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Abstract

Laboratory velocity measurements are an integral component of solid earth seismic .
investigations. Typically, ultrasonic measurements from centimeter scale plug samples
are used to model large sections of the crust, core and mantle. By using the laboratory
determined velocities, the seismic arrival time can more accurately calibrate spatial
physical properties of the solid-earth. A semi-automated picking procedure is presented
which determines the velocity measured from recorded ultrasonic pulses propagated
through laboratory samples. This procedure is quicker and more consistent than the
standard hand picking method, allowing larger data sets to be accurately investigated.
Furthermore, a series of common velocity analyses are compared to the physical
properties of phase and group velocity in an attenuating medium of glycerol saturated
glass bead packs (Q ~ 3). It is found that the velocity determined from the first break of
the waveform (signal velocity) is up to 13% different from group and phase velocities.
This illustrates that signal velocity is unsuitable to determine rock properties in highly
attenuating media. Also, greater than 81% velocity dispersion is observed when the
dominant propagating wavelength is comparable to the bead size. More surprisingly, on
propagation of the broad band input signal a bimodal amplitude spectrum becomes
apparent. The low frequency peak is consistent with standard attenuation, whereas the
high frequency peak is related to resonance of either the constituent beads or the inter-
bead fluid cavity. Such resonance partitions energy of the main incoming signal. This
phenomenon represents a new and fundamental attenuation mechanism that should be

considered in many wave-propagation experiments.
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CHAPTER 1

Introduction

This work focuses on the experimental determination of the speed of sound through
materials in the laboratory with the pulse transmission method. This technique is perhaps
the most basic: one simply measures the transit time of a pulse through a known distance.
The velocity is then just the ratio of the distance to the time. This simplicity has made the
pulse transmission method very popular in the rock physics and nondestructive testing
communities. However, belying this simplicity is the problem of choosing the transit
time. In particular, how should an observed waveform be interpreted in order to provide a
useful transit time yielding a physically meaningful velocity? In this thesis, I explore this
issue experimentally and go on to examine some problems of the relative scale between
the material structure and the wavelength of the waves illuminating it. In the first part of
the thesis, accurate travel time determination methods are applied to a find velocity
through highly attenuative media and then contrasted with more fundamental group and
phase determinations. In the second, the effects of scale on velocity measurement are
examined through a range where the wavelength A is approximately the same as the
characteristic dimension of the material structure. The materials displayed unexpected
internal resonances that may impact our ability to make attenuation measurements.

Chapter 2 introduces the concepts of velocity, attenuation and their correct
application to physical property investigations. This chapter provides the background
from which the rest of the thesis draws. More specifically, concepts of group and phase

velocities are described, theoretically and conceptually with their relation to static elastic
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rock properties. Further, phase velocity is seen to be intrinsically linked to wave
attenuation. It is noted that all transforms from group and phase velocity to rock
properties are based on a Fourier analysis of the waveform. Chapters 3 and 4 describe
how common and simpler velocity estimates may differ in magnitude from these intrinsic
properties in the presence of significant wave attenuation.

Chapter 3 describes a method to semi-automatically determine the time-of-flight
velocities in ultrasonic pulse-transmission experiments [Molyneux and Schmitt, 1999a,
Molyneux and Schmitt, 1997]. The general literature may be roughly divided into two
types of time-picking methodologies. The first type relies on the maintenance of
coherency between a reference waveform and those that follow and then exploiting this
coherency to give a relative time shift between the two. The second employs some type
of threshold or feature of an observed waveform. For example, the first break of the
arriving wavelet is determined when the amplitude of the arriving wavelet exceeds a
subjective threshold. Both methods suffer from deficiencies as will be discussed. The
first method loses accuracy because waveforms change: attenuation and dispersion force
a propagating pressure pulse to spread with propagation distance. The second method is
intrinsically subjective especially in the presence of ambient noise. Here, a hybrid
coherency method is employed which is minimally affected by dispersion. The time at
which the pulse is first detected is identified by an objective maximum value of a time
dependent accuracy-of-fit function.

The method is first evaluated on a series of model pulse transmission waveforms that
contain increasing levels of noise. The procedure was then applied to a real metamorphic

core sample whose porosity is characterized by low aperture microcracks. The overall
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compressibility decreases nonlinearly with confining pressure with subsequent nonlinear
increase of compressional wave speed due to the progressive closure of the microcracks.
The open microcracks and subsequent attenuative properties at room pressure indicate
that the rock has been distressed from its peak P-T (pressure-temperature) in its
exhumation to the surface outcrop. The microcracks have a large effect on the velocity
and attenuation. However, workers often require instead the value of the crack free. or
intrinsic, velocity of the material as it is often assumed that no microcrack porosity exists
at great depth in the earth. One great problem for workers in this area has been to judge at
which pressure the microcrack porosity is sufficiently closed such that velocity measured
provides a useful estimate of the in-situ value. Here, I propose a more quantitative
measure of microcrack closure based on the attenuation of the sample. Specifically, [
found that the attenuation and the velocity dispersion are essentially constant above a
certain hydrostatic confining pressure. This indicates that most of the microcracks, which
scatter the elastic waves, have closed and the nearly intrinsic mineral properties of the
rock are being measured.

Chapter 4 contains a detailed analysis of the link between the velocity measured
using a variety of conventional time-picking techniques and the more fundamental
measures of phase and group velocity [Molyneux and Schmitt. 1999b]. The experiments
were conducted on a highly attenuating medium composed of saturated packs of glass
beads and quartz grains. Various lengths of the same media are required to determine
group and phase velocities and for each sample different lengths to 50 mm were
measured. The glycerol saturated sand and glass bead packs had large signal attenuation

(Q ~ 3) and some velocity dispersion was seen. In the comparison, it was found that
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many of the, common velocity picking methods reasonably estimate the group velocity to
within 3%. This observation was much as expected. However, the time picking methods
did not necessarily yield values of the phase velocity in the material especially in the case
were the first arrival is used as a velocity measure. Such a discrepancy may be
problematic if one wishes to test various models of wave propagation, all of which are
developed using plane-wave phase velocity concepts.

Chapter 5 examines the relationship of velocity to both the dominant propagating
wavelength and the structural dimension in saturated glass bead packs [Molyneux and
Schmitt, in submission] similar to those used in Chapter 4. When the wavelength is less
than the grain size (e.g., the high frequency regime), the ray theory limit is reached
whereby the first arriving signals propagate through the relatively high velocity beads
reducing the apparent travel-times through the sample. Conversely, where the wavelength
is larger than the grain size the propagating wavefront does not interact singly with each
incident grain, but rather in an effective sense with increased transit times across the bead
pack. The travel times in this latter case are in relatively good agreement with the
predictions of existing mixture models. Quantification of this transition is important to
evaluate how, for example, relatively short wavelength ultrasonic experiments performed
in the lab can be applied to the long wavelength seismic scales. It is also important to
allow us to better understand wave propagation in the earth, which is arguably a structure
whose scale dimensions are difficult to describe. Similar work has been carried out on
layered media [e.g.; Marion et al, 1994], and on glass beads suspended in a solid epoxy
matrix [Kinra & Anand, 1982; Yin et al, 1994]. The present experiments differ in that: 1)

the beads are unconsolidated (i.e., the frame modulus of the bead pack does not
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contribute significantly to the wave propagation); 2) the matrix has no rigidity and hence
scattering is reduced to P-P or S-P from the beads to the fluid; and 3) the relative
impedance between the glycerol and the glass beads is ;ubstantially larger than that
between the beads and epoxy employed in the previous studies. Apart from the dramatic
81% velocity dispersion observed, new phenomena are observed when the dominant
wavelength is comparable to the length scale of beads in the bead pack. The properties of
such media are somewhat contradictory. The apparent attenuation of the signal as
deduced from relative measures is reduced; but the overall signal amplitude is
substantially smaller. Further, a high mono-frequency, bead size dependent component is
introduced to the received signal. This high frequency component represents a resonance
condition related to the dimensions of the individual grains and may indicate the
existence of a previously undiscovered wave resonant scattering propagation mechanism.
Such problems may further complicate the study of wave propagation in heterogeneous
earth materials.

