the received signal onset retained
its clarity.

Figure 3.13 shows the elegtronic block diagram used in conjunction
with the modified oedometer cell; A tone burst, tuned to the resonant
frequency ( 1 MHz) of the crystals, was used to drive the P—wéve ctystai.
The received signal wés displayed on an oscilloscope with ‘a delayed £ime
o base which, together with a counter timer,'allowed timing measurement to
be made to an"éccgracy of 0.05 microsecs. Time errors caused by delays
were eliminated by calibrating the system using accurately-machined spacers
in distilled water within the specimen cell. Shear wave signals were
timéd in a similar manner except the 2.5.d.c. step of a square wave was

used as the transmitter excitation voltage. This has consistently been
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shown to produce a sharper onset on the received‘signal than gther driving
voltage wave forms.

Calibration of S-wave transducers is substantially more difficult
than for P-waves because.of the lack of a seitable reference material
~ with a known shear wave velocity. Two calibration requirements were
needed: (a) ascertain the effective distance between the transducers and
(b).ascertaiﬁ that the received signal was a shear wave propegating through
the.sample being tesﬁed. For this calibration e sample of potters clay
was moulded into a 250-mm-long block and left to stabilize overnight. The
porous-stpnes with S-wave traﬁsducers:were.then elamped to each end of the
clay sample and the S—Wave time interval reeo;ded. This was performed at
distance intervals on a progressively shorter sample. Finelly, the sample
was enclosed by the ocedometer ring and placed in the cell. No significant
change in the signature of tﬁe signal occurred during the procedure so it
was concluded that the sample geometry precluded any interference from wave
travelling in the appafetus. - The intercept from a distance/time plot
of this expe?iment ascertained that the transducer separation should be
taken as the shortest distence between them (i.e. the diseence.between '
the fronf edges) .

The short path length across the sample is the major cause of in-
accuracies. in the velocity measurements. For the P waves an accuracy of
+ 10 m/s or 1:0.5% isrobtainable whereas for the S waves a less precise
‘onset of the wave form’is the limiting factor and only a * 5% accuracy is
possible. Beth these accuracies are much less than ehe overall ehanges
‘observed dufing e)standard test.

Saﬁp{e thickness measurements were made using a dial gauge accurate
to 2 x lO_3 mm. During the preconsolida;ion and cyclic relaxetion test

performed on the silt sample (described in Chapter 5) a linear variable
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differential transformer (LVDT) position transducer was fitted to the
oedometer. This was calibrated in a vernier jig and allowed changes in

'éample thickness of 5 x 10—5 mm to be detected.

3.2.5 Small triaxial cell

'In a triaxial cell a sbil specimen surrounded by a flekible rubber
membrane is subjected to a hydraulic confining preésure as well as a vertical
uniaxial stress. - Using this typé of cell, soils caﬁ be.tested under a
wide range of stress and drainage conditioms. It is, therefore, particularly
apprbp?iate that P and S-wave tranSducers,'yhich measure small‘straig,stress
wave velocities,vshould be iﬁcluded in this type of apparatus which is so
Widely used to measure the large stress-strain characteristics of soils.

A standard triaxial cell, with a 38.1mm A£ sample base, was modified
to take a 50.8mm iiameter sample, 101.6mm in height, with P arnd S-wave
transducers mounted in the tob and bottom caps. " Both caps were machined
from‘perspex,ﬁthe bottom cap acted as an'adapte; to fit over the
base éedestal as wellias‘being the transducer housing. The top cap was a
standard shape but with provisions for the transdqcers. "Each end cap
contains a centrally-mounted compressional wave element (10-mm diameter,
ZéO.kHz) and two shear wave bender elements (15 x 15 x 9.5 mm)-mounted at
- each side with 10 mm protrudingvinto the sample. The constructional

details of the transducer mountings are similar to those used in the

100 mm -~ triaxial cell and are shown in Figure 3.16. Figure 3il4 shows
a small triaxial{cell with the modified . transducer adapter /mountings
installed.

Four' shear wave transducers were incorporated into the first design
in order that multiple travel paths might be established. However, in

practice, the short path between the two transducers in one end cap meant
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‘that there was too much compressional wave interference from signals,both
through the end cap and the sediment, for the shear wave tq be recognised.
‘Also, the difference in length between a diagoﬁal-and a normal path along
the length of the sample was too sméll to be useful in helping eithef with
velocity or attenuation measurements. Multiple reflection arrivals on a
single receiver were sometimeé'extremely evident and clearly corresponded
to three and five times the normal one-way £ravel path; Although these
multiples have not been investigated furthgr in.thig‘study, it is>conceivable
that the deéay of these multiplés may possibly be used tokobtain attenuafioh
data durihg testing. |

As with the oedometer, the first set of shear wavé.transducers
installed wefe coated with only a thin layér'of EpOoxy resin for insﬁlatioﬁ
purposes. This proved extremely susceptible to ieéks and damage.
Conseﬁuently, the effects of'tqtally encapsulating the shear wave elements
in a mould‘of epoxy resin was investigated. A mould 6-mm thick was formed
 around.the elements used in the‘triaxial cell and then filled’with resin.
After the mould was removed leaving the. shear wave élements totally en-
capsulated. The thickness of the encapsulant was machined away-in
incremental steps until only 1.75 mm remained. At each stage the
performance ofvthe syste@ was tested in dry sand. A flat bed. of sand was
prepared into which the transducers were placed wifh a 50-mm separation.
A‘container of sand was then slowly'sprinkled over the transducers to bury
tﬁe'system éompletély._ This proceaure proQided consistent valués‘of sﬁear
wave Velocityixwiln this waf the signal quaiity and amplitude were monitored.
It was found that the 6-mm thick encapsulation.changed the resonant
frequency of the system from 1.7 kHz Qithout encapsulation to 4/kHz.

This also reduced the received signal by 23 dB. As the‘thickness of the

encapsulant was machined away the resonant frequency decreased and the
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reéeivedvsignal amplitude increased until at 1.75 mm thick a resonant
frequency of 2 kiHz Qith only a 5 dé loss in signal was obtained.

Signal quality remained consistently high thréughout the experiment.
It is'essential with the shear wave pulse technique, where only one receiver
is used, to have as clear an>onset as possible. - Uﬁfortunately, the
‘frequencies.used have .to be rélatiQely low because of.the high attenuation
characteristics which result in slow rise times. It was found in these
measurements, as with nearly all the shéar wave tranéducers tested, that
a 10v d.c. step used as the driving §oltage results in a clearer onset
of the.received.signal than using a tuned le single cycle sine wave.

This is illustrated in Figure 3.15.

3.2.6 Large triaxial cell o \

In 1979/80 a collaborative effort, ih&ol&ing P. Jackson and R. Baria
from.the engineering geology unit at IGS and the writer, was undertakén to
design, ﬁahufacture and test specialised geophysical end caps for a large
(lOO’mm-diameter) triaxial cell. These end caps were to include transducers
with the capability of simultanepusly measuring P ‘and S—wa&e velocities
(and possibly attenuation) and electrical resistivity during a wide range'
of test conditions. ?. Stréchan at the UniQersity of Newcastle who is
interested iﬁ the correlation of mechanical and geophysical prqperties of
sediments subjécted té éyclic loading, pro&ided the impetus and the testing
facilities. ‘“The writer's prime responsibility within the project was for
the installationbof the shear wave transducers and tﬂéir associated measure-
ﬁenﬁs, hgpce, only this aspect of the project will be deséribed in detail
hére; a comérehensive paper by all the pérticipants will appear elsewhere.

Much.of the development wofk‘and testing of transducer designs suitable

for the above application had -already been carried out for the small triaxial
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(a)

Horizontal scale 0-2 ms/div.

Transducer seperation 50 mm.

Shear wave velocity S0 m/s.

(b)

_ FIGURE 315 Received shear wave signals through dry sand using
' the small triaxial end caps. ’
(a) dc step driving voltage.

(b) Tuned single cycle sine wave driving voltage.



cell. A travel path of 200 mm aé opposed to 100 mm in the small cell
was the only major difference. Tests usigé £he‘smali.triaxial transduéers
in a tank of sand suggested tﬁat the distanee should be no problem.
Consequently,. the desién was similar to that uséd in the modified small
friaxial cell end caps .(i.e. bender elements, cantilever mounted and encap-
sulated in resin). Tﬁe first end cap to be made was machined’as a perspex
mounting/adapter which fitted onto the normal end caps. Subsequent versions
were made as specially designed end caps. The coﬁstructional details of
the shear wave transducer is shown in Figufe‘3.16 along with the details
of the'P—wavebtransducer and the resisti&ity electrodes. An 18 x 18 x‘O.S-mm
‘bender element hés been cantilever mounted in thg base. A parallel |
- connected element, with a 'multimorph' mounted édjacently for moniﬁoring
purposes,as depicted in Figure 3.5c, was used as the transmitter and a
similar sized series connected element was.used as the receiver. These
elements were firsf encapsulated in epoxy resin 2.5 mm‘thick before being
mounted in slots cut in the end caps; " The oﬁerall layout of thebgeothSical
transducers Qithiﬁ the end caps is shown in Figure'3.l7 and their installatioﬁ
into the large triaxial cell is depicted in Fiéure 3.18. In thé large cell,
which was used for cyclic.loaaing, an internal load cell was used in élace'
of the exteinal proving ring. This technique allows continuous monitoring
asvwell as overéoming the problem associated with loading ram friction.’
A s§stem block.diagram is shown in Figﬁre'3.i9 for the complete systen.
Shear wave signals were iecorded on a Racal tape recorder and subsequently
dmbﬁy&4 on é'M?delec recording oscilloscope, a Datalab transient recorder
and a Hewle£t Packard mini computer. - All threé systems weré controlled
using a 40-Hz master frequency with delay triggers in order to prevent
intérference. )

Data from tests using this equipment is presented and discussed in

Chapter 7.
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3.3 In-situ Shear Wave Probes

3.3.1 Introduction

The programme to develop .é technique to measure shear waves in
laboratory cells has two main purposes: (a) to gain further knowledge of
fundamental soil propérties which.control'both wa&e p?opagation and large
Strain mechanical properties; and (b) to enable in-situ shear wa&e ﬁeasure—
ments to be more accurately intérpreted. . As was ou£lined in the general
'interuction,.the advantage of.geophysical,techniques for. obtaining geo-
techniéal information is that it has the potential for being pérformed on
bulk material both rapidly aﬁd remotely. |

With'the increasing'understanding of shear wa&e propagation in'soils,
it is necessary té augment the in-situ geophysical capabilities’to include
S—wa&e measurements. At the Marine Sciehce.Laboratories,'geophysical
.probes ha&e been built and operated which were designed to-meaéure the in-
EEEE geophyéical charaéteristics of the upper layers of sea bed sediments.
P—wa&e probeswaré described by Simpkin(1975) and electrical resistivity
probes by Jackson (1975).‘ More recently, these ;wo techniques have been
described and the results of two case studies'discussed:bvaaékson et al.
(1980) . |

'It was the aim of this part of the project to design in-situ shear
wave probes that would measure Sfﬁave ;elocities in the top sediment layérs
in the same way that P—wave'veloéity and electrical résistivity probes had
operated in the past. Finally, the intention was‘to-produce in conjﬁncﬁion
with Pf Jackson and R. Baria at"IGS a combined geophysical probe that would

simultaneobusly provide measurents of P and S-wave velocity and electrical

resistivity on the sea bed.
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0 3.3.2 Initial tests

For the purposes of measuring in-situ shear waveﬁvelocities in near
surfgce sediments, bén@er"bimorph' elements were thought tokbe suitable
‘for both transmitting and receiving over short distances. As
withlthe labératory systems, this was the only system tested becatse
of the obvious advantéges that it offers.

The simplest test that can be performed with bénder eleﬁents to
investigate their behaviour as shear wave transducers is to bury theﬁ in
a container of dry sand with oﬁly their eléctrical connections. In
this way their performance.can be monitored before.mbuntings are attached.
The simple manner in whith a bender element changes shape under the influence
of an applied voltage causes shear stresses to be‘set.pp iﬂ-all directions
parallel.to the plane of thé element. However, it was not readily apparent
which orientation of a rectangular element would produce the 'best signal’.
‘To test for this 'best signal', two rectangular bender elements (39 x 19 mm)
one paralleivconnected énd the othertseries cohnected, were laid on a flat
bed of dry sand, 76 mm apart, in a large (800 x 400 mm) container and then
'tovered with a consistent amount of sand. ~ This procedure provedvtobgive
1consisteﬁtly reproducible signalé.' All-the different»combingtionsbof
transmitter and receiver configurations ih the plane of the element ﬁere
tested. The éffect‘of clampingthe elements at different positidns was also
investigated using a bair of modified toolmakers clamps.

.By far the best'configuration of the ttansmitter/receiver system was
when both l;tger’edges of the elements were'equidistént, parallel and un-
restricted by any clémps. This teceivéd signal is shown in Figure 3.20
.together with the transducer configuratibn. The quality of tﬁe signal
allows-acturate velocities to be determined using a d.c. step as the driving

voltage . Attenuation characteristics could be measured using a tone burst

e
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Driving voltage 3 volts dc step.

FIGURE 3.20 _
R (a) Configuration of rectangular bender elements which provide:
the best shear wave signal.

(b) The received signal.



driving eignal.

,Shirley’(l978) working along similar lines describes a shear wave
probe which uses rectahgular_elements with the shorter edges equidistant end
parallei.It is unclear why this configuration has not proved satisfactory
in these experiments. Shirle§ euggests that,using his configuration,
maximum shear will occur at the end of the elements and will propegate along
the length of the element. . _He argues that‘in the perpendiculai direction
the particle motione will be 180 degrees ouﬁ of phase between the middle
of the element and its edges, therefore, ie the farfield, these motions will
tend to cancel each:other, wieh only small amounts of energy
propagated in thie direction. However, thie does not seem to be the case
in these experiments, in fact, the opposite seems to be true. '.The reason
why the energy does not canceilgut is probably due to the bending nature
of the element. A nermally flat bender plate tends to distort into a
curved plafe like the surface of a sphere. This can be considered to be
coméosed of two component bending motions perpendicular to one another as
depicted in Figure 3.21. If only one‘component of motion is considered
(e.g. that in Figure 3.21ay then the particle motions at the end ef the
element. and in the middle wiil be out of phase.A But this is only a
simplified case; the other codmponent of motion as showﬁ in Figure.3.21b
should also be considered which, taken togetherf produces a composite motion
(Figure 3.2lc) in which qnly at the eeﬂere of the element is there an
eut—of—phase motion. - The relativevsensitiQitybof the element in any
configuratioﬂ.iegstill, howeve:, not fully understood and further experiments
using differeﬁt size and shape elements are required to resolve the
difficulties apd aid future shear,Wa?e t;ansdueer designs.

It is appropriate to note here that a non-linear phenomenon has been

observed which occurs when using these types of shear wave transducers.
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FIGURE 3.21
> (a) & (b) The component bending motions of a
' rectangular bimorph element.
{c) The composilé motion sho%"ing the formation
of a spherical surface..- |

The arrows depict the direction of .particle motion in
the surrounding medium, '



The ratio of input voltage to the transmitter and output voltage from the
‘receiver has been found to be consﬁant only up to a given threshold point
at which stage not only does the received signal émplitude decrease but thé
signal quality is grossly degraded. This threshold voltage has beén found
to depend on the transducer size, the mounting éharacteristics, the sediment
typeAand the environmental conditions. It has been_ébserved in some
instances klarge elements in loose dry sand) to be as low’aS'three or four
volts, The explanation of this phenomenon is simplé, thé transmitter at

a given amount of strain starts to decouple from;the sediment; at an
advanced stage this can be considered as local liquifaction around the
transducér. The‘impqrtéht implication arising from this is that because
of thé maximum energy inéut le&el there is a corresponding maximum transmit
distance for detectidn ﬁsingvthis system which also depends on a multitude
of other factors. waever, with ambient laboratory noise levels and.
receiving éensitivitie; of approximately 0.5 mV, transit distaﬁées greater
.thaﬁ_200 mm in dry sands become problematic. ~Fortunately, this does not

mean that fhe transducers cannot be used o&er greater distances using
| (Tockson eFal.71)

different techniques. Simple signal pro;essing gsing a stacking progranA
can eliminéte noise and has been successfully used o&er largef distances.
Another technique which.showed some . success.involved using a éinglé shot
technique of .a larger inpuﬁ voltage; the measurements are made using a
transient recorder. .Another proceséing technique which showed a significant
amount of promise was that éf cross~correlation. Experiments usipg this
technique aréUCOntinuing at UCNW.

Severai probes‘were constructed using a technique similar to that used
by Shirley (1978) i.e. mounting elements.on this probes using various

‘potting compounds. One of the better designs is shown in Figure 3.22; the

bender element is backed with a rubber compdund and mounted on an aluminium
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FIGURE 3.22 . ,

Schematic diagram of an ecrl’;l'shéar“ wave probe design.



probe. :The transmitting face is protected by a thin coating of epoxy
resin. - Although this design produced shear waves,_éhe sensitivitiés and

signal quality was significantly worse than that obtained using raw elements

or with the mountings described below.

3.3.3 In—situ‘Probe Mk I

Experience fromlthe initial testing programme dnd from éarly designs
suggested that to maximize the sensiti&ity the bender element should be as
' free to move as possible and pfeferably have both faces in contact with
the sediment. The oﬁher priﬁary design criterié for an in-siéu
. probe are that it is waterproof and as ruéged as possible.

Figure 3.23 ,illustrates the Mk I probe design. ~ The bender element
is allowed to move as freely as possible by only clamping it at one point.
It is protected by a stainless steel housing whilst still enabling the
trapsfer of. particle motion from both faces of the element. A semi-flexible
urethane combound, ;sco£chcast', pro&ideé the Qaterproofing as well as
affordiné some mechanical protection. The transdﬁcer hbusing is. mounted
at the end of a steel tube, via a plastic connection, which p:o§ides the
pathway for the electrical conneétiqns. |

-Tesfs in the laboratory indicated that the mechanibél ruggedness of
. the system was probably sufficient for softer sediments, muds and silty
clays, but may not be suitable in sands if fﬁrces other than vertical
ones were applied. Initial in-situ tests with this design were-intended,
therefore, t; be limited to the softer sediment typeé.

A calibration of the Mk I pr&beé was performed in a small tank of dry

sand. The received signal at a séries of separation distances is reproduced
in Figurel3;24 for both a single Cycle'sine wave and a d;c. step driving

signal. Signal quality is considered to be very gooa, especially up to
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100 mm separation, thereafter the shear wave signal onset becomes less

' vclgar; this could be dﬁe to the felatively small tést tank used. | The

d.cﬁ step driving signal provides, in most qases,'a marginally clearer onset
'than the sine Qave as well aé producing a shorter pulse.

It was on the Mk I probe thét the idea of monitoring the actual response
éf the transmitter to the driﬁing'wave form was first tested. A 'multimorph'
element was rigidly bonded to one face of the transmitter as- shown in |
FigureFB.Sb before the 'scotchcast' was applied. If was considered that
because.the ratio of masses between.the 'bimorpﬁ' and 'multimorph' was
large.( 10:1) the behaﬁiour of the 'bimorgh' would be only slightly affected
by the 'multimérph's' presenée. However, it was considered that because
the';multimorph' was rigidly bonded to the 'bimorph' it would respond faith-
fully to its vibr%tions. In Figure 3.25 five oscillographs are shown
illustrating the transmitter respdnse in different medig. Damping increases
roughly as the test media increases in density, as would be expected. It
is interestfng to note fhat in .the sands”the‘responée at the resonant
frequénquié nearly perfect. . The tranémitter is beha?ing as a highly-
damped, low Q system. The damping is not simply a function of the media's
density as the wet sand, although being more dense than thé dfy sand;
eghibits a lower damping factor. Differences in damping -as éhown using
this technique could, therefore, be u;ed as another means of discriminating
between sediment types. It is élso possible, although no other experiment
.work has been pérforﬁed, that the fransmitter damping obser&ed using this
technique may’be closely relatéd to the shear wave attenuation.