During my tenure as a graduate student a number of other projects, not included here
in order to maintain a consistent theme, were carried out. Additional research included;
1) a VSP (Vertical Seismic Profiling) method to identify multiples in a reflection seismic
section and 2) a statistical/physical property investigation of a metamorphic shear zone in
Flin-Flon Saskatchewan to help delineate deep crustal reflectors. The former exploits the
downgoing separated section of the VSP waveform, which when auto-convolved yields
seismic traces with readily identifiable primary and multiple events as would be recorded
at surface [Molyneux, Jones and Schmitt, 1996]. This work was carried out extensively

during one summer of research consultancy at Schlumberger of Canada. The latter work
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involves a comprehensive suite of physical property measurements from 106 core plugs.
Measurements included bulk density, ultrasonic velocity @ 300 MPa confining pressure,
velocity anisotropy, mineralogy, chemistry, preferred orientation of crystals, grain size
distribution, and garnet-biotite identification of temperature of crystallization. This work
has been presented in part in several meetings, the most complete and recent of which at
the Canadian Geophysical conference in Banff [Molyneux and Schmitt, 1999c]. and is
being compiled for publication. However, both works are somewhat removed from my
main thesis topic and are therefore omitted from the main body of work.

The conclusion summarizes the body of work and suggests avenues of further
research. Of special note is the application of this research to parameterize experimental
procedures to ensure velocity measurements performed at one frequency scale relate to
velocity measurements on the same rock body at a frequency scale orders of magnitude
different.

It is noted that this thesis is organized in a paper-based format. Each chapter is a

‘stand-alone’ entity with separate introduction. conclusion and references.
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CHAPTER 2

Background

2.1 Introduction

Speed has been studied since the human awareness of distance and time. Even since the
advent of a mathematical framework for elastic and anelastic wave propagation many
misconceptions of wave propagation exist. For example. many scientists are surprised
that in certain extreme conditions commonly used models are inadequate and experiments
have displayed group velocities exceeding the speed of light [eg., Bolda et al., 1994].
Here. it is noted that relativity is not violated as the wave front propagates at up to the
speed of light but the mathematical concepts of group and phase velocity are not so
constrained [e,g, Brillouin. 1960, Stenius and York. 1995. Stratton. 1941]. This
background is based in the research and understanding of over thirty years past. Indeed,
Stenius and York’s [1995] paper quotes “... I never learn anything anymore at the
[annual] conferences. It seems like every paper covers some topic that my colleagues and
[ investigated thirty to forty years ago!” The following paragraphs will elaborate this
history discussing the physical interpretation of group and phase speed, the relationship of
static elastic parameters to phase velocity and the link of velocity dispersion (frequency

dependent propagation velocity) to attenuation.
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2.2 Group and phase velocities

Two fundamental measures of the rate of propagation are group and phase speeds. In
short, it is often conceptualized that phase speed is that at which a monochromatic plane
wave travels. The group speed is commonly associated with the rate of movement of a
superposed packet of two or more such plane waves. It is useful to illustrate these

concepts by investigating the classic example of two superposed waves in |-dimension.

A propagating plane wave with a maximum amplitude A of angular frequency and

wavelength 4 (k= wavenumber = 27/2) can be characterized by the following equation:

@ = Acos(kx - wr).
(hH

Using,

rd

where V, is the phase velocity of the signal with frequency f, it is shown from equation
(2) that the propagation rate is avk. The superposition of two such waves with slightly

different angular frequency (4w) and wave number (4k) results in the following,

10
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@ =Acos((k + Ak)x — (@ + Aw)t) + Acos((k — Ak)x — (@ — Aw)t) =
2Acos[Akx + Awt]coskx + ar]

3

The first part of the solution to equation (3) has a wavenumber 4k and angular frequency
Aw, which via equation (1) and (2) has an associated speed of Aa¥dk. This perturbation
superposes on the last part of the solution to equation (3) with associated speed avk.
Graphically this is seen in Figure | as a low frequency amplitude envelope propagating at
a speed Aa¥ Ak - the group speed, with the high frequency information within this packet

propagating at a speed avk - the phase speed.
2.3 Linking static elastic parameter to wave phase and group velocity

The static elastic properties of Poisson’s ratio, v. Young's modulus. E. bulk density. p.
and the Lame parameters A and u are related to phase velocity in either of the following

manners. Firstly compressional wave speed,

mepruvimul = At 2#
\} P
‘/cum ressional — E(l — V)
pres (I+v)(1-2v)

4)

and also shear wave speed,
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By a simple transformation the group velocity V, is derived from the above calculated

phase velocity V,,

dv )
V.(iw=k @

v

+V, ()

(6)

Here. equation (6) evidences that group velocity only differs from phase velocity if the

propagating medium is dispersive, ldV,/da| >0.

2.4 An example of velocity dispersion

A classic example of dispersion and differences between group and phase velocities can

be drawn from the analysis of surface water waves [Rayleigh, 1929, Brillouin, 1960]

12
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V= £4--71 tanh(kl),
I k p

(7

where g is the acceleration due to gravity, T the surface tension and [ the water depth. For

the simplified case of relatively deep water, equation (7) becomes,

(8)

To relate to our final example I will concentrate on only the small wavelength

approximation (k> >> go/T),

9

which is valid for ripples on a pond as opposed to a long wavelength approximation more

suitable to ocean waves,

Applying equation (6) to (9) results in,

13
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(10)

Such a disparity between group and phase velocities can be seen when throwing a stone
into a pond. The produced rings are comprised of a small number of ripples. As the rings
(velocity V,) propagate, the internal ripples (velocity V},) lag behind and eventually

disappear on the inside of the rings.

2.5 The link between the attenuation constant a and Q

Q is a dimensionless property of intrinsic attenuation of a medium (thermodynamic
energy loss. internal friction etc...), defined by the fractional amount of energy loss in

each cycle of a mono-frequency wave [e.g., Aki and Richards, 1980],

1 AE

= e ———

Q(w) 27E

(I

where E and AE are the peak strain energy and energy loss per cycle respectively. As

most arrivals from elastic waves are recorded as amplitudes, for small attenuation (Q >>

14
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1) the differential of the energy-amplitude relationship (E ~ A?) yields AE ~ 2444

A is the maximum amplitude of a recorded mono-frequency wave,

! AA

Qw) m’

Thus for each cycle, the wave amplitude is decreased by a factor of n/Q such that,

A(t)=Agexp(l-7/Q)"

where equation (13) is valid for integer periods. n,

t=2nrxlw

and it follows,

A(r) = Ay exp[l - awt /20n]"

and for large n,

15
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(12)

(14)

(15)



A(t) = A expl-art/20Q]

(16)

It is difficult to monitor the time evolution of an infinite sinusoid amplitude decay.
Experimentally, it is easier to monitor the evolution of amplitude with distance.
Transforming equation (16) from time to distance via t = x/V,, the following distance

dependant attenuation equation becomes apparent,

ALY

A(x)=A, exp-lv"g .