In December 1979, the Mk I.probé was successfully used in situ from

Y [} . )
Hoverr itk e probes maerd Ko lodye, dock o romaso shfieomn fenon bed,

by P. Jackson to make resistivity profiles whilst underway.A- Modifications

to this sledge enabled P-wave transducers and the S-wave transducers to be
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FIGURE 3.25 _
Mk.1 in-situ probe transmitter response in different
media. The upper trace is the ‘bimorph’ driving signal

and the lower trace the 'multimorph’ monitoring response.



installed. By also incorporating a larger wooden‘putriéger frame. (to
protect the coﬁbined probe from being turned over) ﬁeasﬁfements at sites
around the North Anglesey goast and in Holyhead harbour were obtained.
Data from this cruise is presented ana discussed in Chapter 8.

Despite the success of these Mk I probes iﬁ obtéining some in-situ
data they had several probleﬁs}

(a) They were not sufficientlyrrugged for continual use from a

ship. This lack of ruggedness'was kpown beforéhand but as an
experimental probe it was decided that if handled with care it
might work in soft sediments. It did;- subsequehtly, it worked
invharder sediments but on two stations the probes were bent on
_rétrieval,.but étill working! ' However, the severest damage
occurréd_when the tip of one of the shear wave probes;accidently

. took the weight of the wooden frame (and lead weights) on deck,

rendéring it uselesé. This rough shipboard handling is to be
expected and Mk II.had to ihcludé more rugged design features.
{b) The shear wave travel path was limited to only a few
centimetres. Thié is because of noise, both‘electrical‘and
mechanical, and because of the inherent difﬁiculties of using

a pulse technique where. there is a low maximum driving voltage.
- Other measurement and signal processing techniques {cross
4correlation using binary noise and sigral stacking) were 
experimented with suggesting that furthei separations will be
possible“Qith the aid»éf.sgch techniques,

{c) Another difficulty encountered in Red Wharf Bay_ﬁas the
sediment ygriability.  Good samples were taken at each station.

but on several occasions the material which was found adhering

to the probes on retrieval was not the same as the sediment
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sampled by the grab. It is imperative, therefore, to include

a sampling device on the probe so that more accurate data can be

obtained.

3.3.4 In-situ Probe Mk II

The limitations of the Mk I design, discussed at the end of the last
chapter, provided the design foundations for the Mk II probe illustrated in
Figure 3.26. Essentially, the difference. between this probe and the Mk I

version is the large diameter stainless steel tube which provides a

greatly improved degree of ruggedness, the-transducer is mounted on the
side rather than beneath. Should hard impenetrable sediment, rock ér,
indeed, the deck be encountered,.thé tranéducer'is afforded ample protection.
This tube can. also act as a sampling bafrel. A bevelled edge has been cut
but no material—retaining device has yet been fitted. ' Consequently,

on the May 1980 R.V. Prince Madog cruise in Carmarthen Bay, where ﬁhese
probes were tested, only a few soft sediment sémples were reco&efed in the
co?e tube.

A new wooden frame was constructed by IGS to accommodate the new

shear Wave probes, the P-wave probes and the electrical resiStiVity‘
probes. Figure 3.27 shows a schematic diagram of the combined probe.

A short . core tube with core catcher was placed in thé centre of the probe.
tp enable moré accurate sampling to be achieved.

' Due to avﬁoreshortened.timetable, laboratory testing of these Mk II
probes has'ﬁot been possible. Howe?er, the ruggednéss‘of the design has
been shown by a lack of damage on thé May 1980 cruise. The full potential
of these probes was not, however, fuliy investigated as the signal processing
equipment, Hewlett Packard corrélator and noise generator, were unavailable

for this cruise. An online signal stacking program using the HP mini-computer
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Electrical connections
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/""/Stdinless steel tube,
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Bevelled cut?‘mg% edge
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FIGURE 3.26 o
| Mk. Il in-situ shear wave probe, showing the con-

structional details before being coated in ‘Scotchcast’.



P- wave Resistivity electrodes .. S-wave
transmitter / transmitter

receivers / receivers

'

_‘ 1 ‘ . )
' : / Small core barrel

with cutter and
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. catcher.
outriggers framework

FIGURE 327

- Schematic layou't of the combined in-situ geophysical
probe. '



was successfully implemented at the end of the first leg but this develop-
ment was halted before it had peen used due to the uhavailability of the
computer for the final leg. Despite this, a limited amount of data was

obtained using the normal pulse technique and this is presented in Chapter 8.
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4. VARIABLE POROSITY TESTS WITH SANDS

\4.1 Initial Experiments at ARL

4.1.1 Introduction

The purpose of the ARL_experimént was to perform a 1imited study
‘on a few sands to ascerta?n whether or not shear wéve parameters could be
reliablf measured at different packing states using thé new transaucers.
Three different sands were split and mixed for teéting purposes producing
six samples. They were chosen for their availability rather than for
any other reason. bue to the preliminary nature'aﬁd time constraints
on this part of the programmé the sediment vibration tank was not

designed specifically for the purpose of these experiments. The

limitations imposed by this factor will become clear later.

4.1.2 ‘Sediment Description

fhree sands were used for the evaluation of wave propagation
characteristics in the ARL tank. The first sand was a coarse river-
bed sand with a wide distribution of grain sizes. A modal analysis
of 100 grains in a thin section gave the fOlldwing result: quartz
58, feldspar 24, calcite 7, chert 6 and rock frégments 6. This
river—bed sand was split to produce two sands with different size
characteristics for tesﬁiﬁg; a coérse fraétion.with grain sizes’
rangingverm'I.o - é.o mm (A)‘and the remaining fraction with sizes .
ranging from 0.1 - 1,0 mm (B). | The second sand was an angular, pure
quartz medium-fine, white, beach sand from Panama City, Florida, with
a ﬂarrow distribution bf sizes, 0.2 - 0.5 mm (C). A fine, rounded,
sandblést;né sand, composed‘of pure quartz, was the third sediment

used (D) with grain sizes in the range 0.C6 - 0.3 mm. Two further
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éaﬁples were prepared by mixing sands (A)vand (D)_With sand (B) to
provide samples with wider grain size,distributionsfl Six sampleé were,
therefore, finally tested: A, B, C, D, B60A4O and B6OD4O° The sub-
scripts.are per cent by weight of the component sands._ Cumulative
grain»éize distributions foriall the sands are plotted in Figure 4.1
where sieves with %;?intervalé Were used.

To obtain a quantitat;ve description éf each sand, statistical
measures from the grain’size analyses have been calculated. The
measures used are thoﬁe from Folk and Ward (1957).

In Table 4.1 the statistical measures:defined previously are

presented for each of the six sands.

' D S Sk K
| SAND M . p p 3
A -0.353 -0.195  0.184 1.359
B 1.277 -0.756  0.150  0.790
c 1.603  -0.234 -0.367 - 1.583
D 2.632 -0.283 -0.356 1.270
.631 -1.018 =-0.285. oO.
By 0-631 -L.0 0 0.707
.809 ~0.877 .30l o.
Bg D,y 1-809 -0 0.301  0.749

TABLE 4.1 - STATISTICAL MEASURES FROM THE GRAIN SIZE ANALYSES OF THE

SANDS TESTED IN THE ARL TANK
Using a binocular microscope, a sample of 100 grains from each
sand was compared with the visual estimation charts and assigned a
& » : )
sphericity and roundness class. Sphericity in all the sands is
described as nearly spherical, lying between 0.70 and 0.95.  No

substantial differences occurred between each sand. Roundness values,

however, were variable. Percentages of each class found in the sands
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FIGURE 4-1 . Grain Size distributions



are presented in Table 4.2, In Figure 4.2 these results have been

plotted as a cumulative roundness—distribution so that the difference

VERY SUB- SUB- WELL-

ANGULAR ANGULAR ANGULAR ROUNDED ROUNDED ROUNDED
% : % % . % % %
A 6 - 20 38 21 13 2
B 12 28 30 20 2
c 13 66 19 2 0 0
D o o 12 .28 . 51 9
Peots0 10 24 32 22 10 2
BeoPa0 7 17 22 24 26 4

TABLE 4.2 - RESULTS OF THE ROUNDNESS ANALYSES FOR THE ARL SANDS TESTED

between each sample becomes clearer. Using the 50 per cent level, a
mean roundness class éan be assigned to'each sample: D, rounded;
subrounded; A, B and B60A4O subangular; C, angular,

relative porosities of the sands were determined

BeoPao"
Porosities and

using the following technique. Experiments on 20 different sands,

Using a variable ampliﬁude vibratory feeder, showed that a height of

two‘metres was high_énqugh to ensuré a minimum porosity for‘all the

sands, whenffed at the lowest feasible rate from a funnel.  This

height (two metres) %as used. for the six sands tested and the rate of

.pouring was adjusted by reducing the funnel aperture to as small as

was possible. ’A vibratory féeder, Which provides a constant, adjustable

rate of pouring, has been found more»suitable than funnels for experiments

of this kind. ‘

From the weight (800 gms) and mineral density of the sand, the
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porosity‘(nmin) of the structure in the measu;ing cylinder was
calculated. To obtain the maximum porosity the measuring cylindef
was sealed and slowly rotated three times in a vertical plane. bThisv
téchnique produces a éonsistently.loose str#cfure with a high porosity
(n ). The average of thrée measurements was used for both n o and

max
n_ .. Variations using this technique were less than 1% in porosity.

max
The procedure outlined above for determining the limiting pgrosities
of a granular material does not involve specialised'equipment (such

as vibratory hammers) and can‘easily be performed in any laboratory.

It would prove valuable if limiting porosities Qere more frequently-:
reported alongside fractional porosity meé;uréments as a further
sediment descriptor.

Slow saturéﬁed deposition; "into the measuring cylinder, of a
known weight of sand, gave the initial value of porosity for the sand
deposited in a similar manner in the wave measuring tank. This
initial poipsity was élways found to be less than n ookt The cylinder:
was.then partially buried in the sand in the tank and vibrated until
tﬁe voluge had reduced to a minimum.. From the reduced volume the
porosity was calculated and assumed. to be equal to the final‘pordsity
6f the samehsand in the tank,‘haviné undergone the same vibration
procedure. For tw§ of the sands (B and D) this technique of assessing

the porosities was confirmed by markiﬁg the level of sand in the tank

’

and laboriously digging it.out. By drying and weighing the sand and

measuring the volume occupied in the tank (found by filling to the mark
with water) the porosities were calcglated. They agreed with measuring
cylinder, readings to better than %% porosity. Results of fractional

and relative porosities for all the sands are presented in Table 4.3,
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B c D B
A . : 60”40 Bec®0

’ 0.471 0.451 0.430 - .0.414 ‘0.419 0.430
max .

n % _ _ o . o) o 0 0 o)
n(initial) 0.449 ‘0.441  0.420 0.404 - 0.413 0.396
n % 26.4 9.9 12.5 13.9 7.9 36.2
n(final 0.410 0.377 0.360 0. 342 0. 350 0.346
n % 63.2 73.3 87.5 100 90.8 89.4
Do 0.371 0.350 0.350 0.342 . 0.343 0.336
n_% - 100 100 100 . 100 100 100

TABLE‘4.3 - FRACTIONAL AND RELATIVE POROSITIES OF THE ARL SANDS TESTED

4.1.3 Expefimental procedures

Each of the six sands were subjected to the following routine in
order to assess the variatién in their elastic wave propagation

characteristicé over a range of packing conditions, controlled by the

maximum and minimum obtainable porosity. All the sands were tested in

the fully-saturated stéte; femperétures and pressures were thése of
the labératory. Fluctuations in temperature wére, however, continuously
recorded as the dependence of compressional wave velocity on this
-parameter is substantial and corrections to a .standard temperature can
easily be applied.

Initiaiiy the measuring tank (Figures 3.5 and 3.8) was filled with

« .

tap water and allowed to stabilise at room temperature by leaving it
overnight. .Tﬁe compressional wave veldcity of the wéter was determined
from a series of time interval measureménts.made at varying transducer

separations. Actual transducer separation need not be known using
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this technique, as the velocity is determined from the gradient of a
lineaf plot of time interval against change in diétance, which is
measured from the protruding back of one transducer from the tank wall
to an accuracy of 0.5 mm. The final time interval measurement was
taken with the transducer faces flush with the inside of the tank.

They were clamped in this position to prevent any accidental movement

as the time interval was subsequently used -in a ratio to detefmine
velocities in the sediment;

Adjacent to the compressional transdﬁcers, the two shear wave
probes were positioned in such a way that they were rigidly suspended,
using a slotted spacer and. clamps from an overhead framework. It was
essential that the probes were ndt;in contact with the tank walls
because of the'problems of compressional waves radiating from the bi-
morphs throuéh the tank and interfering with the received shear wave.

Preparation of the sand to be tested began with washiné. An
upward‘flow of water thrgugh the sand, using a'pipe in a bucket, main-
taining a fluidised state, had three purposes. Firstly, it dissolved
' 'and»removedvby the overflow,.any . soluble saltsAfrom the sand. Secondly,
by maintaining the sand in a fluidised staté iight inorganic matter
rose to the surface and was washed éway. Thirdly, it removed entrapped '
air from the sand. .Bubbles of gas in a sediment can have a profound
effect‘on its acoustic proéerties (Anderson, A., 1974) . To ensure
 complete saturation, thé buckét and sand was then placed in a chamber
undér vacuum.. A rotary pump enabled the pressure to be maintained
.at the water vapour pressure; it was then left overnight.

With £he shear and compressional wave transducers in place, the

sand was dépoéited in the tank using a small beaker. The beaker was

immersed inbthe bucket and filled with sand covered by a 1éyer of water.
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It was then transferred and immersed in the water-filled tank befoie
being slowly and evenly depo;ited. This‘pr0cedur¢IWas'repeated,
transferring a beaker of waﬁer from the ténk to the bucket each fime
to keep the water .levels constant, until the gand.level was 4 cm

from the top of the tank.. At no time during this operation did the .

"sand come in contact with air. A very loose saturated sand structure

is obtained using this meﬁhod;it was important, therefore, that the
‘tank was not accidentaily knocked or ﬁibrated as the high porosity sand
is easily disturbed.

‘The transmitter compressional wave transducer was then set at
its reéonant frequency . -To obtain this;tboth the.voltage and current
waveforms wére monitored bn the dual channel 6scilioscopé, Figure 4.3a.
The input voltage was set to 30§ and the current waveform on the second
channel was adjusted to the same amplitude, Figure 4.3b. ' By inverting
.one of thé aneférms and adjusting the frequency until the two pulses
cancelled each other out (i.e. when the two wave forms were exactly |
in phase).the résonant fréquency'was found and read on the digital

counter/timer, accurate to 1 Hz. The voltage pulse, after having

tra&elled through the sand, was then displayed as shéwn in Pigure 4.4.
‘The interval and amplitude were measured using a square pulse as a
-cursor on the second channel, Figure 4.5..

To obtain the shear wa§e measuréments the probes were first
disconnected from the éupport framework and the slotted spacérs were
remo&ed. This left the probes held in positipn by the sand. Cables
from the transducers wefe supported so that the probes were not
stressed and, therefore, would not moﬁe_from their original positions.
A éingle cycle 400v peak—to—péak pulse was»used as an input signal.
Figure 4.6 shows clearly the late arrival of a shear'wave. " The

initial part of the trace consists of noise from compressional waves

- =96~



(b) The waveforms in phase, therefore
at the crystal's resonant frequency

FIGURE 4.3 INPUT PULSED WAVEFOMS OF ‘THE ARL

COMPRESSIONAL WAVE TRANSDUCER, the upper
channel is the voltage pulse and the tower

channel is the current pulse.



FIGURE 4.4 INPUT AND RECEIVED VOLTAGE

PULSE OF THE COMPRESSIONAL TRANSDUCERS
[ARL ]

FIGURE 4.5 INITIAL PORTION OF RECEIVED ARL

COMPRESSIONAL WAVE PULSE AND SQUARE
PULSE, the square pulse length was used as
a cursor for measuring time intervals.
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originating from the transmitter and travelling along a variety of
paths to the receiver. Much of this noise was eliminated by band-pass
filtering. A typical example of the trace after filtering is shown

in Figure 4.7. The onset of the shear wave is difficult to identify
hence the square pulse was superimposed on an identifiable feature

(the first trough was used) and the time interval recorded. Amplitude

measurements were also made; however, the scatter in the results

were too large to draw firm conclusions.

After having reclamped the slotted épacer to the shear ﬁave
probés the sand was vibrated, reducing the porosity. Compaction of
gand using a dynamic technique,vsuch as vibration, is complex in‘its
mechanics. The densities obtained are dependent on direction and
time of vibration, frequency, maximum acceleration {(found from
frequency aﬁd amplitude) mould size and grain characteristics.
Brand (1973) testing dry material, found that a maximum density was

achieved irrespective of grain size at an acceleration of 1.5qg,-

aftef‘30 minutes. He cautions, howeVer, that the relative density

obtained is unlikely to reach a value of 100 per cent. With the .
electromagnetic vibrator available such control over the various

parameters was impossible. When the sand was in its initial ﬁigh-

- porosity state then only a small amount of vibration caused a reduction .
-in porosity. Both ?ompreséipnal and shear wave measurements were

"'made as previously, as ghe porosity was decreased in stages 5y>vibration.
Although during the Qibratién the shear wa&e could not be monitored
{(because of the supporting frémework‘and Qibration causing interference
with the recéived pulse) the high frequency compressional wave (2112 kHz)

could still be monitored. During vibration the time interval of the

compressional wave could be seen to decrease. This phenomenon was
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used as a qualitative indicator of decreasing pdgqsity in the sand.

From a serieé of ﬁrial experiments on differené sands;‘a procedure
for obtaining a maximum denéity using the vibrator was established.
It was found that a maximum density was always achieved after 15.
minutes.vibration at the magimum amplitude, with a further 15 miﬁutes
“vibration during which the amplitude was gradually reduced to a minimum.
If the gradual reduction ;n amplitude proéedure was not observed, lower
wave velocities résulted, indicating higher porosities; Evaluation
of the porosifies from this technique were described previously.
Af£ef vibration the sand was left for 10 minutes to stabilise. This
procedure was adopted after having noted ghat small changes in the
wave form occurred during the first few minutes after vibration.
Time intervals invariablyvincreased Slightly during this period and
amplitudes d.ecre_ased. . It is difficult to formulate an explanation
for this relaxation phenpmepon!;

After the maximum density had been reached, further compressional
_wave.measurements were made at decreasing transducer separations.
Trial experiments proved that moving the transduéers during vib#ation,’
followed by a further period of vibration in which the amplitude was
gradually reduced to a ﬁinimum, resulted in the maximum density being
maintained throughouﬁ these readings. Shear_wa§e time inter&als
and amplitude readings were also recoéded at decfeasing probe -
'Separations along the length of the tank. The probes were insérted
during vibration, clamped in position, and léft during the decreasiﬁg
vibration Qeriod as before. RémOQal of the clamps then allowed each
of the shear‘wave measﬁrements to be made. During this procedure, the
diséurbance to the sand structure is possibly at its maximum and the

porosity may not have reached the minimum value obtained previously,
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Despite this, the method of velocity calculation only assuméd that
the porosity is constant during this procedure and pot necessaril?
identical to the minimum pérosity obtained when the transducers were
in their original positions. |

It should be noted here that the porosity along the paths
between the two transducers is assumed to be the same as the average
porosity for all the sediment in the tank. Brand'(l973),,among others,
has pointed out .that inhomogeneities within sand bédies, especially
those subjected to vibratory compaction, do exist. In Brand's
expefiments on a split sample he found §ariations in porosity of up to
fwo per cent and there is no reason why such variations should not
also have occufred in these expériments. It is apparent that because
porosity is .an iﬁportant parameter, in any assessment of granular
materiais, not.only should techniques be empioyed to find porbsity

accurately, but technigues to loock at inhomogeneities in porosity

throughout a sample should be investigated.

4.1.4 Compressional wave data

The experimental procedures detailed inlsection 3 yield parameters
that have to unde£go se&efal operations and correc£ions before useful
acoustic and elastic values are obtained. One sample (B6OA4O) has
beeﬁ used to illustrate the method by which raw data yielded by all
six sand samples has been érocessed.