(17

Which is commonly written as,

A(.r) = Aoe-ll( Xhe

(18)

defining how the attenuation coefficient a relates to angular frequency phase velocity and

Q..
alw) = a/2V,Q.

(19)
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2.6 The link between velocity dispersion and attenuation

Drawing from the work of O’Donnell et al. [1981], in the following description it is .

assumed that an elastic wave satisfies Hooke’s elasticity law,
s(t= IR(I—I')p(t')(lI'

(20)
where s is the strain at a given time ¢, R the adiabatic compressibility and p the pressure of
the elastic wave pulse at a stimulus time ¢’. The link of attenuation to dispersion is
manifest by invoking causality i.e.. the strain response s() cannot be influenced by future
stimuli p(¢’) and the compressibility and propagating wavenumber can be complex.

A Fourier representation of the compressibility is given by,
k]
do o
R@= [ == R(@)e™
2T

20

and the reaction of strain to a pressure delta function results in
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K dw' ' —1a't
R(f )= J;ER(&) )e
(22)
R(w) is can be represented by a complex function R(w)=R,(w) + iRy w), the real and

imaginary parts respectively. However, R(w)is a real and measurable quantity and so

R(-w) = R*(w), that is the real part of compressibility must be symmetric and the

imaginary antisymmetric such that

s(t) = iwa' R (w')cosw't + Ida)' R,(@')sinw' 1)
T

0 0

(23)

Further, causality imposes

Idm'R,(w')cosa)'t+Idw'R2(w')sinw't=O t<0
0 0

(24)

or equivalently,
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Idw'Rl(w’)cosw't—Idw'Rl(w')sinm't=0, t>0.
V] 0

Transforming (25) by multiplying through by exp(-nt) in which n = ¢+iw, and

integrating over positive times yields,

R - 'R’ .

I” (@ ),,“’,-(“’Llweo e>0

o @+
(26)

as € tends to zero, the denominator of equation (26) becomes,
(02 +7° ) — P ~0*) ~ izd(0" +0*)
= P(w"”-w") -@-(J(w'—w) +(0'+))
20

(27

where P represents the Cauchy Principal component. Substituting equation (27) back into

equation (26) results in a separation between real and imaginary components such that,

R (@) =3PJ' CRECRI
T oy o -w

(28)
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and,

2 FoR '
Rl(a))=—Pj_w_"'ﬁT)dw.
T |-

(29)

Equations (28) and (29) represent the Kramers-Kronig relationship [Kronig and Kramers,
1928] most commonly applied in electromagnetic problems. The compressibility so

discovered also needs to satisfy the dispersion relation for acoustic wave propagation.

k* =w’ pR(w)

(30)
in which it follows that k must be complex,
k= —(i)—-f- ia(w)
1%
r
(3D
such that a plane wave ¢ is represented by,
P(x,1) =" = gm0
(32)
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Upon substitution of (30} into (31)

()

1) ) 2iwa(w) s .
- —a () + ————=w p|R,(w) +iR,(w){,
V(@) V, (@) AR, :(@)]
(33)
and upon separation of real and imaginary components,
w’ , .
3 -a (w)=w’ pR(w),
V(@) PR,
2
2wa(w) = PR, (@).
V, (@)
(34)

Generally, the imaginary part of the wavenumber is less than the real part

(a(w)Vp(w)/a<<l), which decouples the equations,

V, (@)= ———r
" R @)

(35)

and,
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a(w) =(pV, (@)1 2)0R, ().

(36)

Equations (28) (29) (35) and (36) allow the phase response of the system to be
calculated if attenuation is known at all frequencies and vice versa. Here it is noted that
equations (28) and (29) are considered solvable at high frequencies as inertia ensures that
the compressibility terms fall off rapidly enough for the integrals to converge. O’Donnell
et al [1981] illustrates further simplifications for experimentally useful bandlimited

problems. However, the present description is sufficient to demonstrate how attenuation

and dispersion are mathematically linked.

2.7 Conclusion

In this discussion it is seen that the mathematical framework for non-invasive
investigations of the static elastic properties of a medium via wave velocity and
attenuation characteristics is centered on the correct measurement of group and/or phase
velocity. We shall see in subsequent chapters that not all analyses of the received signal

return these fundamental velocities, misrepresenting the material properties.
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Group Velocity

L]
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Phase Velocity

Figure 1. Beat phenomena. Two superposed cosine waves propagating through a media
with slightly different wavenumber and angular frequency produce an envelope, which
propagates at the group speed, and high frequency internal carrier information which

propagates at the phase speed.
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CHAPTER 3
First Break Timing: Arrival Onset Times by Direct Correlation

3.1 Introduction

The time of the first break is employed in velocity measurements ranging from |
elementary refraction profiling to the most sophisticated tomographic inversions. The
term first break is not precisely defined, and it is relevant to ask which feature of the
arriving waveform provides the best measure of the time-of-flight. Is the initial time of
onset or a more readily identifiable characteristic, such as the first peak, more important?
If the propagating wavelet is stationary the determination of interval velocities from either
of these criteria yields identical results. However, in the real world both intrinsic
absorption and scattering contribute to the signal attenuation, manifest as a broadening in
time of a propagating wavelet. In some measurements the onset times differ by several
percent from those determined with a first peak. In such situations, this discrepancy
ceases to be of only academic interest. Unfortunately, it is not immediately obvious
which waveform feature provides the most representative measure of material properties
or physical structure.

For any propagation mode (i.e. compressional, shear, Rayleigh, etc.) the wave
speed is the quotient of propagation distance with time-of-flight. In real media, these
wave speeds depend on frequency. This dispersion results from a combination of intrinsic
absorption and scattering effects (e.g. Brillouin, 1960, Futterman (1962)) and requires

development of the concepts of phase V,, group V,, energy V., and signal V; velocities.

! A version of this chapter has been accepted for publication. Molyneux and Schmitt, in press, Geophysics
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Both phase and group velocities depend on frequency. Because of this, a band-limited
disturbance changes form as it propagates. The phase delay time

where ¢ is the change in the phase of the signal component of frequency  is used to

calculate the phase velocity across a distance .

V =/_=_£!).
P(w) @ Ao

()
One way to provide the phase ¢ is from the difference of the unwrapped phases between

two observations of a propagating pulse. This phase is also required to determine the

group delay

to ((l)

LG
s dw
(3)
describing propagation of a wave packet (i.e. the envelope of a number of frequencies).
In a band limited signal centered on a aw, the signal's peak amplitude travels at V,. Here
Claerbout (1992) observes it is often said: "what you see is the group velocity”.
It is also useful to define the energy-transport, or ray, velocity (Federov, 1968)

which is the velocity at which energy is transmitted. V. is equal to the ratio of the

intensity to the energy density of the wave (White, 1983; Bourbie et al., 1987) and in non-
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attenuating materials is the same magnitude as Vg. In the special case of isotropic and
purely viscoelastic attenuating media, this energy-transport velocity and the phase
velocity are the same (White, 1983). In attenuating media, the frequency content of the
wave packet evolves and group velocity is no longer meaningful, whereas the energy
transport velocity has a real physical interpretation. This is a particular concern when the
attenuation of the sample under study changes with varying states of saturation (Bourbie
et al., 1987) or confining pressures as in the present investigation.

Signal velocity is another important measure. Sommerfeld (see Brillouin. 1960)
defined the signal onset time, used in calculating the signal velocity. to be the time at
which the energy of the signal is first detectable. One advantage of using the onset time is
that it is less influenced by dispersion dependent waveform modification. A possible
explanation for this is that in media displaying inverse dispersion (i.e. those in which
phase velocity increases with frequency) the earliest arriving portions of the signal are
preferentially composed of the fastest frequency components. Onset travel times may
then be more consistent than those which rely on the picking of some later waveform
feature likely to be influenced by dispersion.

The overall question of which velocity definition is most useful will not be
answered in this chapter, which instead focuses on the technical issue of accurately
determining the onset arrival time in high fidelity waveforms acquired in laboratory
experiments. Sommerfeld’s definition is adopted here and a method to accurately pick
the onset time in high fidelity laboratory waveforms devised. Below, earlier first break
picking schemes are reviewed. A strategy to measure the onset times is described and

implemented with a suite of pressure-dependent ultrasonic waveforms (Figure 1) acquired
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in the laboratory. The results illustrate how critical the definition of the first break is in
attenuating media. Finally, the absorptive and transit time characteristics of a candidate
rock are compared; these reveal additional criteria with which to judge the quality of

intrinsic velocity determinations in materials containing micro-crack porosity.

3.2 Previous methods
3.2.1 Seismic travel time picking

Modern seismic studies require that large data volumes be analyzed. Manual
travel time picking is both too slow and subject to inconsistent operator bias and error. To
attempt to circumvent these shortcomings several automated picking schemes have been
developed and these may be classified as either ‘running window’ or ‘coherency’
methods.

In the former, certain characteristics are repeatedly calculated within successive
sections of the time series producing a time dependent function. The onset time is usually
identified by an obvious change in the behavior of this function. Such 'running window’
methods proficiently identify changing waveform character. The averaging inherent to
these techniques smoothes the calculated response and complicates travel time
determination. In one example, Boschetti et al. (1996) calculate the fractal dimension of
time windows along a seismic signal. This method relies on the empirical observation
that the fractal dimension of coherent signal differs substantially from that of pre-arrival
noise. The first onset time is indicated by a decline in the magnitude of the fractal

dimension, and such a change in character is visible in even the noisiest data. However,
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this measure does not abruptly change and as such there remain potential timing
ambiguities.

A second method relies on employing the coherence characteristics between .
traces. Coherency based methods rely on a quantitative comparison of object and a
shifting reference waveform. The relative first break time is taken to be that when the
measure of the quality of match is maximum. Such correlation or convolution methods
presumably yield group velocities as the properties of the waveform as a whole are
compared. In a refraction seismic study, Peraldi and Clement (1972) cross-correlate the
reference waveform, with an ostensibly known arrival time to other traces in the data set.
This method assumes the waveforms in each trace are reasonably similar to the reference;
the respective maxima of this cross-correlation indicate the shifts of their travel times
with respect to the reference waveform time.

Numerous additional coherency based methods may be found in the literature.
Ervin et al (1983) convolve a boxcar whose time width equals the dominant period of the
seismic data: the maximum of the resulting function occurs near the first onset of signal.
Ramananantoandro and Beritsas (1987) further adapt this approach by employing a series
of different width boxcar functions. They found that the time of the successive maxima of
the convolution of the boxcar and the model arrival were all the same for box-car widths
exceeding half the period of the signal. Consequently, the signal onset time was then
given by subtracting half-width time of the shortest boxcar sharing these identical times.
This method obviates the need to evaluate the dominant period, and is to some degree

prescient of modern wavelet transform methods employing the Haar wavelet.
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The following travel time determined methods employ a blend of both the running
window method and the comparison technique. Coppens (1985) identifies the first break
with a running window energy function after reducing the influence of uncorrelated noise
by coherency filtering. Spagnolini (1991) applies a two step picking scheme to refraction
data. First, the running window is split into two sections about the center position. A
substantial change in the ratio of the powers between these two sections approximately
indicates the signal onset. Secondly, the first arrivals are converted to stationary zero-
phase wavelets by an adaptive filter, and this final stationary wavelet data set is compared
to a reference to evaluate the relative travel times.

Gelchinsky and Shtivelman (1986) use statistical techniques to estimate the signal
onset time and then cross-correlate adjacent traces to further correct the time of refracted
arrivals. Hatherly (1982) determines the first break by applying a set of empirical pass-fail
tests. After approximate identification of the onset. the first arrival is modeled by a
quadratic interpolation method from which the first inflection point on the rising portion
of the waveform is determined. This assumes the inflection point is a more consistent
feature than the manually picked onset of signal. The average difference between these
two picked times in the data set is subtracted from the times to the first inflection points
to reveal smoothly trending first arrival travel times. Again, this method assumes the
wavelet is stationary.

Murat and Rudman (1992), use various trace attributes to determine the first
arrival in their neural net approach. These attributes include the peak amplitude of a half

cycle, the amplitude difference between the peak value of the half cycle to those half
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cycles surrounding it, the RMS amplitude ratio of a running window, and the RMS
amplitude ratio for adjacent traces.

In application to whole earth geophysics, Su and Dziewonski, (1992) employ a
cross-correlation technique to evaluate the timing of teleseismic arrivals. In a comparison
of a variety of picking methods, Gudmundsson (1996) applies such a correlation
technique to modeled teleseismic waveforms which incorporate scattering. He found that
the spatial resolution of tomographic studies which used these correlation travel-times
was improved with the onset times.

Development of a truly causal first arrival in theoretical studies is often hindered
by the deficiencies intrinsic to the modeling itself. For example, filtering of a trace causes
the signal to become non-causal in the sense that a small amount of energy leaks into
times prior to the first arrival; this effect was noted by Ricker (1953) who in a predigital
age suggested that one can never find a portion of the signal with a zero amplitude such
that the arrival first kick can be defined. As a practical result, Schmidt and Muller (1986)
and Gudmundsson (1996) define the onset of calculated model signals to occur when the
amplitudes exceed an arbitrary level which they choose as the time to 1/100 and 1/8,
respectively, of the maximum amplitude.

Recently, Boschetti et al. (1996) quantitatively compared a number of the above
techniques. However, in most of the above studies the automatic first break times are
compared only to those determined manually. No objective measure of the picking

accuracy was presented.
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3.2.2 Laboratory travel time measurement

The primary differences between waveforms acquired in laboratory settings and
those acquired in the field are that the laboratory data are usually considerably less
contaminated with noise. Despite this, the picking of accurate transit times in laboratory
samples is particularly critical given the high velocities (1-8 km/s) and short transit times
(a few microseconds). In the earth sciences, the pulse overlap method described by Birch
(1960) is traditionally used to find velocity in rock samples. (e.g., Christansen, 1965.
Fountain et al., 1990). Ultrasonic pulses propagate simultaneously through a sample and a
delay-line column of mercury. Both transmitted signals are displayed on an oscilloscope,
and the length of the mercury delay line is varied until the two signals overlap. As the
velocity of the mercury column is presumed known, the transit time through the sample is
easily derived. In a similar manner, pulse echo overlap methods (e.g. Papadakis. 1990)
involve finding the time delay between the first arrival of a pulse and its multiple
reflections. Here, the oscilloscope time base is altered until a multiply reflected arrival
overlaps the earlier arrival. The time sweep then provides a measure of the travel time. In
many respects both of these methods are similar to the digital correlation techniques.