Beforeﬁthe sediment was deposited in the tank,—time interval
(tl) and transducer separation .kd) were mgasufed in water, enabling

the velocity to be calculated. These éxperimental values for sand

B60A40 are shown in Table 4.4.
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RELATIVE TRANSDUCER TIME INTERVAL

SEPARATION, d mm 't, msec o ,
63.0 _ 0.1120
57.0 0.1080 Sand B60A4O
51.0 o 0‘1049 Temperature 20.8°C
46.0 - - 0.1010 Resonant Frequency
41.0 o 0.0975 108.678 kHz
33.5 ' 0.0930  Water velocity _
28.0 0.0890 (le) 1486 m sec
21,5 0.0840
12.5 0.0780
5.5 . 0.0735
22.0 © - 0.0850

41.5 0.0975

TABLE 4.4 - DISTANCE AND TIME MEASUREMENTS FOR COMPRESSIONAL WAVES
.- IN WATER '

The distances (d) are not a;tual transducer separations but relative
Aistancesu(the measuremenf made was that of the protruding transducer
housiné from the outside of the tank to the nearest 0.5 mm). As
water temperatﬁre influences velocity it was»constantly monitored and
an average reading was recorded.' Figure 4.8 shows a linear plot of
these results; a straight line has been fitted using a least-squares
méthod, the slope Qf which is the water velocity at 20.8°C (sz).
A correlation coefficient (r?) indicates the 'degree of fit' of the
experimental points to the straight line.

| In the final'position tﬁe'adjusﬁable fgansducer-was 'set' by
tightening the clamp. The transducer's position, therefore, reméined

secure until after the sand had been deposited and the'vibration

programme compléted. From Figure 4.8 the time interval (t2) for
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FIGURE 4.8 Distance vs Time Interval for compressional waves

through water in the ARL tank



the 'set' distance is read from the straight line. This corrects

fgr any minor errors in individual time interval'meaéurements. Foxr
sand B60A4O there is no difference between t1 and t2 because of the
'good fit'. A new water velocity (sz) is obtained from a master
graph (Figure 4.9). This éimply shows calculated values of reciprocal
time intervals and velocities at the different 'set' distances used
.for the sands. In this gase the value of sz (1484'm sec_l) compares

1

standard temperature from reference tables giving a final value of the -

favourably with Vw (1486 m sec—l); Vw2 is then corrected to a

compressional wave velocity in water at 20°C (Vw). A corresponding
time intérval (t3) is obtained from Figure 4.9 to be used later to
obtain the velocity ratio for the sediment at 20°C. For the sand

B60A4O the various values are:

' Set distance Time interval \Y v
. w2 w

'dl mm ' t2 ms 1/¢2 m/s m/s
60.0 0.1105 9,050 1484 1482

Following the deposition of sand into the tank, a further series
of time interval measurements was made at the 'set' distance. Vibration
between readings rearranged the sand structure, normally decreasing

-the porosity. Table 4.5 shows the results obtained for the sand

B60A4O; -intermediate porosity stages are labelled a, b, etc.
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FRACTIONAL POROSITY TIME INTERVAL

n ' t, ms p

4
a 0.396 0.0950 . Sand B6OA4O
b - 0.0945 Témperature 20.6°C
- 0.0935 Resonant Frequency
- : 0.0920 112.821, kHz
e 0.346 0.0915 'Set' distance 60.0 mm

TABLE 4.5 - COMPRESSIONAL WAVE TIME INTERVALS AT THE SET DISTANCE FOR

SAND B6OA4O AT DIFFERENT POROSITIES

Porosity 'a' is the highest porosity obtainable using the slow deposition

technique, its value is calculated from thé‘proéedure described.earlier.

The most.compact.packing state, porosity ‘e', is reabhed when the time

interval reaches'a minimum after long vibration times; ' Although numerical

values of porosity for intermediate packing states are not available

using this technique, the observation of a steadily decfeasinq time

%ntérval.(i,e: 'increésing velodity) indicates that the sand structure

is deéreasing‘in_porosity without exhibiting any irregular behaviour.
Limiting time intervals.(t4), those at pofosity 'a' and ‘g', havef

been used with the 'sét' distance to read the velécity (Vpl) ffom a

éraph similér to figure 4.9 in the appropriate velocity range. » This

was éorrected to 20°C (sz) and a new fime interval (t5) obtained.-

The velocity ratio (VR) between.water énd sand at 20°C.then becomes

Tt /t . Finally, the compressional wave Qeiocity (Vp) for the sand

at the given- porosity is calculated from

V. = VR XV
p w

For the sand BGOA4O t
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v t n t v v te VR v
-1 : -1 -1 o -1

ms ms ms ms ms ms ¢ ms
0.396 0.0950 1726 1724 0.0951 1.164 1725

1482  0.1107
' 0.346 0.0910 1802 1800 0.0911 1.215 1801

A second method for evaluating the velocity "in sand was used

- after the above measurements were completed. Time interval and distance

measurements were taken as the transducers were mo§ed closer together,
Primarily, the purpose of the set of readings was to obtain amélitude‘4
Qalues so that the wa§e attenuation could be evaluated, but time intervals
were also recorded so that a second v&lue of the velocity in sand was

obtained.. Movement of the transducer between readings'inevitably led

to a structural disturbance in and around the wave path. In an attempt
to retain the minimum porosity obtained pre&iously by vibration, the
tank was vibrated during and. after each movement of the transducer.

. Table 4.6 shows the results of this set of measurements for the éand

B60A46 which are shown graphically in Figure 4.10.

RELATIVE TRANSDUCER TIME INTERVAL

SEPARATION, d mm - ms
60.0 ' | .0.0910 Sand B6OA4O
56.0 ' 0.0885 Temperature 20.8°C
51.0 - . . 0.0860

' , Resonant Frequency

46.0 0.0830 112.821 kHz
'41.5 . 0.0800 Velocity 1831 ms
35.5 - 0.0755 Velocity-correcgfd
31.5 | 0.0750 ° to 20°C 1829 ms
26.5 0.0725
20.5 0.0690
14.5 . 0.0660

TABLE 4.6 - DISTANCE AND TIME MEASUREMENTS FOR COMPRESSIONAL WAVES

IN SAND B6OA4d
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FIGURE 4.10 Distance vs Time Interval for compressional waves

in sand B60A40



Differences between the two velocities‘(lSOl'and 1829 ms—l) are

attributed to the structural disturbance caused by the second method.
Y»The higher velocity resulting because the action of pushing the transducers

closer together further decreases the porosity in the vicihity of the
transducers. To ascertain the importance of the transducer movement
on the sand structure and velocity, an experiment was performed on
sand A. Two seﬁs of distancthime'interval measurements were recorded;
onevwith the transducers moving together With vibiation, the other
without vibration and with the transducers moving apa:t. In the first
case a velocity of 1758 ms—l was obtained with a correlation coefficient
(r?) of 0.999. In the second case, a velocity of 1696 ms“l was
obtainedbwith a correlation coefficient of 0.994. The difference in
ﬁelocity (3.5%) and the lower correlation coefficient with the second
method illustrates the care that must be exercised when interpreting
results of thisvkind. In the light of this evidence the compressional

wave velocities used are those obtained from the velocity ratio method.

Final values for all the sands tested are piesented in Table 4.7

and graphically io Figure 4.11.

In Figure 4.11 the broken lines are linear extrapolations to the
minimum and maximum poiosities. Table 4.8 presents the complete set
of values (both experimental and extrapoiated) of compressional wave
Qelocities‘and porosities; Fioure 4.12 is a plot of relative porosity
again compressional wave velocity using valuee from Teble 4.8.

Ampiitude measurements on the recei&ed waﬁe form at varying transducer
separations has eﬁabled attenuation coefficients to be calculated.
Table 4;9 shows‘both the raw data and computations used to evaluate the
atteogation coefficient (a) for4£he sand B60A4O‘ The measured oistance

(d) is converted into the true separation between the transducer faces (D).
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FIGURE 4.11 Compressions! Wave Velocity vs Porosity

for the ARL sands
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FIGURE 4.12 Compressional Wave Velocity vs Relative Porosity

for the ARL sands



Amplitude (A) was measured in volts directly off the oscilloscdpe from
the chosen part of the received wave-form. The largest separatioﬂ has

been used as a reference distance so that the voltages can be converted

into relative decibel values (Al) using:

A1 = 20 log A ds
_ 0.43

Spherical spreading losses (SL) of the wave are calculated from:’
L = 20 log =2 as
= 9 0.1560

The difference between A, and SL represents the energy loss caused by the

1

sand body after cdrrecting for spreading.

SAND POROSITY VELOCITY

-1
n V. ms .
. p ]
A 0.449 1670 Temperature 20°C
0.410 1729 Frequency 112 kHz -
B 0.441 1673
0.377 1755
C 0.420 1659
| - 0.360 1719
D 0.404 1696
0.342 1774
B60D4O‘ 0.413 1711
0.350 1787
B6OD4O 0.39%6 ;725
0.346 1801

TABLﬁ 4.7 - COMPRESSIONAL WAVE MEASUREMENTS FOR THE ARL SANDS TESTED
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SAND POROSITY  RELATIVE POROSITY VELOCITY

n o % . ' Vp ms
A 0.477 . 0.0 1627
0.449 26.4 . 1670
- 0.410 63.2 " 1729
0.371 100.0 1786
B 0.451 : 0.0 1660
0.441 9.9 1673
0.377 73.3 . 1755
0.350 100.0 . 1789
c 0.430 . 0.0 - 11649
0.420 12.5 . 1659
0.360 87.5 1719
0.350 100.0 . 1729
D 0.410 ' 0.0 1683
0.404 13.9 1696
0.342 100.0 S 1774
0.342 100.0 1774
BeoPao0 0.419 _ 0.0 - 1703
- 0.413 . 7.9 1711
0.350 90.8 1787
0.343 100.0 1795
BeoRa0 0.430 - . 0.0 i673
 0.396 36.2 : 1725
 0.346 . 89.4 1801
0.336 100.0 1816

TABLE 4.8 - MEASURED AND EXTRAPOLATED VALUES OF COMPRESSIONAL WAVE
VELOCITY, POROSITY AND RELATIVE POROSITY FOR ALL THE SANDS

TESTED IN THE ARL TANK
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a D : AL SL A - SL

1 1
mm m volts das d8 @B

60.0 0.156  0.43 0.00 0.00 0.00
56.0 0.152 . 0.43 0.00 0.25  =0.25
51.0 0.147  0.46 0.5% 0.53 0.06
46.0 0.142  0.47 0.77 0.84  -0.07
41.5 0.137  0.48 0.96 1.13  -0.17
35.5 .0.132  0.52  1.65 1.49 0.16
31.5  0.127  0.55 2.14 1.79 0.35
26.5 0.122  0.60 2:.89 2,12 0.77-
20.5 0.116  0.68  3.98 2.55 1.43
14.5 0.110  0.76 4.95 3.04 1.91

TABLE 4.9 ~ AMPLITUDE MEASUREMENTS AND CONVERSION TO dB VALUES CORRE.CTED
’ - FOR SPREADING LOSS IN THE .SAND B60A4O

i

To obtain the attenuation coefficient (a) a linear plot of distance

(D) against amplitude minus spreading loss (Al - SL) was plotted;

Figure 4.13 shows this gréph for the sand B60A40' A straight line was
'fitted' to the experimental points using the least squares method; the

slope of this line being the attenuation coefficient, a dB m—l.

- The
spread of results in'Figure 4.13 ié not typical of the sands tested so-
the results from sand B6OD4O are also plotted (Figure 47141; In an
attempt to establish how the attenuation varies with changes in porosity,
the amplitude recorded when.thé sand was initially deposited has been |
uéed (this value wés nét recorded for the sands A and B). For the sand
B6OA4O this agplitude was 0.39 volts = 0.848 dB, dividing by the ‘set'
| distance (0.156m) produces an extré 5.4 ds m-l. Results for all the

éénds tested are presented in Table 4.10 and plotted against porosity

in . Figure 4.15.°
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FIGURE 4.13 Compressiona! Wave Amplitude vs Distance

for sand B60A40



FIGURE 4.14 Compressional Wave Amplitude vs Distance

for sand B60D40



FIGURE 4.15 Attenuation Coefficient vs Porosity for

the ARL sands



-SAND ATTENUATION CORRELATION  FRACTIONAL
’ COEFFICIENT COEFFICIENT . POROSITY

o dB m—l rz ' n
58.8 0.80 0.410
57.0 0.69 0.377
_ 27.7 - o 0.420
c 18.5 0.87 0.360
26.7 B - 0.404
D 18.9 : 0.75 0.342
24.5° , : 0.413
BeoPuo 23.5 0.95 0.350
47.0 ' 0.396

. .76 . ]

BgoPao 41.6 0.76 0.346

TABLE 4.10 - SUMMARY OF .ATTENUATION MEASUREMENTS FOR COMPRESSIONAL WAVES
AT 112 kHz. .

4.1.5 sShear wave data

As with the results from the compressional wave measurements, just
one set of raw data has been'presented for illustrative purposes . (sand

60 40) The computed results of all the sands have been summarlsed

With the shear wave transducers in place and the sand loosely
deposited in the tank, a series of time interval readings were made.

These shear wave time interval measurements were made as the sand's

. porosity was reduced in stages by vibration. Each stage was the same

as that used for the compressicnal wave readings. Procedures for
removing the support framework. and vibrating the sand have been described

previously.  The time interval recorded from the received shear wave

was longer than' the real time taken for the pulse onset; a consistently

recognisable feature had‘to be dsed (see Figure 4.7). Table 4.11 shows

the measured time intervals for shear waves in the sand B6OA4O
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‘different porosity stages. ’ ‘

FRACTIONAL POROSITY TIME INTERVAL

n , msec
a 0.396 . -~ 2.543
b - 2.389 Temperature 20.6°C
c - -2.187 Frequency 1600 Hz
- 1.979 '
e  0.3¢6  1.636

TABLE 4.11 - SHEAR WAVE TIME INTERVALS AT THE SET DISTANCE FOR SAND
AT DIFFERENT POROSITIES.

Pe0™40

As with the coﬁpressional wave measurements, only the first and last
porosiﬁy stages have numerical valueg but the regular behaviour (decreasing
time iﬁter&al) between each period of vibration once again indicated that
the vibration caused a steady reduction in porosity.

Unlike the compressiénal waves, which propagaﬁe through water, no

- simple reference for obtaining a shear wave velocity ratio is available.

Consequently, a series of timg interval measurements at varying transducer

distances had to be performed. These measurements were made, along the

length of the tank, after the vibration programme had been completed.

These results for the sand B6OA4O are shown in Table 4.12 and plotted
in Figure 4.16. Changes iﬁ distance between the two probes was controlled

by the slotted spacer which had slots machined at half-inch intervals.
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FIGURE 4.16 Distance vs Time Interval for shear waves

in sand B60A,O



RELATIVE TRANSDUCER TIME INTERVAL .

SEPARATION
d mm : t méec
77.8 1.724
27.0 1.100 Sand B oA,
39.7 . 1.267 |
52.4 1.387 ' Frequency 1600 Hz
65.1 © 1.685  vVelocity 69.8 ms ©
77.8 1.839 '

TABLE 4.12 -~ DISTANCE AND TiME MEASUREMENTS FOR SHEAR WAVES IN SAND

BsoPa0°

A straight line has been 'fitted' to the experimental points in
Figuré 4.16, the slope of which is the shear wave velocity (69.8 ms-l).
The‘scatﬁer in the reéults {which is greatér than with the compressional
wave measureménts).must be attributed to a greater amount of structural
disturbance in the sand as well as the shear wave Velocity beiné mére
sensitive to changes in pécking structure than the compressional wave

velocity. _.However, a '"good fit' is still obtained because of the care

taken during the vibration procedure. A time interval for the 'set!

distance (77.8 mm) is read from the straight line, in this case 1.8l msec.
This value provides a feference so that a velocity ratio is established
betweeﬁfthe two sets éf measuréﬁenﬁs (Tables 4.11 and 4.12). The
Qelocities at the two porosities 'a' and ;e' afe then calculated by

1

multiplying the velocity ratio by the known velocity (69.8 ms ). This

is more clearly illustrated-in Table 4.13.
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FRACTIONAL POROSITY VELOCITY RATIO SHEAR WAVE VELOCITY

n VR VR x 69.8 msnl
a 0.396 ©1.81 . 49.7
= 0.712
_ 2.543
e 0.346 1.81 77.2
- = 1.107
1.636

TABLE 4.13 -~ CALCULATION OF SHEAR WAVE VELOCITY FOR DIFFERENT POROSITIES

IN SAND B6OA4O'

Shear wave velocities have been qalcuiated'in a similar way at the

limiting porosities obtained by vibration in the tank. These values

. have been plotted against porosity in Figure 4.17 and linear extrapolations,
to the maximum and minimum porosities, are shown by the broken lines.
‘Table 4.14 summarises both the experimental and extrapolated shear wave

velocities for all the sands tested. In Figure 4.18 a linear plot of

shear wave velocity against relative porosity is shown for each -sand;

the broken line again'indicates the extrapolated regions.
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FIGURE 4.18 Shear Wave Velocity vs Relative Porosity

for the ARL sands



SAND POROSITY RELATIVE POROSITY VELOCITY

n : % A ms™ >

A 0.477 0.0 - 58.6
0.449 26.4 . 69.7

0.410 . 63.2 85.1

0.371 100.0 100.5

B 0.451 - 0.0 - 43.7
0.441 9.9 48.7

0.377 73.3 ©80.9

0.350 - 100.0 94.5

c 0.430 - 0.0 . 65.5
0.420 "12.5 71.3

0.360 - © 87.5 105.0

0.350 100.0  ~  110.5

p .  0.410 0.0 56.4
0.404 « 13.9 63.5

0.342 100.0 107.4

0.342 . 100.0 107.4

 B6OD4O 0.419 0.0 44.6
: 0.413 7.9 47.5
0.350 © 90.8 78.0

0.343 ©100.0 81.4

BP0 0.430 0.0 31.0
0.396 | 36.2 49.7

0.346 89.4 77.2

0.336  100.0 82.7

" TABLE 4.14 - MEASURED AND EXTRAPOLATED VALUES OF SHEAR WAVE VELOCITY,
POROSITY AND RELATIVE POROSITY FOR ALL THE SANDS TESTED

IN THE ARL TANK.
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4.2 Jackson's Porosity Cell

4.2;1 Introduction

The ARL experiments, while pro&iding an inﬁeresting initial data
base for the behaQiopr of shear waves in unconsolidated sands, had several
undesirable features.

(a) The ARL tank and vibration unit were not specifically designed for
the purpose for which they were used. Conseqﬁently, the vibration
modes established probably caused significant porosity &ariations
throughout the sample whichcould-explain some of the scatter in the
daﬁa., It also meant that the 'setting up® prsceduré was extremely
iaborious and not well controlled.

(v) As a consequence of (a), only the limiting porosities could be
ascertained.

(c) The shear waQe transducers were designed with imposed constraints
which were not rele&ant.to these experiments.. A flat radiating
surfscé for the acti&é face of the transducsrs was the primary |
irfele&ant sonstraint which was imposed. It has beeh shown that
this constraint, cqmpareq with later designs, must se&erely limit»
ths-shear strain energy transmitted to the sediment as well as
drastically redusing the sensiti§itv of the receiver.

(a). As a. result of (c) the iecei&ed shear wave signal is not as well
defined as it miéht be ‘and has an extremely low amplitude. Close
band pass filtering and isolation from the container provided an
acceptabie solution at the‘time that was,'howevér, neither elegaﬁt
nor convenient.

(e) ~ The number of sands tested was small.

Despite the practical difficulties of using the ARL Systems, the
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initial set of data was considered to be reliablg and valid but its

deocribedl. .
limitations Aayé.aﬁug@ beer , Developments in transducers designed specifically
for this application, together with the control and instrumentation of

Jackson's Porosity Cell; offered the opportunity of extending these

variable porosity tests on a wider range of sands.

4.2.2 Sediment description

In the porosity cell 19 artificial sediments were tested. All

were obtained from sieve fractions except sands L and N which were

naturally occurring beach deposits. Sands E, F, G, H, J, X, L, M and

N were nearly pure (>98%) quartz sands. Sands N80F20' N6OF4O' NSOFSO,

' » mixtures of sands N, F and K where the
N4OF6O' N20F8O and N20K80 were ' »

subscripts indicate the respective weight of the component sand in per
cent. Sands S1, S3.5 and S4 consist of commercially available solid .

glass spheres taken from 1¢, 3.5¢ and 4¢ sieves. -The final sample

.consists of sieved, crushed shell. fragments (-1—0¢). Cumulative grain
size'distributiohs for ail these samples are plotted in Figures 4.19

and 4.26. In Tablé'4.15'the'statistical grain size parameters defined
previously are gi&en. ‘

Grain shape was estimated using a binocular microscope from a sample
of 100 grains for each of the pri$ary samples (i.e. excluding the composiﬁe
sands) . The roundness distributions for these samples are plotted in
Figure'4.2l. Since a larger number of samples was used in thesé tests
thén comparedJ;ith the ARL fank_(6), the roundess is plotted on a linear
basis using the roundess scale of Powers 1953.A This enables small
differenées in mean roundness (RSO) to be' distinguished by aséigning

- a roundness value to each sand. - These values are shown in Table 4.15.

Unlike the ARL sands there is a large variation in. the sphericity
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of ﬁﬁese samples. While most of the’samples would be described as
roughly equidimensional or nearly ‘spherical thé‘glass spheres (S1, 53.5
ané S4) weré almost completely spherical whereas the shell fragments
consisted of a variety of shapes of %ery low‘sphericities. In fact,
most of the shell fragments would bé best described as 'plate-like’.
.Unlike the ARL procedures, separate. techniques were not required to
measure the seismic velocities and to ascertain max;mum and minimum ’
porosities. for each sample. Thé porositv cell ;nd vibration table
allows the maximum porosity to.be determined at the beginning of each
test (by very slow deposifion in water) and the ﬁipimum porosity to be
determined at the end of each test (by thg vibration procedure). The

maximum and minimum porosities for each sample and their differences

are summarised in Table 4.18.
D, S sk K
S.AND N L Sk o
-0.375  -0.077  0.000 0.857
0.375 -0.077  0.000 0.857
'1.625 -0.077  0.000 0.857
H 2.125 -0.077  0.000 0.857

2.875 —0.077 * 0.000 0.857

o

0]

J
K -0.588 -0.225  0.078 0.978
L 0.797 -0.386 -0.177 0.906
, M 1.202 -0.255 -0.162  0.922
N 2.552 ~-0.238  0.125 1.071
s1 ~0.875 -0.077  0.000  0.857
$3.5 - 3.375 -0.077  0.000 0.857
T a4 3.875 -0.077  0.000 0.857
Mg F,,  1.887 -0.980  0.758  2.164
NooFuo 1782 -=0.993  0.638  0.473
N Fe, 1.390 -0.983 -0.360 0.421
©NyFg, 1.118 -0.969  -0.882 - 0.541
N, Fg, 1.012 -0.893 -0.904 7.260
N,Kgy ~ 0-357 -1.344 -0.791 3.342

. SH

TABLE 4.15 - STATISTICAL MEASURES FROM THE GRAIN SIZE ANALYSES FOR THE
SANDS TESTED -IN THE POROSITY CELL.
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A

SAND R n n_. n n .
50 max min max min

0.56 0.452 0.344 0.108

0.46 - 0.448  0.350 0.098

0.28 0.473 0.379  0.094

H 0.33 0.478 0.386 0.092

J . 0.25 0.481 0.399 0.082

K 0.47 0.444 0.337 0.107

L 0.48 0.446 0.344 0.102

M 0.41 0.443  0.336 0.107

N 0.28 0.466° 0.370 0.096

SL 0.95 0,362 0.311 0.051
S3.5  0.95 0.380 0.308 0.072
s4 0.95 0.407 0.326 0.081
NgoFo, 0.3l 0.425 0.356  0.069
NooFao ©0-35 0.394  0.307 0.087
NgoFoo 0-37  0.387  0.303. 0.084
NyoFgo 0+38  0.390  0.289 0.101
N, Fg, 0-42 0.411 0.306  0.105
N,Kg, 0-43 0.395 0.261 0.134
SH  0.08 0.709 0.592 . 0.117

MEAN ROUNDNESS VALUES AND MAXTMUM AND MINIMUM POROSITIES FOR

TABLE 4.1g -
' THE POROSITY CELL SAMPLES.

4.2.3 Experimental pfocedures

Before the samples were tested the porosity cell graduation marks
were calibrated. This was échieQed by pouring one litre of distiiled
| water into théﬁéeli Qith the acoustic transducers in their final position.
A reading of 1024 meant that all leume measurements had to have 24 sub-
tracted to obtain a true value. |

Calibration of the compressional wave transducers (from a distance-time

plot in water) showed that a 1.75usec delay occurs from all sources (this

-116~



‘includes both the effect of the quarter—wavelength epoxy resin facing
on‘the transducers and any electronic delays in the system) . The éet
disténces used for the acoustic measurements were.just less than the
interﬁal dimension of thevcell (76.1 mm). For the compressional waves
this was 65.6 mm and for the shear.wa§es 49.6 mm (shorﬁer dué to the
protrusion of the shear wave elements.

Prior to testing, a known drv weight of eacb sand was fully éaturated
in slightly salted tap water which was left overniqht to equilibriate to

room température. The cell was filled with this water and the voltage

drop aéross bbth sets of electrodes and the compressional wave time
inter&al recorded.

The cell was filled with the sand using a slow underwater deposition
techniqgue. A ruﬁber bung was fitted to the top of‘the cell through

which passes a large polythene funnel and a return pipe with an adjustable

flow valve. Saturated sand was transferred underwater to the funnel
using a smail beaker. '-Depositién rate was controlled using the valve
on tﬁé retufn pipe such that a slow steady 'rainfall' occurred without
any turbulence. All the known weight of sand was deposited in this way
taking care not to prodﬁce any accidental knocks ér Vibraﬁions which
wéuld cause the high porosity.structure to settle.

Time inter&als for both the compressional and shear wave pulses
were recorded directly from the oscilloscope to accuracies of 0.1 and

1 usec respectively. . Voltage differences across both sets of electrodes

were recorded to accuracies of 1 mV and the volume of saturated sand

recorded. to the nearest 1 cm®.. Temperature was recorded to the nearest

0.1°cC. .

The porosity of the sand structure was reduced in stages using the

variable amplitude vibrating table. Initially only minimum amplitudes
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for short time periods (<5 sec) were needed to create porosity changes of
£ 0.01. As the porosity aecreased progressivel§ larger amplitudes and
time periods were required for similar poroSity changes.  The minimum
porosity was found to be obtained by a_long period ‘10 minutes) of
intermittent maximum amplitude vibrations followed by a slow reduction
in amplitude for a period of about five minutes. This fechnique is
similar to thet found necessary for the ARL tank. After each vibration
srage'the temperature, voltage, time delays and volume reading were
recorded.

Following the first set of data (Run li the cell was unclamped

from the vibrating table and inverted allowing the sand to settle in the

porosity cell's graduation column. Subsequent’ reinversion produced a

very rapidly deposited structure that, in general, had a higher porosity
than the slow deoosition technique. "After the cell was-reelamped to
‘the vibrating tabie the measurement sequence was repeated. This inﬁeréion
wae repeated twice for each sample (Runs 2 and 3). Although the fast
dépoeition technique normally-produced slightly higher initial porosities
the final porosities were generally lower, after maximum vibration, for

the slow deposition technique employed for the first set of data.

Maximum and minimum porosities shown in Table 4.15 are taken from whichever

technique provided the highest or lowest porosity.

N

‘As part of the ongoing programme to investigate the performance of

»

the shear.wave transducers and their self-monitoring elements, the transient

recorder was used interfaced to the desk-top computer to analyse the

frequency response characteristics.

4.2.4 Results

. Data obtained from the nineteen sediment samples tested, following the
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experimeﬁtal procedure described in the previous‘section, is presented in
the following manner. Raw data for a.typical éxamble is presented with
suitable graphical illustrations. Pertinent points typical of all of
the data‘is discussed using this data set but, where significant
variétions occur for other saﬁples, these are presented and also discussed.
The whole daté‘sét is summarised with suitable tables and graphs which'will
be examined in more detail .in the following'discussion section.

Sediment sample M is uéed to illustrate the raw data collected.
It is chosen, not because it exhibits any ﬁnique feaﬁures, but because
it repfesents-the 'middle-of-the-range" in terms of size and shape

distributions and has features typical of most of the other sediments

»

tested.

o,

Data for sample M is shown in Table 4.]F.

where T‘ = temperature
Vol. = volume reading from the graduations on the cell
tp = measured t;ansit-time for the compressional wave pulse
.ts = measured transit time for the shear wa&é pulse.
An. = pbrosity

(Vol - 24) - w/p_

= Vol - 24
W - = weight of dry sediment used in test
/Qm = density of sediment minerals
ng = cémpressional wave velocity corrected to 20°C
65600 L
. Vp = tp —1.5% + 2.9(20-17)
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19.4
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19.14
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19.1

T 19.1
19.3
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19.4
13.5
19.5
19.7
13,7

Vel.

1238
1238
1235
1250
1220
1210
1200
1189
1180
1170
1160
1150
1140
1130

14118

1110
1100

“10%0

1080
1068
1058
1051
1051
1051

1248
1240
1220
1200
1480
1160

- 1140
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1100
1073
1063

1062 -
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4254
1230
1210
1190
1169
1149
1130
1110
1026
1370

t t
Asec Jutsiiiel
46,3 e
40,7 1.027
40,7 1,085
40,7 1.017
40,6  0.958
0.6  0.870
40.5 *0.832
L0.5 0.821
40.4  0.768
40.3 0.737
40,2 0.717
40.+  0.69
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39.7  0.64L
39,5 . 0.640
39.3  0.610
39,2 0.608
39,0 0.612
38,9 0.595
38,7 0.577
38,5 0.545
33,5 0.545
38,3  0.522
38,3  0.537
38,3 0.519
40.8 . 0.933
L0.7 0.963
40.6 - 0.895
40.5 0,755
40.3 0.646
40,0 O 580
39.9  0.690
39,6 0,642
39.3 * 0.607
38,8 0.582
38.5 0.530
38,5 0.566
40,9. .1.004
40.9. 0.936
4,0.8 0.953
40.7  0.888
4O.  0.827
40,2 0.752
39.9  0.679
39.6 0.633
39,4 0.524
39.0  0.597
35,7 . 0,573

porosity cell.

0.438
0.438
0.L37
0.434
0,430
0.425
0.420
0414
0.410
0. 1;0-5
0.395
0,35,
0.389
0.383
0.376
0.372
0.365
0.360
0.354
0.345
0.340
0.336

0.336

0.336

0.443
0.439
0.430
0.420
0.410
0.399
0.389
0.377
0.356
0.350
0.343
0.343

0,441
0.439
0434
0.425
0.415
0.504
0.3%4
0.333
0.372
0.353
0,363
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-V

P

o/s

1479

1691
1688

1688
1693
1693
1657
1697
17014
1706
1710
1715

472y

1733
1742

1751

1755
1765
1770
1779

4789

179

1799 -

1799
1799

1683
1688
1692
1696
1705
1718

1722

1736
1750
1775
1787

11787

1678
1678
1683

1687

1699
1708
1721

4735 -
L AT
1762
1775

5

n/s

-

45
46
49
52
57
60
60
65
67
69

-

7%
77
78
81
82
81
83
86
9
91
95
92

53
51

‘55

66

77
86

72

77

82

85

88

49

1,000

3.283
3.332
3.342
3.356
3.393
3.435
3.482
3.556
3.612

3,687

3,765
3.860

'3.939

4.023
4.149
4,229
4,332
4.130
4.529
4,603
k.71
4,725
4,720

-~ 4,720

3,302
3.320

3.405

3.512
3.615
3.756
3.921
%.105
£.303

4577

4,706
L.

3.302

'3.307

3.35%
3.439
3.584
3.740
3.502
4.083

© 4255

4436

"4.635

-
)

by

2

1.000
3,293
3.349

" 3.359

.985

RUI 1

4.038

L7

C 4,276

4.382
5.481
4.593

" L.,706

4,753
4751
L.75%

3.385
3.406
3.4
3.592

3.692

3.814

3.990°

4175
L.371
L.622
4.73%

RUN 2

NN

3.396

3.400
305
3.540
3.638
3.838

- 3.99%

k157
4.330

4.553

4.632

RUN 3.

TABLE 4.17 Typical -example {sand M) of data obtained from the
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s shear wave velocity
v = 49.6
s t
s
FFS = formation factor using small electrodes
FF = formation factor using large electrodes

1

These values of formation factor are corrected.to 20°C and were

- provided by P. Jackson.
The three vibration proceaures are designated RUN 1, 2 and 3. In

RUN 1 the first set of readings is for the water which was added prior to

. the sediment.
- Data for sample M given in Table 4.1% is shown graphically in the
- following figures: Vp versus n in Figure 4.22,-Vs versus n in Figure

1 versus n for RUN 1 in Figure 4.24 and FFS and FFl

versus n for RUN 2 and 3 in Figure 4.25. Vp versus n (Figure 4.22)

4.23, FFS and FF

illustraﬁeslfhat theAscétter can be as.mﬁch as 15 m/s at a given porosity

Oor n can ﬁary by up to 0.1 at a gi&en Qelocity. These values are Well
outside the expected experimental érrqfs (Vp + 3.8m/s and n + 0.00l)L.

Vs versus n (Figure 4.23) while again illustrating a definite trend has
scattetAlargef than that expected from experimenta;'errors (Vs t 2.5 - 10 m/s).
The potential problem with the po?osity cell is that porosity inhomogeneities
may exist throughout the sand boay. The réésoﬁ for the two sets of |
resistivity electrodes was_éo ascertaiﬁ whether any consistent differences
between the ééntral éart of the cell (using FFS) and the whole of the

base section (using FFl) could be.detected. In Figure 4.24 it can be

seen that while at the start and finish of RUN 1 FFs and FFl are the same

they diverge during the middle of the vibration procedure indicating
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FIGURE 4.22 Compressional Wave Velocity vs Porosity for sand M



FIGURE 4.23 Shear Wave Velocity vs Porosity for sand

M
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higher porosities in the middle of the cell than round the outside. It
~can be estimated that this difference in porosity ie‘only 0.00é at a
maximem during RUN 1 but for RUN 2 and 3 may increase to 0.008. It

can also be seen that FF tor RUN 2 and 3 is generally higher (especially
FFl) than during RUN 1. Figﬁres 4.26 and 4.27 show plots of FF_
against Vv_ and Vs respectively. illustrating that using FFs rather than n
does not significantly reduce the amount of'scattér. It must be
assumed, thetefore; that moet of the differences in Vp and Vs at any
giten perosity are real. For the pur?osee of this study the differences
in the porosity obtained directly from the volume reading and from a
celibration procedure, using the eleetrical resistivity formation factor,
FF are too small to be of any significance. Hence the porosity wvalues
used for all the data is that obtained directly from the volume readings.

Plots of.V and Vs versus n, for all the sediments tested, are
b

used to summarise.the complete data set in Figures 4.28, 4.29, 4.30,
‘amd minimum

4.31, 4.32 and 4.33. Table 4.18 summarises the max1mu?Avalues of n,

V_and V';
s . P
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FIGURE 4.28 Vp & Vs ys Porosity for sands E, F and G



FIGURE 4.29 Vp & Vg vs Porosity for sands H,J and K



FIGURE 4.30 Vp & Vs vs Porosity for sands L, M and N



FS5GURE 4.31 Vp&Vs vs Porosity for sands NN, f40FD and N5



FIGURE 4.32 Vp & Vs vs Porosity for sands NB0HEO, ngoro and NAKE)
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SAND
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n
[

3.5
s4

80
60
50

20
40
50
40760
20" 80

2080
SH

N o mo o m m Ry

n
max

0.452
0.448
0.473

0.478

0.481
0.444
0.446
0.443
0.466
0.362
0.380

0.407
0.425 .

0.394
0.387
0.390
0.411

0.395

0.709

porosity cell.

min

0.344

©0.350
0.379-

0.386
0.399
0.:337
0.344

- 0.336

0.370
0.311
0.308
0.326

0.356 -

0.307
0.303
0.289
0.306
0.261
0.592

n -1

max - min

0.108
0.098
0.094
0.092
0.082
0.107
0.102
0.107
0.096
0.051
0.072
0.081

' 0.069
0.087
0.084

0.101
0.105
0.134
0.117

A%
pmax

n/s

1749

1713

1757
1724
1700
1681
1766
1799
1734
1659
1703
1657
1797
1836
1806
1857
1839
1726

. 1527

v__ .
pmin

m/s

1606
1601
1649
1633
1629

1500 .

1659
1678
1644
1618

1640
1580

1722
1721
1692
1716
1662
1573
1422

v .
. pmax

v ..
pain

m/s

143
112
108
o1
71
181
107
121
90

41

63
77
75

115

. 114
141

177

153
105

v_ .
smin

Ysmax Vsmin Vsmax -
m/s m/s _ m/s
120 57 63
105 55 50
90 44 46

93 44 49
g4 . 42 : 42
116 68 48
149 58 o
. 95 45 49
82 36 . 46
45- . 21 24
60 24 36
40 17 23
78 38 40
87 38 49
76 37 39
83 . 395 44
87 44 43
86 39 47
127 S0 77

. TABLE 4.18 Suﬁmary of porosity and elastic wave velocity measurements for the sands tested in the



- 4,3  Discussion

4.3.1 Porosity measurements

" TﬁeAevaluation of'porosity, and consequently bulk density; in
these expériments is central to the Fheme of 'packing structure’. It
is necessary, therefore, to briefly discuss the techniques used for
measuring porosity in both sets of experiments before the-wéve velocities
are considered. In the ARL tank only the-initial'and end porosities could
be calculated whereas in the porosity cell a totél volgme ;éading provided
a continuous measurement of a&erage porosity. It cannot be assumed,
however, that in either sets of experimeﬁts the porosity is uniform through-
out the whole sample. In the ARL tank there wés no way of investigating
possible porosity irregularities but the resistivity electrodes in Jackson's
_poroéity cell did allow some estimate of pérosity variations to be made.
In Figure 4.34 the diffexence‘in formation factor (FF small electrodes -
FF large electrodeé) is plotted Qersus porosity, n, for the sand M. On
run 1 fhe graph illustrates that while at the beginning of the test the
lower . » :
porosity isAin'the_centre of the cell, the vibration procedure causes it
to become higher and theh lower again at‘thé end of the teét. For runs
2 and 3 the porosity'in the centre is alwéy34léwer than. the a&erage
‘ porosity but the difference generally decreases as the test proceeds,
finally reaching a similarly low Qalue as for run 1. This effect can also
be seen in Figures 4.24 and 4.25, although not as clearly. These figures
indicate that the maximum difference in porosity across the central part of
the cell comparéd to the whole cell is gi&en by a difference in formation
fécﬁor of apptoximatelyto.lé{: The corresponding change in porosity is
E apprbximately 0.015,

It is clear from the above discussion that the two types of deposition
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used in the porosity cell, tha£ used for run 1 and that used for funs 2

and 3, cause measurable differences in_packing sfructure. 'However, these
differences are only small when compared with much of the scatter found in
the velocity measurements. it should be stressed that while the magnitude
of the porosity‘variations in.the illustrated sand, M, is typical of all
ﬁhe sands, the character of the graphs changes from one sand to another.
Therefore, it must be conciuded that'sedimeht characteristics, the type

of sedimentation procedure, the design of the cell and the vibration

. parameters, all contribute to the small packing irregulérities observed.