Alternatively, the first peak time of an input pulse as it propagates through a cored
rock sample is often measured (Kern and Richter, 1981, King, 1966). The transit time
through the recording apparatus is corrected by measuring the difference in the timing of
the first peak amplitude when the rock core lies between the transducers relative to when
the transducers are placed directly in contact. Such a measurement is predicated on the
observation that the waveform is stationary at elevated pressures and as such consistently

monitors travel time differences with increasing pressure. However, as indicated in Figure
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1, waveforms acquired at lower pressures can significantly differ from those at high
pressure. This can result in substantial differences between the travel time measured from
signal onset and first peak.

Although the essential concepts of velocity determination apply to both seismic
and ultrasonic laboratory applications, in practice one important difference is that the
latter is usually less contaminated with noise. Further, such signals are also recorded at
high sampling rates such that the Nyquist frequency is large relative to their frequency
bandwidth. Such high-fidelity signals are advantageous in that they allow greater
accuracy in the determination of the signal onset. In this context the running window
approaches, although useful in coarsely sampled and noisy seismic data, are inappropriate
due to their inherent smoothing. The waveform comparison methods unambiguously
identify a transit time but suffer in that they assume stationary waveforms. Here. we
present an alternative onset time determination that employs a correlation of the shape of

the waveform but only in the vicinity of the signal onset.

3.3 Onset time determination
3.3.1 Direct correlation

In this section, the direct correlation travel time determination technique is
described and then tested on synthetic data. The method relies on the comparison of
waveform shapes near the signal onset, examples of which are shown in Figure 1b. The
method is analogous to hodogram analyses (cross-plot of the amplitudes of two

associated traces) usually employed, for example, to azimuth orient and rotate downhole
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3-component geophone seismic data (e.g. Kebaili and Schmitt, 1996). The cross-plot of
two well-correlated waveform segments is linear.

A simple example illustrates the picking methodology. A reference template X
(Figure 2a) includes the signal onset whose time is presumably known. The signal onset
time of the object waveform Y relative to that of the reference waveform X is to be found.
Three separate waveform segments of the object trace Y are shown in Figure 2b. Cross-
plots of these object segments with the reference (Figure 2c) display various behavior but
only the cross-plot with the centermost window Y2 is linear. The non-linear cross-plots of
YI and Y3. which are advanced or retarded with respect to X, simply indicates that their
shapes differ from the template X. In contrast, the linearity of the middle cross-plot for
Y2 suggests its shape is most similar to the template; consequently the time shift of
window Y2 relative to template X yields the difference in their onset travel times.

A means to objectively provide a measure of the linearity in the cross-plots is
required. The simplest and best known measure of linearity in this context is the Pearson's

co-efficient of correlation (Taylor, 1982) here given as r( 7).

(1= NZXY (9- (zX)(z¥(2)
VIvzx2-(sxPlver(ep - (sv(o)f

4)

where X = (X, X, ... Xn/ is the vector of amplitudes of the N sample length reference
template waveform and Y(7) = (Y, Y, ... Yu/ is a trial segment of the object waveform of

the same length. The Pearson correlation coefficient, r( z), is calculated for ¥( ) shifted
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along the length of the object waveform a series of time shifts r. As is well known, a
value of r = | indicates perfect positive linear correlation between X and Y(r) meaning
both share the same shape. A value of r = 0 indicates no correlation meaning in this
context that the shapes of the curves differ, r = - | indicates an anti-regression: two
curves of the same shape but with opposite polarity. Proximity of r{ z) to unity suggests a
good correlation of shapes between the waveforms X and ¥(7); with the rvalue at which
r( 7) is maximum indicating the most appropriate time shift. An example of a calculated
r(r) versus r for two real waveforms taken from Figure 1 is given in Figure 3. The shift

which best matches the reference template occurs at 61 ns.

3.3.2 Validity of the cross-plot technique
Our picking method is based on the assumption that two similarly shaped
waveform segments with the same onset times have a linear cross-plot. This will be tested

by examining a simple model in which the signal onset is assumed to take a quadratic
form:
Xt)=a.+at+at

(5)
for the template where ¢ = O is the time of the signal onset and a., a,, and a. are
polynomial coefficients. For purposes of this model, the object signal Y(r - ) is similarly
described with the coefficients b., b, and b.. The validity of this assumption is based on
direct observation of waveform shapes; a least square regression analysis of observed

waveform amplitudes (Figure 1) immediately following the manually picked onset time

within a trace, are quadratic with a correlation coefficient better than 0.999.
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Rigorously, even when their onset times are identical the cross-plot of the two
quadratics X and Y take a non-linear form:
Y(t) = a+ pt +X(1)

(6)
where the coefficients &, £ and dare derived in the Appendix. However, for all practical
purposes Equation (6) is nearly linear over a wide range of coefficients. For the real data
examined. the non-linear term &X(t) typically contributes less than 20 % to the final value
of Y(t) in equation (6), yet only deteriorates the linear correlation coefficients to an
acceptable worst fit of 0.98. The most important point is that the reference, X(¢), need not
exactly replicate the shape of the object Y(t) near the onset. This observation allows

substantial latitude in the selection of the reference X(t).

3.3.3 Evaluation on Synthetic Data

It is difficult to calculate model waveforms that retain the causal nature of real
arrivals with a distinct signal onset. Here, to evaluate the accuracy of the time
determination procedure a synthetic data set was derived from the real traces of Figure 1.
To provide a meaningful test, these synthetics have known arrival times, known noise
levels, and a character similar to the real data. To this end, the synthetic waveforms were
produced by a spline fit to the real waveforms of Figure 1. All amplitudes prior to the
manually picked first arrival position were set to zero. The noise levels, as characterized
from the real data over a 300 ns long pre-onset time window, were approximately -60 dB
lower than the amplitude of the first amplitude minimum. The amplitudes of this noise

were normally distributed. Similarly described random noise was then added to each
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noise-free spline fit trace to produce the synthetic data sets (Figure 4). The advantage of
this procedure is that the resulting traces are similar in form and noise level to the real
data but have onset arrival times arrival times which are known a priori. The onset of
energy time was 4727 ns for the 290 MPa synthetic reference waveform.

A variety of tests was carried out to optimize the method. First. the waveform
recorded at 290 MPa confining pressure, which exhibited the lowest level of pre-onset
noise, was used as the template. It was found that the best results were obtained if the
template commenced 20 ns before the signal onset. Further, windows whose lengths were
approximately one-seventh the dominant period of the signal provided the most accurate
picking results. The template with the optimal length of 160 ns yielded a mean of
negative 2 ns and a standard deviation of 6 ns between the actual onset arrival times and
those picked with the Pearson correlation. This travel time error determination (i.e.. total
of the mean and standard deviation) represents less than 0.2% of the roughly 4800 ns
propagation travel time. Elevated noise levels moderately increase this picking error
(Figure 5).

One interesting observation is that the mean transit times so determined all tended
to be slightly late as indicated by the systematic negative mean in Figure 5. This bias
disappears for the perfect noise free data and is due to the leveraging effect of the higher

amplitudes of Y3 on the cross-plot.
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3.4 Laboratory tests

Real laboratory waveforms (Figure 1) have already been presented for illustrative
purposes in the error estimation. The experimental acquisition of these waveforms is
now described.

The travel time determination procedure was developed to aid P-wave velocity
measurements in metamorphic rocks studied as part of the LITHOPROBE TransHudson
Transect (Hajnal et al.,, 1996). The velocities of metamorphic and well-consolidated
sedimentary rocks are notoriously nonlinear with pressure, due to the existence of high
aspect ratio, crack-like, pressure-dependent porosity. As a result, velocities are often
measured at high pressure when much of this porosity is closed in order to provide an
estimate of the crack free in situ properties (Birch, 1961). This micro-crack problem is
particularly severe in metamorphic rock samples and thus each sample measurement is
carried out to pressures of 300 MPa (~ 45 000 psi). The travel time picking method was
applied to over 150 different samples each with over 60 waveforms.

The experimental configuration employed is shown in Figure 6. Two 1 MHz
resonant frequency piezoelectric ceramics (BaTiO;) are attached directly to the parallel
flattened ends (+/- 0.02 mm) of 2.54 cm diameter cylindrical core plugs. The example
core plug used here is 31.70 mm in length. The transmitting transducer is activated by a
square wave pulse and the received output is digitized by a high speed digital
oscilloscope (at 1 ns sampling interval) and stored to disc. The core plug is dried under
vacuum then hermetically sealed in flexible urethane before being placed in the fluid-
filled pressure vessel. The plug is then subject to increasing pressure from standard

conditions to 300 MPa in steps of 10 MPa. The P-waveform is acquired at each step
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producing a suite of pressure dependent waveforms such as shown in Figure 1. Bandpass
filtering was not applied to the data as removal of even low amplitude frequency
components smoothes the relatively abrupt onset. The progressive decrease of the onset
travel times with change in pressure is ubiquitous in metamorphic velocity studies. Also.
the waveforms recorded at low confining pressure are much broader in shape than those
recorded at greater pressures.

Apparent quality factor, Q, measurements were carried out using spectral ratios
(e.g. Toksoz et al., 1979) over the entire pressure range to 300 MPa. In this method the
ratio of the Fourier amplitude spectra A,(f) and A;(f) of the pulse transmitted through a
standard and the rock sample, respectively, is used. The standard was an aluminum
cylinder whose dimensions were identical to those of the rock sample and the apparent Q

was determined from the slope in

AAF) _-alt2 - )
"AI(F) Q

f

(7N
where fis the frequency (in Hz) and ¢, and ¢, the propagation times through the aluminum
standard and the rock core, respectively. The aluminum cylinder is assumed to have
negligible attenuation at ultrasonic frequencies with Q > 120,000 for frequencies > 100
kHz (Zemanek and Rudnick, 1961). This spectral ratio method inherently assumes Q is
constant over the (0.5 MHz to 1.5 MHz) bandwidth of the ultrasonic wave packet (Ganley

and Kanasewich, 1980).
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3.5 Results and discussion

The onset times of the real ultrasonic data of Figure 1 were determined both
manually and with Pearson correlation. The 170 ns long template, X, was taken from the .
trace acquired at 290 MPa because of its low pre-event noise level. The manually
determined transit times display significantly more scatter than those eventually
determined with the direct correlation, relative to a presumably smooth trend of velocity
with pressure (Figure 7a). Although this attribute does not in itself prove that the
computer picked times are correct, it does suggest that the method is less error prone due
to consistency than more subjective manual determinations. The times given by the
Pearson correlation method are also compared to those provided by other automatic
techniques (Figure 7b) of first amplitude extremum time (crosses), of cross-correlation of
entire waveforms (open squares) and of the amplitude envelopes (x’s) In all cases the
290 MPa waveform was used as the reference. The amplitude envelopes are calculated
using the well known Hilbert transform (Taner et al. 1978). All results are displayed with
respect to the differential time of onset, (i.e. relative to that of the 290 MPa template
waveform). An absolute measure of the total travel time is given by adding the manually
picked onset time (+/- 5 ns) of the 290 MPa waveform. As such, the systematic error
introduced in this manual determination propagates through all subsequent velocity
calculations, and is calculated to be 0.3%.

At the lowest hydrostatic confining pressures, below 100 MPa, the methods give
dissimilar travel times. These differences transfer directly into the calculation of the
material velocity when the sample length is divided by the travel times, (Figure 7c). It is

further interesting to note that the difference between the travel times remains essentially
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unchanged aside from random noise above 100 MPa of confining pressure. This is
demonstrated by the nearly constant and small percentage difference between the signal
and cross-correlation velocities above 150 MPa (Figure 7d). These observations show
that the waveforms remain nearly stationary above this pressure suggesting that
attenuation and dispersion change little.

The apparent Q increases from ~ 6 at room pressure to nearly 40 at 300 MPa
(Figure 7e). These observations agree with those of Meglis et al. (1996) to 150 MPa who
attributed the attenuation to scattering from the micro-crack porosity (Yamakawa, 1962,
Mason and McSkimin, 1947). These pressure dependent variations of the apparent Q
further illustrate the non-stationarity of the waveforms. Indeed, only above pressures of
150 MPa does Q exhibit a nearly constant value with pressure. Consequently. at low
confining pressure, picking non-stationary features of the waveforms such as a first peak
can yield ambiguous results and the travel times so measured have no clear, consistent
meaning. Similarly, cross-correlation between reference and such non-stationary sample
waveforms introduces additional travel time errors which directly propagate into the
determination of velocity.

One valid criticism of rock core measurements is that they can never provide the
"true intrinsic” velocity of the multiphase material due to the existence of micro-crack
porosity. This is particularly true in more brittle igneous and metamorphic rocks (e.g.,
Meglis et al, 1996) or in highly consolidated calcareous rock (e.g., Schmitt and Li, 1995).
It is difficult or impossible to gauge at which point the micro-crack porosity in such rocks
is closed. Workers have usually assumed that the velocity versus pressure graph becomes

linear once the majority of the cracks are closed. Further pressure dependent velocity
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increases result primarily from the smaller changes in the elastic moduli. The results of
Figure 7d and 7e suggest that leveling of the time difference between the signal onset and
first peak times and the Q value versus pressure provide additional criteria towards the .
evaluation of "intrinsic” velocity measurements. Leveling of these measures indicates
stationarity of the waveforms which in turn suggest that the general state of the material

remains unaltered to the highest pressures in the experiment.

3.6 Conclusions

The travel times of the onset arrival of ultrasonic pulses transmitted through core
samples were determined to within 0.3% by a direct correlation method. This time
uncertainty compares well with the 2% error commonly quoted in laboratory pulse
transmission methods. Essentially, the onset segment of the time series is correlated with
a suitable reference which can either be a similar waveform or an appropriate quadratic
function. Substantial differences of up to 4% in the velocities determined using the onset
and other criteria were found in the laboratory data set a low confining pressure (Q ~ 6).
At elevated confining pressures, the attenuation becomes less severe (Q ~ 40) and all the
velocity measures have the same magnitude which may be indicative of microcrack
closure.

The method described requires a template wavelet, with a manually picked first
break, to compare to all other first breaks. An automated procedure, without the need for
a manual pick, could be employed by running a series of slightly different quadratic
templates in the Pearson picking scheme. The templates yielding the best correlation

would provide an absolute travel time.
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The direct correlation method was developed for use in highly time-resolved, low
noise signals acquired in the laboratory. However, there is no reason why it would not
successfully be used to determine onset travel-times in full-waveform sonic logging, .
high-frequency cross-hole tomography, VSP, and seismic refraction studies.