4.3.2 Compressional wave measurements

Before examiningvthé overall trénds of compressionél wave data in
detail the accuracy of the measuréments will be examined. 'In both systems
the &elocity measurement in the sand is calculated from the tra§el time of
a pulse affer a calibrafidn ﬁrocedure in water. Time intervals in the
ARL system were accurate to % 0.25 psec and b.l -sec in the porosity
cell. It is not easy to estimate the accuracy of the set distance
measurement but if * 0.5 mm ié taken to be the worst possible case then

the overall accuracy. for the two systems are:

time interval transducer separation
: 0.25 - 0.5
+ : = %+ 5 + = = ’
.ARL tank * GE X 100 * 0.263 150 ¥ 100 * 0.333%.
- = + 4.5 m/s =% 5.7 m/s
0.1 B 0.5 |
porosity cell % 5 X 100 = + 0.222% + % X 100 = + 0.769%
=+3.8m/s . =+ 13.1 m/s
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The errors caused by the timing inaccuracies are random
whereas fhe transducer separation errorvmm;systematic fer a given teet
because the transducer position was unaltered. A glance through the
Vp versgs n plots for the porosity cell (Figures 4.28-4.33) shows that
the actual random error for aey giﬁen run is usually well within the
calculated * 3.8 m/s. The systematic error of * 13.1 m/s is not revealed
by the expefimentalvresultsi ﬂoweverv-thie.systematic error, caused by
the transducer separafion, will be constant for all the porosity cell
samples.

Aﬁother potential source of systematic errof could occur by not
identifying the correct onset of the received signal. In tﬁis case the
timing would be in error by .g where F is the resonant frequency of the
traﬁsducer N is aﬂy integer. For fhe ARL system F = 112 kHz and for

the porosity cell F = 250 kHz. Therefore, if N = 1 the minimum error

from this'céuse would be: 

1 % error : velocity error-
B
ARL tank - Sus E~§§ x 100 = 9.5% = 161 m/s
porosity cell dus E_%g x 100 = 8.9% = 151 m/s

This type of error is much too large to account for the differences
observed in different test runs for the same sand in the porosity cell.
The largeet difference observed between different runs is for sand

NooFa0

similar porositieé. It must be concluded, therefore, that the differences

and for SHELL where differences of up to 70 m/sec were observed at

observed in V_ during different runs must be real and are attributed to
subtle changes in the packing structure. TWo sands, K and NZOKSO exhibited

a very poor received waveform end it is thought possible that this data

may be suspect and that the onset ﬁay be in error by %u If this was the
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case thén Vp for these sands should be increased by‘approximately 150 m/s.

Compressional wave velocity is frequently plofted against porosity,
for example, Figure 4.35 (after Akal, 1972) illustrates the scatter from
in-situ ﬁeasurements. .Assuming that the data is accurate, then the variation
in sound speed (typically at ieast 150 ﬁ/s) must be attributed to inherent
grain characteristics. Figure 4.11 summarises the laboratory data for
the ARL tank and Figure 4.3§ summarises the'data for the porosity ceil
apart from the tests on the shell fragments (see Figure 4.33). These
plots are, of course, slightly-different from Figure 4.35 in that they
show the variation in Vp when the sand structure is changed from very
loose to very compact rather -than individual points for a larée‘number
of sands. In the case of the ARL results the linear extrapolations to
maximum and minimum porosities is intendea to show the likely extent of .
velocity variétions héd the system been capable of producing the complete
porosity fange.

It is readily apparent from Fiéufe 4.36 that the data from sand K
and NéOKBO locoks suspect as discussed earlier invthis section and is not
_included in.the following discussion. Apart from these sands, £he shell
and the glass spheres (S1, S3.4 and S4) the data lies in a relatively
narrow band within the range of publishedyﬁalues. .Of primary interest
in this investigation was the-range of velocities-exhibited by saturated
sand-size sediments over their complete range oﬁ packing structures.
V'max_- V_min varies from 71 m/s for sand J to l77lm/s for sand NZOFBO_
with an average value of 114 m/s taken from Tables 4.8 and 4.19, excluding
SH, Kr NyKgo: S1, 3.5 and S4. v max - v min for sH was 105m/s and -
the average for the glass ballotini (S1,.83.5 and S4) was 60 m/s.

The Va;iation in Vp w;th h_for the 25‘samples investigated in this

study are in broad agreement with the data on four samples cbtained by
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Simpkin(1974) using a similar experimental procedure. Simpkin (1974) élso

notes that the gfadient AVp tends to increase as n decreases. This is a
An . . .
common feature of all the sediments tested in the porosity cell. Also

repérted are variations in Vé for different runs of the same sediment of
up to * 15 m/s which is Qery similar to the data presented here. He also
concludes that theée differences cannot be accounted for by experimental
‘error and must be caused by Variations in packing caused by both random
elements and slight changes in the.deposition and ﬁibration programmes

of each run.

Aﬁ examination of the relationship between Vp and the relative
porosify reveals that the bahd of results is as wide as when h is used.
.Therefore, althougﬁ rélati&e porosity is an important parameter fo;
describing the stéte of a sand‘structure it does not contribute to an
undérstanding of the &ariation of Vp with' n. It is in#eresting to note
here the problems of aeterminiﬁg relative porosity with accuracy. Caution
should alwa&s prevail when using relati?e porosity as a structural
.paraméter becauée of the large errors than can result from its détermination

(Ta&enas et al., 1973). Porosity by itself can be a'difficult parameter
-to ascertain with confidénce (especially in saturated sands in situ). A
»sﬁalllerror‘in the determination of maximum porosity, minimum borosity
and actual porosity can accumﬁlate'a iarge error when the relative porosity
isvdetermined (equation 2.29). Table 4./9 illustrates this point with a
simple example. Real and measured values of n, noax and nmiﬁ v;fy by
only * 0.0l,'hbweVer, the ;omputed §alués ofvrelatiQe-porosity (nr) differ

by + 20%.
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REAL MEASURED MEASURED
VALUE °~ VALUE (1) ,VALUE (2}

n 0.41 0.40 0.42
n- - 0.46 0.47 -0.45
max

n_, 0.36 0.37 0.35
min .

n_% 50 70 30

TABLE 4. 19 - EXAMPLE OF HOW ERRORS IN POROSITY MEASUREMENTS_INFLUENCE

THE CALCULATED RELATIVE POROSITY

Despite the narrow band within which the resulfs lie, an attempt
has been made to investigate whether the inherent grain characteristics
can account for the differences that exist between each sand. Figure 4.37
is a plot of compressional wa§e Qelocity against mean graio size (DM).
Not only is the range of velocities for each.sand clearly illustrated
but the velocity at a common poroeity (37.5%) is shown (read from Figures
4.11 and 4.36. Where the saﬁd did not pass tﬁrough this porosity.an
extrapolated value has been plotted. Published data coilected in situ
undoubtedly shows that a scattered correlation exists between mean grain
size and 'sound.velocity over the whole spectrum of marine sediments
(e.g. Taylor Smith, 1974, p. 43, Fig. 1). The scetter is particularly
apparent.in sizes above b.l mm (i.e. .in the sand range). . Although,
theoretically, grain size has no influence on the porosity of a non-cohesive
granular material, in natural sands smaller grain sizes generally exhibit
higher porosieies ehan lerger grain sizes (see Fiéure‘4.38). As the
sand Slze decreases, friction, adhesion and structural brldglng become
1mportant because of the 1ncrea31ng ratlo of surface area to volume.
This, together ‘with more variation in grain shape as the size decreases,

leads to higher porosities. Coarser sediments, when naturally deposited,
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FIGURE 4.37 Compressional Wave Velocity vs Mean Grain Size for all the sands tested



L I E E B R R B S A

" MEAN GRAIN DIAMETER(¢)

3 }-'e’li"-'. R o X Aﬁbf*'*' S I R :
T
| Sy 0. . o-HAMLTON
+ S e - swTH

3 . 4 50 6 - 70 " 80
' : ' = P.dROSITY-PERCENT : :

FIGURE 4.38 Mean Grain Diameter vs Porosity
{after Anderson, 1974 ]

R i e e



will, therefore, have higher sdund speeds purely as a function of porosity.
It has not concluéively been determined if grain size along influences
sound spéed.

In Figure 4.37 there is no obvious correlation between DM and Vp.
However, apart from S4 and 53:5 (and ignoring K and N20K8O) there is a
definite trend of increasing Vb as the grain size decreases.

A. better correlation egists between thé mean roundness R50 (obtained
from Figures 4.2 and Table 4.18) and V? as shown in Figure 4.39. This
shows a definite increase in Vp‘With incre;sing angula;ityf The tentative
trend éeen invFigure 4.37 can, therefore, be accounted for by the fact
that, apart from the small glass épheres S4 and S3.4, the angularity of
the grains generally increaseé as the grain size decreases. On this
evidgnée it is concluded that Vp is unaffected by grain size alone but
does seem to 5e affected by the grain_shape. A lipear regression
analysis on this data produces the equation Vé = -l99.5R50 +1814.4.

On the basis of the above arguments a complex situation exists
where fhe iﬁ—situ Vp increaseé with increasing grain size as a result
of lower pofosities buﬁ at constant porosity VP increasgs wiﬁh déé;easing
grain size és a result of increasing angularity. 'Vp increases with
increasing angularityvas a result of the ihcreasing rigidity component %?

in the equation 2.4..

-

which is obtained from the shear wave velocity, Vs.

The other sorting characteristics showed no correlation with the

.

compressional wave velocity.
Attenuation measurements were made concurrently with those of velocity

in the ARL tank and this data is summarised in Figure 4.15. Clearly there
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FIGURE 4.39 Compressional Wave Velocity vs Mean Grain Roundness



is a noticeable effeét caused by a chénge in porosity for a given sand.

Up to 10 dB m—l has béen recorded for a change in porosity from a méximum
to ; minimum (i.e. 2 1 8B m_l for a 1% change in porosity). It is
evident that the variation in attenuation coéfficients for the different
sands is several times greater than the changes caused by porosity.

Figure 4.40 shows a plot of attenuation coefficient against mean g?ain
size at a common porosity (= 37.5%). Figure 4.41 summarises most of the>
published attenuation data in pure_sand. Resul£s from this study ét

112 kHz lie within these publi;hed values. However, an increase in
attenuation with incieasing mean grain size is féund.déreeing with the
data of Busby and Richardson (1957) but disagreeing with the data‘of
HamptOn (1967) and Nolle.(1963). In-situ data of Hamilton;and Taylor
Smith have been cdmbined.by Andefson,-A. (1974) (Figure 4.42) showing

a ma*imum attenuation in fine sand size sediments. This data, especially
in the sand rénge, is very écattered. No useful concluéions can be |
made_froﬁ thg few resuits obtained, only the inconsistencies in attenuation

values with mean grain size from different sources, are worth noting.

-t

" 4.3.3 Shear wave data

The 'accuracy of the shear wave Qelbcity.is difficult to estimate
with any degree'of certainty but a worse case will be considered.
Calibration procedures in a largé tank of dry sand of the cantilever
mounted shear wave eleménts.psed in the porosity cell clearly demonstrated
that by identiéying the onset and using the distaﬁce between the outer
edges of the element a straight line, distaﬁce versus time graph, is
obtained thch passes through the origin.’” The distance between the
transducers remained constant throughout the teét and hence a systématic

error of é%i% x 100 = 1% is the largest that could occur. This would

-131~



ttntnittttiffig

Vi
o e frequency = 112 KHz
60
0.
ot SEE THP .
50-
Il i 53E
mm .« ., "V
°§S S a Sfaaaa
"ToA0
iSiiiHr: rnfc! Eiffl
Fa gt
W o
m, iS hi S M xrpr-t
H-': 30 S is irz is
u_--.
oJE HE
o =
sas M
ezt~ j g*— *w A
0 0
HEE 20 E3E
UH
iUJ M MSxMA -
Stefi; o B ik
- wk C HE
sy . IIIO,, :D: ngP
10 .
se B-mg gywy, o
_ M M M
Sa r:\-
POROSITY — 37'5 %
-t
- r -r T
-1 0 Sii 1 2 3
4 i:e MEAN GRAIN7 SIZE :'$

FIGURE 4.40

vs Mean

Compréssional

Grain Size for the

Wave Attenuation Coefficient

ARL sands



P T T T T B N T T T TT7
! 1000~ /
n : : /9
] - eemeema BUSBY AND RICHARDSON, 1957 L2¢/s
‘ B MBS BOUNDS OF SHUMWAY A
: - - DATA, 1960 : . /’ -
| . L] 14¢ / .
. . ‘ , O 264} HAMPTON, 1967 o
' _— . X 3080 - -
_ ' - NOLLE, 1963 2.5¢_
- & 135 , McLEROY AND DeLOACH, 1968 A
i - LT . HAMILTON, 1972 , 1 3¢,
b . B . S A THOMPSON REPORTED BY GLASS SPHERES\ ﬁ’
’ o cet O  MUIR AND ADAIR J MUIR, 1972 I/
: ’/
= I this study 8~ 3
~ - -~ . kR -1
B : : ) . .
i) - . .
5 a -
& o 26 ¢
: - . 3 —
2 .
.z . .-
D=2 " S o 15¢ 7]
’ -~ R a’ -
10 =
I o -
i ‘
RS TS RV T T A S I B I EEL S S S R A 1 L1 1y rags
; - T . 100 - .1000
| : ;

<

 FREQUENCY - kHz

FIGURE 4.41 Compressional Wave Attenuation vs Frequency.

for sands [after Anderson 1974 ]



10 x ] 1 T T ! l T 1
o 09 - . 0—O0 E.L.HAMILTON -
i - +==+ D.T. SMITH
I S N a = K't dB/m

x - this study

: \ S

- N

i : \\_-

. O \ oL

- N

: N

i RO
\ (o]
-\

ol -

4 5 6 7 8 9
MEAN GRAIN SIZE - ¢ o '

!
©

PR S
w

- FIGURE 4.42' Mean Grain Size vs Compressional Wave
Attenuation Constant K’
{after Anderson, 1974 |



result in a * 0.2 m/s error when VS'= 20 m/s or % 1:4 m/s when'Vs = 140 m/s.

Timing erfors constitute the main source of random error and while
the time iﬁtervals were meaeured to lusec the more likely accuracy is
enly + 50 pusec. This produces errors ranging from * 10% or * 10 m/s
when Vs = 100 m/s to + 5% or £'2.5 m/s when Vs = 50 m/s. These values
are consistent with much of the random scatter of data in Figures 4.28
“to 4.33. It does not, however, explain ali the differences between the
different runs for each sand tested. |

Figures 4.17 and 4.43 summarise tﬁe V; ﬁersus n data for the ARL
tank aﬁd the porosity cell respectively. Linear plets are drawn in
Figure 4.17 because of the sparse data and the broken lines shown are
extrapolations to maximum and minimum porosities. ‘it is clear from
Figure 4.43 that the trends are not linear but have a slightly increasing
gradient with.increasing porosity for most of the samples. Velocities
“measured range from 17 m/e £o 149 m/s and the ranges of §elocity for
each sample vary from‘23 m/s to 91 m/s with an a&erage of 48 m/s.

éhear Qaves in marine sediments ha§e been studied much less ﬁﬁlﬂ
have-compfessionai‘waves, despite their potential value, beeause.of the
difficulties of propagating such a stress wa&e. Hamilton (1975)
feviewedwhat little information existedon saturated marine sediments.
Results from Cunny and Fry (1973) form the bulk of the sand data used.
Velociﬁies varied from 53 m/s to 287 m/s in the depth range 0.1lm to 7.2m.
Higher values, up to 567 m/e , are repo;ted in Hamilton's review,
' but near-surface velocities (less than 0.5m) only vary between 53 m/s
and 140 m/sT . Effeetive pressure, from err—burden, is a critical factor
causing large.increases in‘shear wa§e’§e%ocity. The?efore, only the

. near-surface data can be compared with the results of this study.

The overall results from this present study are in general agreement
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with those of Cunnj and Fry (1973); Values lower tﬁan 53 m/s are
attributed to very loose packing‘structﬁres which are unlikely to exist
in-situ and artificial sediments (glass spheres).

Shear wave velocity'is plottea versus the mean grain size in Figure
4.44 with values at a common porosity (n = 0.375) shown for comparison.
There is clearly‘no obvious correlation between Vs and DM even at a
constant pprosity. Figure 4.45 plots VS at theAO.375 porosity level
: versusbthe mean roundness RSO' The extrapolation of the shell sample
to this porosity is not a realbattempt to predic; the velocity at a
porosity of 0.375 but to illustrate the trend of incréasihg velpcity with
increasing angularity. Using all.fhe péints on the graph the following
‘equation wés found by a linear regression analysis

VS.=--90.5R50 + 114.8

Apart from the samples SH, L, S84, S3.5 and S1, another group stands
out for  special mention. The Qroup labelled 'mixtures' contains ail
the samples composed of'two sand tYpes. " .They form a closely grouped
set bélow thé main body of data;. "The remaining sands o&er the Small

range of R_. from 0.22 to 0.56 show no obvious correlation with Vs'

50
Sand L has a high value of Vs which may be attributed to the lérge sorting

coefficient.  However, sand B has an even larger sorting coefficient

and doés not have an abnormally high value of Vs.' There is in géneral

no coxrelations betweeq any of the sorting characteristics measured and Vs.
The group of sands labelled 'mixtures' are artificial distributions

composed of fwo other sands. '~ It is readily appgrent that‘these

'mixtures’ exhibitvlower sﬁear wave velocities and hence a lower elastic

shear modulus. In a non-cohesive sand this shear modﬁlus results from

frictiénal forcés at grain contacts and fromvgeometrical 'interlocking'

of grains. It is no surprise, therefore, to find large increases in
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FIGURE 4.44 Shear Wave Velocity vs Mean Grain Size for all the sands tested



FIGURE 4.45 Shear Wave Velocity vs Mean Grain Roundness
for all the sands tested



shear wave veloéity as the packing structure decreases in porosity.
Grain size is essentially a geometrical.factor and the lack oflcorrelation
with shear wave velocity is consistent with‘this idea. At any given
porosity the distribution of grain sizes will hé&e a marked effect on
geometrical configurations and hence possibly the shear modulus. From
the data of these experiments it is found that the velocity is lower
for the samples composed of a mix of two other sands. This may seem to
contradict some ideas on natural packing suggesting that wide ranges of
particle size produce structures with increésed rigidity. A conceptual
model that fits the data of this study is one whefeby'in>Wider gfain

size distribution sands the. larger graiﬁs form the rigid framework in
which the smaller grains lie. In this case the émaller grains (or
some‘of them) do not contribute to the o&erall rigidity of the structure.
This would aécount for the lower shear wave Qelocities. This model
does not contradict the idea that wide ranges of particlebsizes have
higher naturalArigidities, this could be a result of a lower o&erall
porosity being attéined combared with a uniform grain size structure.
Only at equal porosities would the more uniformly sized sand exhibit
higher velocities. The sand with a wider range of grain size would be
able to exhibit both lower porosities and higher rigidities. |

A situation.may also exist where the geometrical packing arrangements

" of ﬁhe‘grains in this,study (using‘the Qibrating technique) are substantially
different from.natural packing structures with the same grains and at
the same porosity. It could also be argued'thét the distributions them-
selves may cause effects not foﬁnd.invnaturai.distributions. The
mixtures were artificially prepared to i@crease the spread of grain sizes.
They_have the lower velocities which may be a consequence of their

artificial prepaiation rather than a result of their grading. If this
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were the case then a natural sand with the same grain sorting coefficients
as phe 'mixtures' may have much higher shear wave velocities. It is
also to be expectéd from purely geometrical considerations that certain
distributions of grain size (whether natural or artificial) will maximise
'intergrain locking' and hencé shear wave velocity.‘ |

There is one trend in the‘Vs data for the mixtures of sand N and F.
That is,.while all the mixtqres ha§e valuesvof Vs, when n = 0.375, ldwef
than either N or F, a minimum value of Vs occurs when there is roughly
equal amounts by weiéht of each éand. This is illustrated in Figure 4.46.
It wouid seem from this data that a mixture of theseyfwo éands in any
proportion is unlikely to exceed the Vs Qalue for sand F.

While discussing the effect a sand structure can ha&e on the shear:
wave velocity, it is interesting to note an effect obserﬁed during some
runs using thé porosity cell. With reference to Figure 4.28 for sand E,

‘run 1 shows a distinct break in the Vs Qersus n trend when n = 0.412.

It suggests théﬁ during the vibration. process a structure was forming
that Héd a rigidity that, although. it was high, Was unstable. . The trend
is not observed. in runs 2 and 3. This type of behaQiour can aléo be
clearly.obser&ed for sands F (funS'l, 2 and'3}, G (runbl), J (run 3),

L (runs 2 and 3) and M (run 1). In sand F,whe?e the sudden drop in
velbcity occurs for all three runs;'a discontinuity.can be clearly

. seen at the same time, in ﬁhe V_ data, indicating that the effect is not
due to any experimental errors. It must be remembered tﬁat the vibration
précedure (e.éi switching off suddeniy'ffom maximum vibration) could
produce very erratic data.

Finally, one other observation is worth noting. The value of Vs

invariably increased over long periods of time {overnight) typically by

a factor of up to 2 or 3. This was conclusively proved to be.a function
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of temperature variation causing stresses to be applied to the sand

structure by contraction of the cell. A minimal amount of vibration

caused VS to return very close to its original value.

4.3.4 Elastic moduli

In this section the valueé of Vs’ Vp and n are uséd'to investigate
how the data, for all the sands tested, influences the moduli computed
using elastic. theory.

The Vp and VS data summarised in Figures 4.11, %.17( 4.36, 4.43
and for the shell sample in Figure 4.33 can be di&ided into groups.

For Vs four main groups are assigned; SH for the shell sample because

the porosities. are not comparable‘with any other sample, S for the glasé
sphe;es, MIX for the mixtures of different sands and X for the remainiﬁg
samples. Using these divisions four_vs versus n graphs are produced

:in Figureb4.47a representing generalised trends for the different types

of sand. .. The same procedure has been used fbf'VP in Figure 4.47b except
thét X and MIX are represented by the same cur&e; The following‘equations

‘summarise the simplified data produced in Figure 4.47 where VS and VP

are in m/s and n is the fractional porosity.

X:- vs'= 172.9 + 46.4n ~ 654.8n%, ) s

- ) V_ = 2913.,1 - 4998.8n + 4916.1n?
MIX:- V_ = 48.4 + 480.4n - 1220.2n*, ) P o
S:-  V_ = 67.0 + 223.6n - 892.90%, v, = 2390.1 - 3412.7n + 3616n’
SHi- V= -199.8 + 1341.1n - 1398.8n%, V= 2686.3 - 3205.4n + 2053n’

From these eéuations it is possible to show how the calculated
elastic moduli yary with porosity for thése types of sediments. ' In
Figure 4.48 the values of G and K have been plotted using equations 2.9

and 2.10 and E is plotted using equations 2.3 and 2.6 together with the
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velocity ratio VP/Vs in Figure 4.49. Apart from the bulk modulus K,
this data clearly demonstrates the large variation in these parameters
for different sediment types. Using a constant value of porosity of

0.375 the following table illustrates the variation in the elastic moduli’

for sands X, MIX and S.-

X MIX S

K 6.01- 6.03 5.31 N/m’ x 10°
G 19.4 6.6 1.3 nN/m x 10°
E 59.0 19.6 4.0“ N/m® x lO6
v /Y, 17.8  30.6.  65.0 '

-Poisson's ratio, v, variés very little at these large Vp/vs ratiosf

The actual variation is from 0.4962 for SH when n = 0.58 to 0.4999 for
-8 when n.= 0.40. Bulk modulus, K, changes'very little for different
types.of sediments at similar porosities. In contrast tovK, the shear
modulus, é, containing the Vs2 term, producés very marked changes as a
result of diffeiences in grain shape and size distribution. ‘ The effect
of G is also similar in the expression for Young's modulus, E. While
the generalised values of these moduli for sands ha&e been known.before
it is now possible to estimate the likely effect caused by changes in
porosity and grain characteristics.

Anderson (1974) summariéed data of Hamiltonhand TaYlor Smith
showing that over a wide variety of sediment types the shear modulus
réaches a maximum in the fine sand grade. "No such trend is observed on
the sands tesééd in this stﬁdy.' Howe&ef, a large variation in moduli
has been found to occur .for small changes in porosity. The high
rigidities repqrted for sediments in the.fine sand range are probably
attributable to a combination of both non-cohesive grain-to-grain contacts,

with the resulting frictional forces and. cohesive mechanisms in the
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finer particles. Sediments with mean grain sizes of around 4¢7are
particularly liable to exhibit a large range of properties purely as a

result of the changes in grain size distribution. Narrow distributions

will provide shear moduli based entirely on frictional forces whereas for

wider distributions a combination of cohesive and frictional forces will

be ih'operation which could maximise their cumulative effects.

¥
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5. OEDOMETER TESTS

5.1 Introduction

In‘chapter 3.2.4 the modified ocedometer cell was described with
feference te Figure 3.12. Compressional and shear wave transducers were
mounted in the top end bottom porous stones either side of the sediment
semple. In this chapter the details and results of. some experiments
using this modified oedcmeter are described. |

Chapter 4 dealt exclusively with non-cohesive sediments under no
.confining pressures (apert from their own weight). .ft demonstrated the
variability of seismic velocifies with changing sediment type and packing
strucﬁure. In particular, the velocity of shear waves (VS) was
shown to be hiéhly.dependent on both the porosity of the sand and its
grain characterisfics (grading and shape). This large ya?ietion in Vs
. has a profound influence on the calculated elastic moduli as shown
by Figures 4;4.8 and.4.4.9.

Ie natural soils the moduli will, to a large extent, be influenced
. by facﬁors other than grain size, shape and porosiey. The most dominant
parameter is undoubtedly the effective stress. For this reason alone,
an& understandingkof the relationships which exist between the‘acoustic
and mechanical properties of sediments can oﬁly be fully appreciated
if effective stress 1is, considered. Incorporating both compressional
aﬁd»shear'wave transducers into laboratory soil testing cells enables
the‘effeetive'Stress relationships to be examined.' At the same time
the more normally measured soil mechanics parameters can be obtained.

In thiis chapter some of the ocedometer data is not presented in a
standard formet, although some of the tests were performed according eo

British Standard BS 1377. The purpose of these tests was to establish
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that shear waves could be measured using bender elements in soils through
. &}

a range of effective stresses and to investigate whether any simple

correlations exist between the moduli derived from the wave velocity

data (dynamic) and the moduli derived from the Stress strain data (static).

Much of the work in this Chapter has previously been reported, (Schultheiss,1981)

5.2 . Consolidation tests

Three sediments, a'silt,.a silty clay and a potter's clay were
prepared in a water-saturated state and tested normally in the oedometer
(Figuro 3.12) to examine the differences in their aco;stic and mechanical ’
behaviour. The grain siée'distributions for these sedimonts are given
in Figure 5.1. Each sample was loaded incrementally as in a normal
consoiidation test where each load is twice the previous load. Initially,
when a sample is loaded, the.stress is borne almost entirely by the pore. |
water in the form of an excess pore pressure. The hydraulic gradient
created drives pore water ogt'of the'samble, at.a rate that dependskon
the soil permeability, causing a reduction in the volume of the sample.'
As the excess pore pressure is dissipated the load is gradually transferred
to the mineral structure. The process is termed primary consolidation
and is complete when’the excess pore pressure is zero. - Further consolidation
also oocurs (éecondary consolidation) due to creeoing of the mineral structure.
In the normal consolidation test the incremental loading fakes place
after 100% primary consolidation has'occurréd. ' This is normally indicated
~by a change ofﬁSlope on a sﬁrain—log.timelcurve which for nearly all soils
takes place in the first 24 hours. Stress-strain cur&es for the thfee
specimens are shown in Figure. 5.2 where the strain is that measured for
lOO%.primary consolidation.b The horizontal bars show the range.of strain

measured at each stress increment. The behaviour of the different sédiments
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is clearly depicted by the relative magnitudes of these strains.
Corresponding shear wave velocity-stress curves are given in Figure 5.3

where the final velocity at each stress is plotted.

On the application of each load, QS increases ét a rate which depends
on the‘pefmeability. The increase in VS is a direct conseqﬁence, and
>perfect illustration, of the load transfer from the poré fluid to the
mineral frame. In the po£ter's qlay a éﬁall bﬁt consistent decrease
in»Vs occurs immediately after each :load is-applied.‘ This is illustrated
.graphigally'in Figure 5.4 where Vs is plotted againstwstrgin for the
~complete test. Pfobably the most likely explanation of the phenomenon
is that a build up of excesés pore pressure occurs in the Vicinity of
the transducers when a load is applied. This may occur because the
transducers, which ére mountea.in the poroqs stones, must éause a
sighificant disturbance in the drainage path. Céntrol tests on the samé’
; materiai, but ﬁsihg a cell without transducefs, have shown nobmeasurable
differences in the overéll consolidation beha&iour. HoweQer, this
‘explanatién has not been conclusively pro&en and the possibility that

~the loss of rigidity on initial loading occurs in the standard oedometer

must still be considered.

5.3.. Shear wave velocity: gradients

The variation in compressional wave and shear wave'Qelocity with
.depth (velocity gradients) are important not only for engineering
_appliqations but also for modelling the sea floor for geophysical and
underwater acoustics studies (Hamilton, 1?79)- The introduction of. P
and S wave transducers.into the oedometer enables velocity gradients to
be preaicted from laboratory. samples. Laﬁghton (1957) also measﬁred

the variation in VP and Vs with.varying compacting pressures which greatly
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exceeded those used in these experiments (ﬁp to 100MPa). However,

shear waves could only be detectéd at compac#iné pressures exceeding 49MPa
where the velocity is over 1 km/séc. Ih thése experiments shear waves
could be detected from éero up to the maximﬁm compacting pressure of
800kaa.

A review of shear wave'velocity_gradients by Hamilton (1976) concluded
that for natural sand bodies the equation'vs = KPn, where K and n are
constants and P is the compacting pressure,’éave a bressure exponent,

n, lying befween 0.25 and 0.33... He found the avéilable data to be too
sparse gbr silt clays to use power equations and insﬁead‘used'linear
equations for different dépth ranges.

In this study, pdwer equations ha&e béen fitted to the cur&es in
- Figure 5.3. A pressure exéonent of 0.26 is indicated for -silt sample
(VS = 8.6P0f26) which lies in the range for'sand bodies quoﬁed above.
Power equations also describe the data for the silty clay and potter's
clay ip the £orm Vs = KPn +.C; where the pressure exponents.are 0.48 an&
0.37 respectively. The highest exponent is in the silty clay sample
which may be indicati&e.of two mechanisms operating together to maximise
 the rate of increase ;n rigidity with increasing compaction pressure:, |
(i) Frictional forces from g;ain—to—grain contacts
(ii) Eleétrochemical fbrcesAoperating between tﬁe‘finer grains.

5.4 Static and dynamic moduli

. Static moduli are computed from stress—stfain relationships obtained
in a given test. However, because the modulus for any given soil in
any ‘test is highly variable, other factors have to be considered.

Primarily, these are: the magnitude and sign of the stress increment;

the time for which it is applied, and the previous stress history.
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In a normal coﬁsolidation test, for example, drainége is allowed and
the modulus is calculated when a quasi“equilibrium.position is reached
(100% primary consolidation, no excess pore water pressure). | This
produces a relati§ely low modulus used for estimating settlements.
Even lower values of this modﬁlus'would be obtained if the sample were
allowed to creep further due te secondary consélidation.

Dynamic moduii are calculated froﬁ the stress-strain relationships
of elastic stress waves as gi&en by the velocities Vp and Vs (see
Chapter 2.1). The strain le&éls generateé by the transducers are small"
enough'to be considered elastic and, apart from ﬁeaéﬁrements a£ very
léw frequencies, there are probably no time effects and, hence, little
or no drainage.

As certain static moduli are reguired for design purposés,bany
attempt to defermine these by seismic techniques must answer the following
questions:

(a) Do the same controlling parameters (e.g. mineralogy, &oid ratio,
-pérmeaﬁility, particle size, shape and morphology) similarly
influence both the static and the dynamic moduli calculatedjfrom

seismic velocities?

{b)  If so, what is the resulting correlation between what moduli and

how accurately can it be predicted?

’
s

5.5 A preconsolidation test on silt

From nofmal conéolidation fests, sﬁch as those dépicted in Figure.
5.2, the Primary static éonstrained modulus D is gi&en by the gradient
of tﬁe cur&e. +D increases smoothly as ébfunction of increasing stress
as do the séismic velocitieé Vp and Vs' Consequently, any dynamic moduli

calculated from Vp and VS will increase smoothly ana, hence, broadly
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speaking, correlate with the static moduli despite differences in the

Abordgr of magnitude. In ofder to test for ;;ﬁbre fundémental correla%ion

between the different moduli a.sédiment thaf exhibité a moré irregular

behéviour was thought Iikely to pro&e more informative. -

A pre—consolidated so0il will exhibit an inflexion in the stress-
strain ploﬁ aroqnd the preécénsolidation pressure Pp (Stamatopoulos and
Kotzias, 1978); it follows that D will be a minimum at this pdint.

. This stress-strain curve is not dissimilar to that‘described by Whitman
et al. (1964).  They concluded that, starting ffom some initial axial
stress‘Po, the stress—strain curve forva sand ip cbhfined compression
is S-shaped. = Initially, at small stresses, the sand e#hibits yielding

Vbéha&iour (Figureh-5a). This is‘interpreted onfa physical basis as being
primarily the deformation and yielding at the grain contacts caused by
the high contact stresses. As the applied‘stress is increased, the
grain contacts fail and slip occurs; the grains reachka more compact
geometrical arrangement and the resistance to further straining increases,
resulting-in.the characteristic locking behaviour (Figure 5.5a) of the

confined compression test. Yielding is not normally observed because

the yielding range is small,.less than %PO.
When a sand is pre-consolidated, as described by Stamatopoulos and
Kotzias (1978), to some givén axial stress Pp then allowed to rebound

at a lower stress P., the major component of the non-elastic straiﬁ due

1

to grain slippage has already taken place dﬁring this first cycle.
.Consequently,»this allows the yielding nature to be fully revealed during
the éecond appliéatioﬁ of load. | This is succeeded by the locking beha§iour
which occurs once ﬁhe grain slip has occurred and the sample has recompacted.
The ?ielding-followed by the locking behaQiour under these conditions

produces the S-shaped cuive, as illustrated in Figure 5.5.
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FIGURE 5.5 The yielding and locking behaviour of a sand in
' ' confined compression '



The stress-strain relationship for a test on pre~consolid;ted silt
is shown in Figure 5.6. A gilt sample was pre-stressed to 108 kPa
and then allowed ﬁo rebound under a 12 kPa stress. IncrementalAloading,
using smaller stress incremen@s tﬁan in a normal test, was supplemented
by a low level (AP) cyclic loading at each load, P, where AP = 0.045,
One such loading procedure at P = 386 kpa 'is shown in detail within
an expanded section of Figure 5.6;> The primary constrained static modulus,

D, is the gradient of the main streSs—stra@n plot between two successive

léads; Dl is the initial loading modulus from AP and D is the final
. . r

relaxation modulus on unloading AP when a constant value is obtained

(typically after 10 cycles).

In Figure 5.7 the»Vs and Vp data for the test at each stress level
is shown. No differences in Vp or Vq could be detected during the low

level cyclic testing.

5.6 Comparison of experimental. staticand dynamic moduli

The stafic moduli D, Dl and Drvdepicted in Figureb5.6 are plotted
against stress in Figure 5.8a, b and c. Thé dynamic moduli'pvp2 and
Bf, calculated using values of Vp and Vs as shown in Figure 5.7, are
plotted against stresé in Figure 5.8d and e. Yielding and locking
beha&iour, as discussed eariier, is clearly seeﬁ in the S-shaped curﬁe
(Figure 5.6) with the inf&exionlabove'Pp; this shows up more distinctly
as a minimum value of D in Figure 5.8anf- The cause‘of the initially
Qery low values of D which produces a m;ximumbéalﬁe of D close to Pp
is still unciear.

Dl éxhibité a similar behaviour to D except with a more pronounced
turning point and values higher by a factor of about 2 (Figure 5.8b).

It is interesting to note that, even at the small stress increments AP,
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the effects of the preconsolidation are still apparent and thelyielding
or locking.states are manifested by:this low stress modulus. This is
not the case for the final relaxation modulus, Dr_(%igure 5.8¢).
Although there is vague discontinuity around Pp there is no minimum

value as for D and Di. It appears, therefore, that the cYclic loading

Stress history erases the effects of preconsolidation. Maximum values
of Dr are a factor of'about 1.5 higher than Dl'
From elastic theéry, Taylor Smith (1974) has shown that the dynamié

constrained modulus is given by'pr’; this -is plotted against the applied

stress, P, in Figure 5.8d. The relati&ely smooth increase in fhe dynamic
_coﬁstrained modulus is in diréct contrast with the variaﬁion of the static
modulus D, with the formei being larger by a factor greater 'than 102,

It is théught likely that the difference in nature between pVP2
‘and D is primarily éaused_by the different drainagg‘conditions and strain
le&els. In the elastic formulatign of pr’, drainage is not accounted
for yet the_drainageiof bore fluid plays the predominant role in the

determination of D. In the case of a saturated material tested in a

draineq condition, the dynamic moduli calculated u;ing Vp, which is governed
mginly by the water, may be ill-founded. For.such a drained éondition

a frame compohent of the total bulk modulus suqh as Bf, definea in

Chapter 2.1, may be more applicable. Bf as a function Qf stgess is
shown in Figuie 5.8¢c and, although.it is not‘a constrained modulus and
does not éxhibit a minimum éalue comparable with that shown by D{ it
does exhibit;erspite some scatter in the datd; a discontinuity around
Pp. This behaviour is more in‘line with that found for Dr in Figure
-5.8c. - D;spite some tentative similarities between the two types of

moduli, it seems that the large inelastic strains, caused by grain-to-grain

rolling and sliding (characterised by D) are not revealed by Vp and VS.
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However, the small moduli measured with small cyclic loads may be related
to some form of frame component which would constitute a part of the

total dynamic moduli.
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6. SMALL TRIAXIAL CELL

_6.1 Results of an Initial Study

In Chapter 3.2.5 the modifications to a small triaxial cell were
described. These were intended to enable compressional and shear wave

velocities to be monitored during triaxial tests on soils without interfering

with the normal test proceddres.

Only a very limited amount of data waé.obtained.from the experiments
using this apparatus, for two reasons:

(1) ‘It was intended originaily as a féasibility exercise which, if
successful, would indicate whether the modifications could similarly
be made to a larger cell.

(2) The problems of noise generated by the mechanical parts of the
system precluded, at that time, a more detailed study,

The only material teéted in the small triaxial-cell was a saturated
qguartz sand. Easy control of the confining and pore pressures iﬁ this

- type of system enabled the relationship between effective stress-aﬁd

the seismic wave Velocities to be readily examined. Such a test was

performed on the saturated s;nd for different &alues of both the confining'

and pore pressures. Data obtained for this test is bPresented in Figure

6.1 as a graph of shear wa&é velocity &ersus effective stress. It is

»

intefesting to note that the pressure exponent n in the equation
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as used in Chapter 5.3 varies at these low values of P. Aé P varies
~from 10 xpa . tb 120 xpa. = the corresponding variation. in n is from 0.54

to 0.3.

P

Although no other.velocity gradierit experiments ha§e been performegd
on other sediments this modified cel; offers a quick and reliable technique
for obtaining this type‘of'data on a large range of unconsolidated materials.

To test the feasibility of monitorihg seismic wa&e‘velécities during
a norxmal triaxial test the saturated>sand was again used. On initial
btests, where the electric motor was used to proﬁideqthe‘constant étrain
rate, ﬁoise tended to obscure the shear wave signal.whiéh was displayed
without any signal processing directly on an osci;loscope. With the
bender elements Very sensitive to Qibrations below 5 kHz ﬁhis problem
will persist in many laboratory and field situations. It is particularly
desirable, therefore, to use some signal eﬁhancement technique to allé&iate
this problémvsuch as a simple signal a&eragihg technique. This technique
has been used successfully during the trials with the in-situ probes
and aiioWed very 'noisy' signals to be enhanced. With the small triaxial
cell. the only a&ailable alternati%e was to run the test by hand which
allowed the shear wa&e onset tobbe obser&ed'although stiil with ‘some
difficﬁlty.