Finally, there are relatively large discrepancies observed between velocities
determined using the onset and other, travel-time determination criteria. This suggests
that care should be taken by experimentalists in the laboratory and the field in describing
how travel time delays, and hence velocities, are measured. This is particularly critical
when conditions such as confining stress, pore pressure, and saturation state influence the
attenuation characteristics of the material. Experimental work in progress seeks to better

understand the linkage between velocity measurement and attenuation.
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Appendix: Derivation of coefficients

We seek an expression of one quadratic Y(t) as a function a second quadratic X(t) where

X=X(t=a+at+ar? |

t=0,1,2,3..
Y=Y()=bg+bit+hyr® |
(A-1)
Both are first differentiated with respect to time and rearranged to provide:
=L (o ) =-L ax(n) )
= 2by \ dt b| = 20 \ dt “
(A-2)
This expression is then integrated, producing
=t bz t=t
(Y(@)-b)|" " ===(X(1)- arr)
t=0 - t=
(A-3)
and by substituting values for Y and X in the limits gives the final expression
Y(t)= a+pt + 5X(1)
(A-4)
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the coefficients

(A-5)

Strictly, equation (A-4) is a nonlinear expression of Y(r) with X(t). However, Y(t) is
approximately a linear function of X(¢) if the term St is a small (i.e. fr << a + dX(1)).
This condition was empirically found to hold true for the synthetic data studied in Figure
4 where over the 170 ns window used St was never more than 0.15% Y(t) even in

comparing the room pressure and 290 MPa waveforms.
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Figure 1. a) Typical transmitted ultrasonic waveforms acquired over a range of confining
pressures to 300 MPa through a rock cylinder. Waveforms are vertically offset according
to the pressure at which they were obtained for viewing convenience. b) Twenty times
vertical exaggeration of a subset of the waveforms in a) with confining pressures from
190 MPa to 290 MPa. The arrow indicates the manually picked arrival onset time for the
290 MPa reference template waveform. Amplitudes are normalized with respect to each
waveform’s greatest amplitude.
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Figure 2. Illustration of the direct correlation procedure. a) reference segment X in the
vicinity its known onset time. b) Positions of three time windows relative to the
amplitudes of the object waveform Y. The windows are of the same length as X and their

corresponding amplitudes denoted Y/, Y2, and Y3 in the text. c) hodograms of Y/, Y2, and
Y3 versus reference template X.
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moderate noise (-50 dB), and high noise (-40 dB). Noise levels in decibels are calculated
with the absolute value of the amplitude of the first minima.
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attenuation. a) Manually picked (open circles) and Pearson regression relative time shift
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Pearson regression onset (open triangles), first amplitude minima (crosses), waveform
cross-correlation (open squares), and amplitude envelope cross-correlation (x’s) transit
times relative to the 290 MPa reference versus confining pressure. ¢) Velocities derived
using Pearson regression onset (open triangles) and waveform cross-correlation (hollow
squares) transit times versus confining pressure. e) Differences in the velocities in d)
expressed as a percentage of the Pearson regression velocity versus confining pressure.
e¢) Apparent quality factor Q versus confining pressure.
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CHAPTER 4
Compressional -Wave Velocities in Attenuating Media:
A Laboratory Physical Model Study’

4.1 INTRODUCTION

Although at first glance seemingly trivial, it is worthwhile to consider how the
velocities of elastic waves propagating in real attenuating media should be determined
experimentally from a recorded arriving signal. On one hand, theoretical analyses which
link static elastic properties to wave propagation phenomena are aimost exclusively based
on the motion of monochromatic, elementary plane waves travelling at the frequency
dependent phase-velocity. On the other hand, in many real laboratory and field situations
wave-velocities are determined by charting the ‘picked’ transit times versus propagation
distance of a band-limited wave-packet, the general assumption being that such methods
yield group-velocity (e.g. Claerbout, 1992). However, phase-and group-velocities only
coincide with certainty when there is no wave-velocity dispersion.

Attenuation is intrinsically linked to dispersion; phase- and group-velocities depend
on frequency (see discussion in Aki and Richards, 1980). As a consequence, the
evolution of a propagating wave-packet is related to the distance traveled and the
attenuative properties of the medium. For example, in VSP analyses the higher frequency
components of the downgoing wave are progressively diminished with increasing depth
and in metamorphic rocks, pulse broadening is dependent on the extent of micro-fracture
within a tested sample (e.g. Molyneux and Schmitt, in press). To determine a velocity in

practice, one would plot the transit time of a certain feature of
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the pulse, such as the first amplitude extremum, against propagation distance. However,
if the shape of the pulse is continually evolving there is no reason to suspect, a priori. that
the moveout of such a feature necessarily provides a good measure of the wave-velocity.

It is not immediately obvious what a more definitive measure of the wave velocity
might be. Perhaps most fundamental are the phase- and group-velocities, the dispersion
of which can provide important insight into mechanisms influencing attenuation and
hence the petrophysical properties of the material (Winkler, 1983; Jones, 1986; Brown
and Seifert, 1997). The determination of these wave velocities is non-trivial and requires
the initial phase information of the outgoing pulse that is often absent in everyday field
practice. Other problems, foremost of which is perhaps the generation of multiples in
reflection profiling, are many. Similarly, even low levels of noise preclude the estimation
of pulse onset transit times used in finding the signal-velocity. As a result, transit time
determinations such as the picking of the first peak or zero crossing of amplitude are
often used when calculating wave velocities.

Although a physical description of a material requires that the velocity-dispersion is
determined, the picking of a single travel time in a pulse transit experiment will probably
remain the common practice. To our knowledge there have been no studies in which the
intrinsic measures of wave velocity have been compared to those commonly obtained
using time picking; such a comparison is the objective of this study. An experimental
physical model approach much along the lines of that first employed by Wuenschel
(1965) is taken. The primary advantage of the physical model approach is that waves
propagate through a real material whose attenuative character has not been predetermined

by many of the simplifying assumptions brought to bear in the study of attenuation.

! A version of this paper has been accepted for publication, Molyneux and Schmitt, in press, Geophysics.
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Theoretical modeling can be complicated by ambiguities associated with reproducing
completely realistic and causal waveforms (e.g. Strick, 1970; Schmidt and Muller 1986;
Gudmundsson, 1996). In this chapter, pulse-transit experiments designed for the
determination of group- and phase-velocities through attenuating saturated quartz and
glass grain packs are described. Both wave-velocity dispersion and attenuation of the
packs are characterized. The determination of these wave velocities is assisted by an
empirical windowing technique that objectively reduces the influence of spurious signal
codas. Common time-picking procedures are then evaluated to see if any of these
measures correspond to the intrinsic properties of the propagating media, group-and
phase-velocities. The results have particular implications to the interpretation of

laboratory physical property determinations, sonic-logging, cross-well tomography. and

general seismology.