In Figure 6.2 the data from this hand-run test isghown as plots
of the deviator stress and shear wa&e §elocity versus tﬁe éxial strain.

The test was run in a drained condition (i;e. constant pore pressure)

with a_strain"}ate of 1.25%/min. Althbugh this type of plot does not

show anything'unexpected it does démonstrate the feasibility of this

type of testing. Iﬁ Figure 6.2 a sharp de?rease in vs'occurs when the
séméle failed. The osci}loséope showed a fast drop in VS to a much lower

value than that illustrated in Figure 6.2. However, it was only a
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momentary drop and occurred too quickly to be quantified without the

necessary recording equipment.

6.2 Transducer performance

Oscillographs of the signals observed during the effective pressure

test are shown in Figure 6.3. While this figure illustrates the general

clarity of the sheér wa&e signal obtained using the cantileﬁered bender
elements, it shows a considerable chénge iﬁ signature at different pressures.
For velocity heasureménts, using a pulSe technique,“only the shear wa&e
onset is required to be recognised apd this generally can easily be identified
(start depicted by arrows). This test was perforﬁed with the bender -
elements in their raw state apart'froﬁ a very thin layer of insulation.

It was originélly thought that the change in signal was caused by the

effect of preésure on the highly-compliant elements. Howe&er, when

the elements were potﬁed in 'araldite"' (reducihg significantly their
compliance)‘the effect was still much the same. This was confirmed

later in the larger triaxial_cell’(see Chapter 75 where a éimilar behaviour
was obserQed. It is concluded that the majority of the chénge in the

signal is éausea primarily by a change in the sediment's transfer function’

rather than by a change in the coupling characteristics of the transducer.

Al
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7. LARGE TRIAXIAL CELL
7.1 . Background

In Chapter 3.2.6 the modifications made to a large triaxial cell
were described which enabled both shear and compressional wave pulses,

as well as electrical resistivity, to be monitored along the 200 mm length

of the sample.
. Tests performed in this ceéll were on a sand which was subjected

to éyclic loading. . The reason for this tyée of test was that an investigation
into correlations between geophysical and geotechnical parameters, with
particular emphasis on the liquefaction of sands, was taking place at
Newcaséle University. This afforded the oppdrtunity to ektend the range
. of application of thé recently developed shear wa&e transducers.

Cyclic loading and ligquefaction phenomena are important aépects
of offshore foundation engineering, especially for graQity—type structures
located on saﬂd. The overall objecti&es of the Newcastle project yere
to éﬁtain geophysical and cyclic loading data on a range of sands and
to in&estigate whether any correlations exist between liquefaction potential
and tﬁé geophysical parameters that could be used as a predicti&e tool
in situ; ‘ The wrifer's shorfér terﬁ objecti&es were to ensure'tﬂat reliable
measurements of shear wa&e velocity could be obtained and to investigate'
the behaﬁiour of shear waves during some initia} cyclic ‘loading tests
on éénd.

7.2 Experimental Procedures

TheAsand used in the testé described in this ghaéter, is. Leighton
Buzzard sand, a uniform medium grade (0}3—0.6 mm) . The S.G. of the
sand is 2.65 and the minimum and maximum ;oid ratios are 0.515 and O.BOi
respectiveli; The void ratio used in this test was 0.544 (relétivé
density = Q.95.-' |

Preparation of a sand sample subjected to cyclic loading is very

important if consistent results are to be obtained (Mulilis et al., 1977).
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In- these initial tests the samples were prepared more rapidlyvthan would

ideally be desirable by pouring saturated sand into a water-filled mould.

‘A small vacuum was applied to Fhe samﬁlelWhich enabled the ﬁould to be
removed and the cell assembled and pressuriéed’(Figurev3,18).

Cyclic loadiﬁg was applied through thexram mechanically using a
stress—conﬁrolled feedback loop from the output ;f the internal load
transducer. The system allows an approximateiy sinusoidal loading to
be applied to the undrained sample. A frequency of 0.1 Hz was used
in these tests with no superimposed stétié shear stresses applied.

The re&ersing shear stresses applied to the sample.caﬁse cyclic>variations
in the pore-water pressure and in the axial étrain @efo:mation-(measured
with a'pore pressure transducer. and a LVDT displacement transducer,
respectively). This causes the effecti&e stress to oscillate in phase
‘with the pore pressure. As the nu@ber of cyclés inérea;es, the mean»l
pore-water pressurebexperiences a steady increase and, hence, the effective
stress is reduced. The‘point at which the.pore water pressure first
reaches thé.confining cell pressure, and ﬁhe effective stress is zero,

is termed 'initial liquefaction' and the rigidity of the sample is
moﬁentérily iost. This loés of rigidity occurs due to the stress
tranéfer from thé grain framework to the pore water while, K the overall

porosity remains constant (Seedand Lee, 1966). The permanent and cyclic

axialvdeformations are counteracted by corresponding variations in the
lateral deformation which normally causes a bérrelling of the sample.
Non—ﬁniform deformations can also occur, especially near to the top of

the samplé, and are normally attributed to deﬁsity inhomogeneities éausedk
during preparatidn.

In Figure 3.19 the block diagfam shows fhe system used to make the
seismic.waQe and resistivity'measureménts: Shear wa&e'velocity was
calculated as the ratio of the recei&er separation and the time delay
for a pulse to travel thrpugh the saﬁplé. SeparationAbetween the trans-

‘ducers is taken as the 'distance between the ends of the protruding elements. .
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A 10v d.c. step from a square wave was used to drive the traﬁsmitter
atpa 40 Hz repetition fate which wés synchronised and delayed fromhfhe
compressional wave and resisti&ity repetitiop freéuency,to overcome
‘electrical feéd~over effects. Received signals were recordgd on an
FM tape—redorder together with the stress, strain and pore pressure
‘signals. Time delays and amplitudes of the shear wa&é signals were

obtained from records obtained by replaying the tape into a recording

oscilloscope operating in a raster mode. This data was entered into

the micro—computer which calculated the Qelocity_an§ other parameters
.after éorrection for strain effects.-

Compressional wa&e Qeloéity was calculated as the transmitter-
receiber separation and the measured delay time (after calibration inl
' water). of the pulée through the sample. A 300 kHz tone-burst with a
20v amplitude was used to drive the transﬁitter close to its resonant
frequency. Under static or slowly-changing conditions (e.g. oedométer
or porosity.cell) the £ime inteival is normally measured using a dual-
 tracé'delayéd-timebase oscilloscope. For’these cyclic loading tests
uéing a 0.1 Hz frequency at least ten readings per cycle were requiréd,

i.e. one per second. This requirement was met by using a transient

recorder plus desk-top micro-computer to acquire and process the

compressional wave data. The computer was programmed to calculate the

RMS §alﬁe of the amplitude of four cycles of the received tone burst,
and the position in-time of ‘one of the peaks, these two values being'
held in memeory in real—time.and later stored on magnetic tape (Jackson
et al., 1981). Corrected times Qére obtained to cofrespond to the
onset of enexgy, assum%ng there was no dispersion and that time delays
between readinés did no; Qafy by more than half of one wa&elength.‘

Although the electrical resistivity of the sample and, hence, the
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formation factor were also measured during these tests they are beyond

the scope of this discussion but are presenfed by Jackson, et al., 1981.

7.3 Results and Discussion

Although several tests were performed using the procedures detailed
in the previous section, it is only‘felévant for this study to examine
some of thé details. Cogsequently, the illustrations ha%e been chosen
to demonstrate the typical behaviour observed du?ing the experiméhts.

Fiéures 7.1, 7.2 and 7.3 are illustr;tive examples of the behéQiour
of shear waves . during two cyclic loading tests.. The records are taken
from a récording oscilloscoée operating in the raster mode, hence time
on the y—agis starts .at the bottom of each record section. Tiﬁe.scales
for each record vary and are shown separately on both x aﬁd y axes of
each seqtion. In Figure 7.1 the section A-B shows the results from
avtest where thé shear wave velocity and amplitude dramatically decrease
after about- 7 cycles (70s)'ffom the start of cyclic loading. Séctions'
C-D and D-E are expanded sections (on both x and y axes) of sectioﬁ
A-B as shown.' The hand-written numbers on the y-axis are tape references.
-Although the repetition.rate ﬁroducing shear wave puises was 40-Hz‘
wﬁich was recorded on .tape, the playback'facility.enabled the pulseé
to be variably.gatéd‘to prpduce these records. For example, in section
A-B the repepitibn rate has been di&ided’by 16 so only 1 in 16 pulses
is shown (2.5 gz) whereas 1 in 8 are shown in sections C-D and D-E |
(5 Hz). Fiéﬁre 7.2 illustrates in section F-H the sﬁall-scalé shear
wave velocity during the first few stress cycles which:very rabidly
increase in section G-H with a suddenvtofal loss of rigidityiat point X.
This sectio; is shown with a different.x;axis scale as section I-J as

section I-J and is continued in Figure 7.3 as section J-K where the

A}
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FIGURE 7.1  SHEAR WAVE SIGNALS RECORDED DURING A CYCLIC LOADING
TEST ON SAND. SECTIONS C-D AND D-E-ARE EXPANDED FROM -
A-B SECTION. '
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FIGURE 7.2 - RECEIVED SHEAR WAVE SIGNALS DURING CYCLIC LOADING TESTS
ON SAND ILLUSTRATING THE LIQUEFACTION AT X.






FIGURE 7.3

>SHEAR AND COMPRESSIONAL WAVE SIGNALS OBTAINED DURING

A CYCLIC LOADING TEST ON SAND. SECTION J-K ILLUSTRATES
THE AMPLITUDE VARIATION OF P AND S WAVES AT THE END OF
A TEST. SECTION L-M AND M-N ARE EXPANDED AND DELAYED

RECORDS OF SECTiONS F-G AND G-H (FIGURE 7.2).
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cyclic loading has stopped.

In sections I-J and J-K not only is the shear waﬁe‘beha§iour
perfectly illustrated but a small compressional wave can also be obser&ed.
This is not the compressional wave that was befng monitored, this
exhibited a strong signal at all times during the test, but it is a
pulse being transmitted and received by the bender elements. While
on the scale of these records it shows no deQiation in &elocity cempared
to the shear wave, the amplitude_variation'is_clearly recorded, showing
a marked decrease in attenuation during the periods when the sang had
lqst i£s rigidity. | Undrained cyclic loading is essentially a constant
porosiﬁy process, hence, the increased attenuation from zero effecti§e
stress to some positive §alue can probably be attributed to the losses
caused by interparticle frictional forces.
Sections L-M and M-N are the same as sections F-G and G-H
respéctiveiy except with the x-axes exéanded and delayed. This pro§ides
a particularly clear illustration of the shear'wa&e signature and its
variaﬁion during cyclic.loading. The extremely rapid reduction in
velocity and amplitude at point X prerd to be a moré positive iéentification
of initial liquefaction than the stress and pore-water pressure measurements. .
To.illustrate the relationships between the ghear wa&e velocity |
and the other parameters measured,:the test depicted iﬁ Figure 7.1 has
been used. Shear waQe Qelocity was calculated from the time inter&als
taken from enlarged records of sections CfD and D-E. These were then
used to calculéfe the Velocify after corrécting for the strain Qariations.
The shear wa?e amplitude wasbtaken directly from the'recording oscilloscope
éperatipg in a‘normal mode and its-&alue is only a relatiQe one; These
profiles are shown in conjunction with the applied stress, pore/effective

pressure and strain in Figure 7.4. In the applied stress trace significant

=155~



APPLIED STRESS

kN/m?2

+50

kN/m? PORE PRESSURE,u Effective stress, o’

' 100 400

+2

+1

300
200

100

-h

—— —— —— — fami e g—— ptn—
—

Cell pressure =500 k'N/:i"’, c

e — S — — Gt —— sttt

S VELOCITY m/sec

'S AMPLITUDE

[

0

Fl

A

GURE 7.4 Stress, strain and shear wave data from a
qyclic loading test [0-1 Hz] on sand in the

large triaxial cell

!

!




deviatioﬁs from the intended sinuscidal wave form can be obsegvéd even
during the first few cycles. De&iations fo;léwing liquéfaction are
inevitable as the sample no longer has the rigidity to support the full
stress'cycle. Cell pressure or total Eonfining stress, 0, was kept

constant at 500 kN/m* and the pore pressure, u, and effective stress,

)
= g - u, therefore ¢ = 500 - u. Non-sinuscidal

o, afe given by'cl
behaviour in the sfress caﬁses large perédrbations.in the pore pfessure
trace. Initial liquefaction is normally assumed to have occﬁrréd when

the effective stresé first becomes. zero. AStrain carn «be seen to increase
up to abéut +2.5 mm (increase. in length),ﬁith a 1 mn of movement -

after liquefaction. The shear wave velocity and amplitude variations
are'qdite dramatic around liquefaction.' A §elocity of 300 m/s was
recorded for an effective stress of 100 kN/m2 (slightly higher than

that obtained in the small triaxial cell, Figure 6.1). The oscillations
of shear wave velocity follow thoée of the éffective stress with coinciding
maxima and minima as would-bé expected. Howe&er, because of the relation—
ship betWéen'Vs and ¢' (Figure 6.1) changes in \é when 0' approaches

zero aré very large. - Initial liquefaction occurs during the seventh
cycle, the effective stfess aﬁd shear Qave Qelocity become zero. It

is interesting to note that, after liquefaction has first océurred,

the effective stress traée indicates one point of liquefaction per cycle
whereas the shear wa&é-velocity is reduced_té zero twice per stress

cycle and these coihcide with the non-sinusoidal stress perturbations.
Clearly, theré is a digparity between these two ébservafions. On

earlier cycles (5 and 6) fhe perturbations in the effecti&e stress db

not produce 2 maxima per cycle but only an extra infleﬁion. However,

in the same cicles this extra inflekion manifests itself as an extra

maxima in- the shear wave velocity. This suggests that the pore pressure
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response time is too slow to measure the true behaviour of effective
strgss during cyclic loading even on é_very permeable sand. 'In a less
permeable silt or clay this problem would become eﬁen more apparent
whereas .the shear wave.velécity will pro%ide an almost immediate response.

In the shedr wave amplitﬁde trace a similarly complex cyclic pattern
is agailn observed. This trace shows maximum amplitudes at the max imum
shear wave velocities caused by the.non—sinﬁsoidal irregulariﬁies in
tﬁe effective.stress cycle. A combination of factors is causing this
effect but it is primarily due to the chanéing_frequency content of
the shéar wave pulse at different values of ¢'. v'Lé@er Qalues of
o' cause the bimofph element to transmit lower frequency sﬁear waves
which have lower attenuation coefficients.

Figure 7.5 éhows the same applied stress, pore pressure and.strain
plots in conjﬁnction with the compressional wa§e time delay, &elocity
and amplitude}v The varigtion in velocify only beqomes apparent after
thé first few cycles. Near and after liquefaction maximum velocitiés
correépond £o maxima in the effecti§e‘$£ress. Smaller maxima, similar.
in nature to those in the shear wave trace, are also qbser&ed_to'correlate
with the noﬁ-sinuéoidal irregularities of applied stress. It should
be noted that the compessional Qelocity'amplitude is only * 6 m/s
after liguefaction compared with # 120.m/s for ghear waﬁes. The
compressional wave amplitude is also related to the effective stress
with lower effective stresses causing higher amplitudes. This phenomena
has been discuésea previously with reférence to the obser§ed compressional
wa&e pulse in Figures 7.2 and 7;3, sections I-J and J-K.

The behaviour of the wa&eform generated by the bimorph element

transducer in this apparatus during the cyclic loading tests is possibly

the most convincing evidence that shear waves are being generated and
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measured, Distance-time plbts have éreviouély demonstratea tﬁat the
waveform was a body wa?e but thésé records éro&ide the nécesséry evidénce
to demonstrate the loss df the waveform when a zero rigidity condiﬁion

at constant porosity ié reached. Horn (1980) reported that a Qertical-
impulse to a sand body in porosity cell caused liquefaction of the sand.
Evidence of this wés giVen.as the momentary (O.253)'disappearance of

the éhear wave trace (Horn, 1980, Figure l4). A close_inspection of
this figure reveals that, although the amplitude décréased, thefe'was

no change ih velocity. Consequently, it shduld.be concluded that the
sand pfobably did not liquefy, but the sudden streséhsimply caused the

shear motion of the transducer to decouple from the sand.

Undrained tests on sand in a triaxial cell are essentially a constant
pordsity process, hence, it is a useful'£echnique for examining the
relation between seismic ﬁelociﬁies and effective stress. The following
'table summarises the extreme values of'Qelocity at the end of the test

(taken from Figures 7.3 and 7.5) in order to examine the change in.the

bulk modulus K.

‘o' = 60 kN/m? o' =0
Vp . 1788 m/s 1776 m/s
vy ' 230 m/s A ) 0
n - 0.35 0.35
P 2072.5 kg/w’ 2072.5 kg/m?
"k 6.48 x 10° N/w*  6.54.x 10° N/m?
Vp (Wood) - 1675

The bulk modulus is calculated from equations 2.2 and 2.4. An increase

in K for a reduction in effective stress is not a sensible result.
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’ In the case where o' = 0 Wood's equation (2.14) for a suspension could

be considered applicable. Using values of‘2650 kg/m?_for ém’l
1.95 % 10—'ll for Bm and 4.55 x iO—l— for Bwf V% then équals 1675 m/s
| which is 101 ﬁ/s less than the observed Valﬁe. _When this §alue is
used to calcuiate K, ié becomes 5.81 x‘lO9 N/m? which is less than for
the case where o' = 60 kN/m* amd is now a sensible result. However,
the value 1776 m/S for VP Qhen o' = 0 has a calculated error of only
"+ 4 m/s. The most likely.explanation ofAthese conflicting arguments
is that only a small part of the sample actually lost all its rigidity.
If wé assumé that this happened (an obsérQed 'neéking' at the top of
the sample after failure supports this idea) then a';ituation would
exist‘in which the compréssional wa&e would only be low for a short
" distance. Consequently, the measured §alue does not represent the
liquefied portion but is an a&erage &alue Fhrough the whblé sample,
The shear wave velocity, howe&erh is not an aﬁeraged velocity because
it will not piopagate through the liquefied portion. If this is the
case, then the measurement of seismic waﬁé velocities in tests such
as thése pr&vides information on the performance of the test that would
‘be difficult to obtain ih ény othef way. |

It is concluded that measurement of shear and compressionai -
wave velocities and amplitudes using the above'techniques, in this type
of experiment,.is possible both before and duri;g the.test procedure.
While the objective of the Newcastle project is to correlate the
initial shear and compressional wa&e parameters with liquefaction it

is now clear that these parameters can provide far more information

about the test procedure itself.
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8. IN SITU MEASUREMENTS

8,1 Introduction

In.chapter 3.3 the design and development of shear wave probes,
'suitable for use in unconsolidated sedimehts, was described. Two probe
designs resulted from this ﬁork,_Mk I (figure 3.23) and Mk II'(fiéure 3.26)
which were tested in a variety of laboratory sediments. The specific aim
of thisvpért Qf the project was to develop a shear.wave technique that

| would augment other geophysical measurements in the'upper layers of

sea bea sediments. In particular it was intended to combine this technique
withlcompressional wave and electrical resistivity.techniques'which had
previously been developed af the Marine Sciece Laboratories (Simpkin, 1975
énd.Jackson, 1975), and_to produce an instruméﬁt which would measure all
the parameters simultanebusly (figure 3.27).

She&r wave velocities in the upper few tens of centimetres do not

lend themselves to measurement by refraction techniques’due tb the

rap;d rise in VS with depth (even if efficient mode conversion from P

“to Swwaves could be obtained at the water-sediment interface).
COpsequently, i£ is inevitable that Vs in this region will have to be
measured using probe techniques. Furthermore it is difficult to imagine
An underway development that would enable rapid Vs surveys to be performed.
In contrast to this situation, underway techniques for measuring
compressional wave velocity and electrical resistivity in the uppermost
sediment layers have proveh viable (Bennell et al. 1982; Jackson et al.
1980) . - | : . |

. The mark I and II shear wéve probes were.tésted on cruises aboard

RV Erince Madog along the North Anglesey coast (December 1979) and in

. Camarthen Bay (May 1980) respectively. A limited amount of data was
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collected on these two cruises which is presented in the'next two ‘sections.

Some of theée data are also reported in Bennell et al. (1982).

8.2 RV prince Madog Cruise, December 1979.

The eombined geophysieal prcbe (Figure 3.27) was deployed at a
- number of stations in Red Wharf Bay, off the North East coast of Anglesey
during December 1979. The station locations are shown in Figure 8.1.
Table 8.1 lists the Deccaleo-ordinates of the stations and the shear wave
velocities measured at each site. Compreesional wave‘veloeity ratios and
electrical resistivity values, expressed as an apparent formation factor,
AFF, are also shown. The compressionel wave sediment/sea water velocity
ratios weie obtained from the measgred iatio ofAthe delay times with the
probes in the sea water; just above the bottom, and with them embedded in’
the sediment. The shear wave velecities were clculated from the difference
in arrival times of the pulse at the two receivers_('3 and 8 cm). Dufingv
these experiments one of.the receivers was damaged on deck which meant
that some bf the vs'data was obtained using the time and distance‘
. between the sour-e and a single receiver. it ie estiméted that most of
the Vs data is eccurate to within + 5m/s, with the main source ef error
being the accuracy of which the onset of the pulse could be determined.

The felatively'narrow range of AFF's obtained ihdicetes that a
small range of sediment porosities was investigated. The shear wave
velocities, however, exﬁibitea considerable variation. This indicates
-that even for adjacent stations significant lateral changes may be
occuring, presumably'caused by subtle differenees in packing structure
which do net'necessariiy correlate with pefosity as indicated by the
electrical reeistivity. A Shipek grab sample which‘was taken at each site

did not always recover similar sediment to that which was often found
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Station Decca Co-ordinates Sediment Velocity S':;:izcz._]f:e Focussed
Nunmber Red =~ Green Description Raﬁioi nls V“ ATF
1 E 2.9 | .C32.2 - o1 . -
2 E' 3.4 €33.9 muddy sand 1.037" 120 -
3 E 1.5 | ¢37.0 * Sandy mud 1.028 o 3.1
y E 3.0 | BY6.3 mddy sand 1.076 69 3.7
5 D22.2 | CLT.0 fine sand & shells | 1.151 58 3.7
6 E 4,0 BYS.0 med. sand & shells 1.120 Ly 4.0
T D22.1 éh2.0 fine shelly sand 0 1.138 LY 3.8
'8 B 3 Cc34.0 muddy fine sand- 1.076 97 L.,1
9 E 2.0 | C36.1" v. muddy fine sand | 1.071 - 3.7
10 E 0.9 | €38.0 muddy sand ' 1.025 ~ 3.9
11 | ro0.0 |c30  muddy sand - 1.048 - - 3.7
12 D23.0 | Chl.0. shelly sand 1:071 65 3.9
13 E 2.0, | €36.0° sand mud 1.0k2 48 3.5
b E 1.5 | c36.8 ' sand mud 1.101 4T 3.5
15 E 1.0 |C37.6 sand mud ©1.079 52 b1
16 Eo.k | c38.4 sand mud 1.084 58 k.05
17 E 0.0 | C39.2. muddy sand 1.037 ° 61 3.9
18 D23.3 1 ¢ko.1 med. sand & shells | 1.075 - 4.3

using the the Mk I shear wave probes.

TABLE 8.1 Data obtained from the combined.geophysical probe in Red Wharf -Bay, December 1979,

-
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-adhering to the probes. This indicates that the lateral variability

of sediment type in this area makes it essential to have a sampling

device on the probe itself.

The main objective that has been achieved is that it was demonstrated

that snall scale penetrating transducers can measure shear wave properties

of surficial sediments in-&itu.

8.3 RV Prince Madog Cruise, May 1980.

The combined geophysicai probe was'deployed in Camarthen Bay, off
the South Wales coast during May 198Q. Several modificétions to the
overall probe were made to improye its stability in the water and to reduce -
~ the numbef of individual cables comprising the umbilical cord.

The.deéign of the shear wave probes was altered to make them far
more rugged in 6rder that they could penetrate hard sand without.
suffering any damage. This design is described in Chapter 3 and illustrated
in Figure 3.26. : |

Tablé 8.2 lists the Decca co-ordinates of the stétions, the shear
wave velocities, compressional wave velocity‘rétio's and apparent |

formation factors (AFF's) for thé sites occupied. The improvements in
‘the ruggednessfof the shear wave transducers enabled the probe to 5e
handled with much less caution.without sufferihg any damage. At the same
time the signal quality wag retained and slightly improved, but still |
.giving an estimated ;ccﬁracy bf + 5m/s. Using the same trénsduqeré, but
surrounded by a noise insulating pneumétic bag, measuréments in soft mud
in Bolyhead harbour haye been made at transdﬁcer seéerations of up to
17cm, giviﬁg a velocity of only 10m/s (Bennell et al. 1982).

The ;heér wave data from this cru;se (and those data discussed
in the previous section) canno£ satisfactorily be examined with reséect

to changes in sediment type or correlated with compressional wave
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Station Decca C38-Ordinates Sediment Velocity Shear Wave Focussed

Number Green Purple Description = Ratio - Velocity AFF
' n/s

157 G32.0 J57.9 coarse sand 1.21 75 4.2
158 F47.8 J58.0 muddy sand 1.14 54 4.1
159 F46.0 J57.9 " 1.21 - 4.1
160 . F44.0 J58.0 - medium sand 1.16 67 3.9
161 F42.0 J58.2 muddy sand 1.18 75 4.4
162 F39.9 J58.1  medium sand 1.16 58 3.3
163 F37.7  J58.1 N v 1.17 69 4.0
164 F35.8 J58.4 " - 1.18 76 3.6
165 "F34.0 J58.2 " 1.16 71 4.0
SW1 E43.5 A58.6  coarse sand 1.16 66 4.0
SW2 E44.2 - B59.6 medium sand 1.17 66 4.2
SW3 E44.3 A59.4 sandy mud 1.17 57 4.2
3.8

sw4a E44.1 AB9.5 " 1.16 | . 54

TABLE 8.2 Data obtained from the combined geothsicl probe in Camarthen
Bay, May 1980, using the Mk II shear wave probes.

velocity rétio's and apparent formation factors. Although the variations
in the measured Vé values may be a direct result of subtle changes in |
porosity and packing_strﬁcture, the only significant conclusion . is that
the shear wave velocities in surficial sediments are similar to those

measured in the laboratory at low effective stresses (Chapter 4).
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9. WHICH COMPRESSIONAL WAVE ?

In theories‘of seismic wave propagation in porous media, where the solid
and fluid components are cénsidered to be iﬁperfectly coupled, (Biot, 1956,
1962; Ishihara, 1968; Stoll, 1974,1977) two dilatational waves (compressional)
and qne rotational wave (shéar).are predicted. The shear wave velocity is
governed by the rigidity of the sediment framework, which is affected only
slightly by the presence of the pore fluid. One éomgressional wave velocity
(lVb) is govefned essentially by an aggregate bulk modulus of the solid
and fluid components (equation'2.13). ?he sécond.coﬁgreésional.wave (f?p)
is transmitted through.thé sediment framework. The rélative magnitudes
.of theseAtwo velocities cannot be readily calculated since the parametér
which descrlbes the interaction between the solid and fluid phases is

unknown (Yew and Jogi, 1976) Whilst both waves are coupled together

through the étiffnesses and relative motions of both solid and fluid
componehts, i£ is clgar that lVP will be gove;ned by the elastic moduli of
the sediment.framework.

Similérity in the values obtained from caléulations based on Wood's

equation (2.14) and those derived experimentally,.indicate that the

normally measured compressional wave velocity in saturated unconsolidated
éediments is the first (faster, lvp) kind. Conseéuently elastic moduli are
calculated from lVp and Vs , primarily because they are the only velocities
available{ However, fo; moduli which relate to the granular framework of

£he sediment, it would seem. .to bé far more appropriate to use fV and vy in

_ : . p

the calculation. Two sets of elastic moduli can be considered to exist
(apartvfrom the rigidity ﬁodulus which is only dependent on VS) based on
either v_ and lV or V and fV . ‘
s % P b
For many appllcatlons in soil mechanlcs and foundation englneerlng

the drained soil moduli, that can be dctermlned from oedometer and

triaxia; tests, ‘are.required. These can be used as input parameters
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for‘analytical techniques used to determiné the response of soils td
loadings. Dynamic loadings caused by foundation vibrations, earthquakes
and wave aétion on offshore structures are of particular importance. The
analytical tééhniques used for. these problems have generally advanced
ahead of the.development of methods for evaluating the pertinent soil
‘moduli (Hardin and Drnevich,‘1952). These moduli are frame dominated in
the sense that the interstitial pore flﬁid only introduces a time facfor
which depends on the permeability of the soil. Consequently, if soil moduli
éfe to be ascertained froﬁ seismic techniques,which are of value to soil
engineers, then they should be determinéd from measured valueé of pr as
opposed to lv as is presently the case. The problem is,of course, that the
existénce of the secoﬁd bﬁlk compreséional wave is not apparént on normal -
seismic records; this may be partially attributed to the fact that it is not
geing looked‘forf Tﬁe potential correlation between seismic moduli,
calculated from Vs and :vp',.and conveqtional drained soil mgchanics moduli
can be illustrated by the following examples. Wﬁitman et al. (1964) found
in fheir experiments that the static modulus Qf dry sand, measured using
small stress increments, roughiy agreed with the dynamic modulus pvp2:
However, in the experiment on saturated silt (described in Chapter 5.5)

the dynamic moduli are_greater‘by approximately & factor of 102. I£ is
conceivable that tﬁe Vp measured in the dry sand by Whitman gt al..(19é4)
iskin fact fV Jor £, may be very similar to le in this case where the
po#es are filled with air; whereas in the saturated silt le was ﬁeasured
which is muchﬁéaster than in dry sand because of the high bulk modulus of
water. Paterson (1956).deéignatéd le and f'VD by the terms 'liquid wave'
~and 'frame wave respectivelyfvln his acouétic measurements on sands, lower

frequency waves were observed on ‘the oscillographs which he interpreted as

beihg the predicted 'frame wave'. Paterson's (1956) pr measurements on a
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saturated beach sand varied from approximately 100 to 200 m/s under axial
loads of 2 to 106 kPa. The daﬁa below denonstrates how the value of V
» . p

' 2
changes the calculated dynamic modulus pr .

‘Density - Velocity Dynamic modulus Static modulus
0 v . pv 2 : D.
3 : P P x
kgm/m ' m/s MPa MPa
0'=106 kPa- 3
1 . .
(saturated)= 2000 1750 (V) 6.125 x 103 0.09 x 10
( silt ) . £ : 3
: 2000 200 ¢ Vp) ,0’08 x 10

The first line is taken from the_preconsolidaged éilt test (Chapter.5.5;
Figure 5.8) showing a discrepancy in the static and'dynamic moduli of a
factor .of 60. However, if it is assumed that the'velocity measured waé-the
'liquid wave', lV , and in the second line this is replaced by a suitable
value for the 'frame wave', fVp , taken from Paterson's (1956) data, then
the difference in the calculated dynamic and static moduli becomes comparitively
negligible ( 11%.). -

Plona (1980}, using a‘mgde conversion technique, reports the experimental
observation of the 'frame wave' in water—satﬁréted, sintered glass épheres.
Porosities ranged from 18.5% to 28.3% with corresponding changes_in»va and
pr of 4.84 km/s to 4.05.km/s énd 0.82 km/s to 1.04 km/s respectively.
‘Although the experimehtal details are convicing,.tﬁe decrease in fVp with
decreasing porosity is not consistent with an increasing frame bulk modulus

as the porosity decreases. Furthermore, the calculated bulk moduli, ﬁsing
the values Qf-Ys and fvp, are negative.
During £he cyclic loading tests of sands feported in Chapter 7, waveforms

of the type illustrated in Figure 9.1 were observed usihg the bender element

£

transducers. They consist of three distinct frequency components which is
illustrated by the different filter settings. It can be assumed that the
fast, high frequency signal (Figure 9.1b) is lvp. Howevér, if it is postulated

£
that Figures 9.1c and 9.14 are Vp and V, then there is no way of telling
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@ No filter High pass filter >25kHz.
0-2 vidiv. 01 v/div.

¢) Band pass filter ((j) | Ow pass filter <2-5kHz
(0 B pss fiter () Low

01 v/div. 0-2 v/div.
Received signal time base 0-5 ms/div.

FIGURE 9.1 A RECEIVED SIGNAL THROUGH A SATURATED SAND SHOWING THE POSSIBLE
EXISTENCE OF THREE TYPES OF BODY WAVES: (@) COMPLETE SIGNAL,
® "LIQUID WAVE", (c) "FRAME WAVE", (d) SHEAR WAVE.



from the limited data which one is which. Both have similarly low
velocities which could represent known shear wave velocities or

approximately agfee with the pr velocity reported by Patterson (1956).

From the aboﬁe éiscussion it is evidept tﬁat the existence
cf a éecond bulk combressional wavé'has.yet to be conclusively
proven. However, there ére tentative signs that it does exist and
the péssible implications in terms of being able to remotely assess
so0il moduli in situ should genera£e the impetus for further study.
It should be recollecfed that shear wave measurements in unconsolidated
sediments have only recently become reliable because of their
relatively slow velocity and high attenuation coefficients. A
potentia;ly similar problem now exisﬁs for identifying the second
coﬁpressional wave. This problem is cémpounded by the envisaged
difficulty of designing'transducers with generating and detecting-
characteristics which will minimise the effect of the first compressional
waﬁe whilst maximising the effect of the second compressional wave.
The high compliancévof the.bender element may prove a useful starting
point especially if coupled with the self monitoring techniques to

~enable feed-back systems to simplify the received waveforms.

3

L1
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10. CONCLUSIONS

(1) Sheaf wave transducers based on the piezb—electric bender
lelement are.suitable for measuring the shear wave velocity (Vs) over
short dis;ances (at least up to 20 cm) in a wide range of sediment
'typeé under varying effective stresses.

(2) The mechanical response of a bender'element to an electriéal'
driving signal can be measured by monitoring the electrical output
from either a ‘'multimorph' element rigidly;bonded to the fransmittef
or an electrically isolated section of the bender itself kselfvmonitoring
technique). This secona technique should be equally applicable to
lother configurationé of piezo-electric transmittefs. 'These:techniques
provide valuable information on transducer performance as well as
enabiing electrical feed-back systems to improve the shape of the
receiveddwaveform. |

“(3) For confinéd laboratory Sediment samples bender elements
éotted in epoxy reéin and mounted in a cantilevéf mode, where they
protrude into thevsediment, is the best EOnf;guration for generating
and clearly detecting shear.waves. Thié'technique togetﬁer with
compreséional wave trénsducers has been successfully used in
Jackson's porosity‘cell,_and oedometer and two triaxial cells.
Parallel.and series connected elements ére used to maximise the
senéitivity of the system.

(4f/ Withdut the use of feed-back eleétronics, the d.c. step
of a square wave has been found to be the mosf successful and con§enient»

driving signal for these types of transducers if Vs is being measured

1)

using the pulsé technique.
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(5) Shear wave.pulee techniquee using benae; elements are
limited in terms ofvpath‘length. The brimary limiting factor
"is the strain energy fhat can beimpartedieto the sediment before
decoupling with the transmitter occurs. Signai averaging, siﬁgle
pulse techniques with transient recorder and cross—correlation
using a random neise-driving signal show the most promise for
extending the usable path length.

" (6) The most efficient transmitter/feceiyer cenfiguration
for rectangular bender elements generating and‘detectiné shear
~waves 1is with both’longer edges equidistant and parallel.

(7) shear wave bender element traneducef probes can be
used to measure Vg in situ. The design used (Mk-II) incorporates
a ruggea steel easing suitable for shipboard use whilsf maintaining
sheaf wave sensitivity.

(8) Compressional wave velocity (Vp) in water saturated
veands at 20°C are funetions of porosity (n) as defined by the

following generalised equations.

v, = 2913 - 4999n +2916n°  for both well sorted and poorly

. sorted, sub-angular - rounded sands
v, = 2390-3215n+ 3616n?  for well sorted glass spheres

vV = 2686— 3205n+2053n2 for very angular, well sorted

p v shell fragments

(Q). Shear wave velocity in water saturated sands at 20°c

are functions of porosity as defined by the following generalised

equations.
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vs = 173 + 46n - 655n? for wgll—sorted, sub-~angular -
rounded sands.

v =‘48 + 480n - 1220n® for bimodal poorly-sorted, sub-
angular -»réunded sands.

vS = -200 + i341n - 1399n2 . for very angular, well-sorted

shell fragments.

(10)  There is no correlation between VP,VS and grain size.

A poor correlation exists between velocity and mean grain. roundness (RSO)

defined by

o —199R50 + 1814

<
i

< —9OR50 + 115

<
14

(11) The bimodal, poorly-sorted sands artificially prepared

i

from two samples -(mixtures) exhibited shear wave velocities lower than

the component sands. It isAafgued that naturally occurring poorly-sorted

sands may-exhibit shear wave §elocities higherAthanAthose found in these
experiments.v
| .(12) Differencés in Qibration procedures cén produce sénd
: structurés with significantly different rigidities at the same porosity.
.(13) . The dynamic elastic moduli calculated from the above
equations (9, 10) define them as fUnctiohs 6f porosity for aifferent

sands (Figures 4.48 and 4.49). Large,differenceg, particularly in Young's

modulus and the shear modulus (G) occur with changing ﬁorosity and sedimenﬁ
type. For example, for well-sorted sands (X) G changes by a factor of
7 for a éhange in porosity of 0.48 to 0.35, The effect of grain shape

i

- is illustrated by'the following example whén n = 0.375.

1.3 % 106»-N/m2 for glass spheres

[}
n

19.4 x 10° N/m*  for sands X,

Q
1t
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(14) In the oedometer cell the Vs~effective stress (P)

relationships for different sediment types has been,deﬁermined;

v =s8.6p°°%® - silt

s
v, = 0.5P0;48 + 80 - silty-clay
v, = 1.2P0'37 + 60 - potter's clay

(15) A small decrease in Vs occurs after each incremental load
in the potter's clay sample, which indicates either a non-uniform effective
stress profile across the sample or an effective stress decrease which

is not accounted for in- the theory of consolidation.

(16) The shear wave technique incorporated in both. the triaxial and
oedometer cell is ideal for ascertaining £he Vs—depth profile for a widev
~range of sediments.

(17) Large differences occur between the static and dynamic
modnli, for a.pre—cpnsolidated silt sample tested in the‘oeéometer, both
Ain,magnitude and as a function of stress. 'This>is primarily attributed
to the difference in drainage conditions. There is, howe?er, a tentative
correlation'betwéen thé small stfain relaxation moduius and the'aynamic
frame modulus.

.(18),.VS and V' during cyclic loading tests on sands is niable.
Vé profiles pro&ide an accurate assessment of the onset of liquefncéion,
V, varying between 0 and 300 m/s.

{19) . -The failure mode during liquefaction nas been andlysed
from the dynamic bulk modulus calculated from Vs and VP. This has shown

that the sand probably only liquefied at failure oner a small part of the

sample. ' . i L
(20) Shear wave velocities measured in situ in surficial sediments

varied between 17 m/s and 120 m/s without any apparent correlation with
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electrical formation factor, Vp or sediment type.

(21) 'The second,'slower, bulk compressional wave, predicted

by theory but rarely observed might be more appropriate for calculating

- s0il moduli. The use of geophysical techniques in foundation engineering

might be significantly advanced if this wave veloéity could be routinely

measured.

(22) Observation of received waveforms in the triaxial cell

using bender elements has tentatively identified what may be this second,

slower compressional wave.
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