4.2 BACKGROUND

4.2.1 Group and Phase Wave-Velocities
In geophysical practice, wave velocities are often determined by measuring the
transit time of a discrete pulse of wave energy. The amplitude P(x, t) of this pulse, or

wave-packet, can be described as the superposition of a number of mono-frequency plane

waves, each of amplitude

A(X,I, a)) = Ao(w)ellkx-an ()]

such that
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P(x,t) = fA(x,:,w)dw,
oy

(2)
where P(x,t) contains band-limited angular frequencies between and including w; and w,.
A (o) and ¢o(w) are the initial, or reference, amplitude and phase of each planewave.
K(w) = k(w) + iaf w) is the propagation constant consisting of a real wavenumber k( w)(in

rad/m) and the imaginary component a(w) which is the attenuation coefficient. This

coefficient is here described in units of m™ (often given the name neper. see Toks6z and
Johnston, 1981). If attenuation exists, maintaining causality requires that both k(@) and
al w) depend on frequency; the dispersion relation is the plot of k(@) versus w. In a
nondispersive medium, the wave velocities are all the same and the dispersion curve is

simply a straight line. The phase-velocity follows from the dispersion curve and is given

by

Vp(a)) = a/k(w)

(3)
The group-velocity can be interpreted as the propagation of a band-limited pulse of

center frequency o,

Vg () = davdk( w)

(4)

Both V(@) and V,(w) may be determined if k() is known but this is rarely the case in a

laboratory or a field experiment. However, the dispersion relation follows directly from
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the phase spectrum of the pulse’s Fourier transform. Such methods have long been used
to obtain dispersion curves in studies of teleseismic surface waves (e.g., see Lay and
Wallace, 1995), sediments (e.g., McDonal et al, 1958. Weunschel, 1965: Jacobsen.
1987), and complex materials in the laboratory (Weunschel, 1965; Winkler and Plona:
1982; Sachse and Pao; 1978; and Droin et al, 1998). A modified application is used here.
Essentially, the phase ¢,(w) observed at position x; is

ax,
V, (@)

¢ ()= +®

If the pulse is observed at two locations, x; and x;, then the difference in the phase is

AN w)=¢» w) - §)( w) and upon substituting and rearrangement

V,(0)=o(x,-x)/ ¢ (o)

(6)

which has the advantage that the unknown initial phase ¢,(w) is eliminated.

In practice, we followed the description of group and phase lag times described by
Claerbout (1992). The phase lag time between two observations is Af,(w) = A w)/w with
the phase velocity equal to (x; — x;)/ Aty(@). Similarly, the group delay times Az(w) =

d(A¢ w))/dw leads to the group velocity V(@) = (x2 - x;)/ Aty w).

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1 illustrates the determination of group and phase delay times from
observations of the same hypothetical propagating wave-packet at two different positions
along its ray path, Figure la. The phase spectra of both are calculated and unwrapped
(Figure 1b) and their difference Ag(w) used to find At,(w) (Figure Ic). The group delays

At,{ w) are calculated at each frequency from the slope of the phase spectrum.

In the absence of attenuation, the propagation velocity of the amplitude-envelope
maximum is equivalent to the group velocity as demonstrated by simple modeling (e.g.,
Hines, 1951; Sachse and Pao, 1978; Merkulova, 1967; and Raggozino. 1981). However.
the definition of the group velocity in attenuating media is less clear as the propagating

wavepacket shape evolves with distance. Indeed, Hines (1951) noted that:

* *group-velocity’ itself is largely a matter of mathematical definition. Whether or
not it gives (approximately at least) the velocity of an experimental pulse through a

medium is a more relevant question.”

4.2.2 Dispersion and Attenuation

Attenuation is intrinsically linked to wave-velocity dispersion by the requirement
that a real pulse propagating in an attenuating medium must be causal (e.g. Aki and
Richards, 1980; Futterman, 1962). Mathematically, af w) and k(@) are inter-related by the
Kramer-Kronig relationship (e.g., see Landau and Lifshitz, 1958). Specifically, afw) is
determined from the Hilbert transform of the k() (Sache and Pao, 1978; O’Donnell et al,

1981). As a consequence, although this study focuses on wave-velocity determination, it
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is useful to characterize the corresponding attenuation, as this will be relevant to the
evolution of the pulse. Attenuation coefficients are found by first noting that the absolute

Fourier amplitude component of a pulse observed at position x follows from equation (1)

Al (m, xl) = Ao(w'O)e-a(N).‘l

(7)
The amplitude ratio of two such observations of the same pulse but at two different
locations X; and X, allows a direct determination of the attenuation coefficient aof w)
A, (w, x,
" A'E ))
w, X,
a(w) = ———""1
(x,—x,)
(8)

It is worth noting that equation (8) holds for a plane wave in which there is no wavefront
spreading. For realistic geometries, wave field divergence and diffraction effects need to
be corrected by the appropriate modulation of the position dependent amplitudes (e.g.

Winkler and Plona, 1982; Droin et al, 1998).

Although the frequency dependent attenuation a{@) may be considered as an

intrinsic material property, attenuation is most often reported in the geophysical literature
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by the quality factor Q = -22W/AW where W is the maximum stored elastic energy and

AW the energy loss per cycle. O is most generally related to a by (Bourbie et al., 1987),

alvl
0=t 1~
2aV (]

9

and when Q >> |

- 2aV
(10)

4.2.3 Conventional Time-Lag Picking
It can be argued that V, and V, provide an intrinsic measure of the material
properties. In practice, however, the pulse transit times used in determining wave-
velocities are normally derived from simpler time picking criteria. Here, we compare the
fundamental group and phase velocities to those derived by more common methods.
These measures are the signal (V;), the first extremum (V,,), the peak of the amplitude
envelope (Vy) and the cross correlation (V,), velocities. These standard measures of
transit-time are illustrated in Fig. 2 and more specifically are:
a) The signal onset time: This is the lag-time at which the first detectable amplitude is
located (Molyneux and Schmitt, in press). This time is difficult to pick as even small
levels of noise can critically mask the first onset. In deference to Brillouin (1952) we

call the wave-velocity derived from this lag time the signal velocity V..
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b) The peak lag time of the amplitude envelope: This criterion, often used in the
nondestructive testing community, the time lag of the peak of the amplitude
envelope is employed. Such monitoring of the amplitude maximum in weakly
attenuating media is commonly associated with group velocity. The amplitude
envelope is calculated from the modulus (absolute value) of the complex analytic
signal given by the Hilbert transform of the acquired trace (Young, 1962; Taner et al,
1979; Barnes, 1993). This velocity is referred to as V.

c) The first amplitude extremum time: This is simply the lag-time of the first peak or
trough. This is a criteria very commonly used in practice (e.g. Gudmunsson, 1996;
King, 1966) as one may easily track the same peak coherently through a number of
traces. Other similar criteria that could be employed are the lag time of the first zero
amplitude crossing. We term this wave-velocity V,,.

d) The lag time in the cross-correlation between two traces: This method is often used
digitally with relative travel time delay measurements in the laboratory (e.g. Lu et
al., 1990) or manually by visual comparison of the signals through a standard and the
test sample (e.g. Birch, (1960). By adjusting the length of the standard to a point
where the two signals visually correlate on the oscilloscope, the length of the
calibrated standard is converted to a velocity. We refer to the resulting wave-velocity

in subsequent discussions as Vx.
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4.3 EXPERIMENTAL DESCRIPTION

The experiments were carried out using a pulse transmission technique. Sending and
receiving transducers were mounted on aluminum buffer caps at opposing ends of the
cylindrical samples. The attenuating media consisted of glycerol saturated packs of either
glass beads or quartz sand (Table 1). Glycerol was used as a saturant due to its relatively
high P-wave velocity that resulted in a relatively large effective saturated grain pack
velocity, preventing potentially contaminating head waves. The lengths of the packs were
changed in order to provide measures of the evolution of the wave-packet with distance
propagated. The Ottawa sand is a clean quartz sand. The glass beads are those normally
employed in sand blasting operations and according to the manufacturer consist primarily
of recycled soda-lime glass. Statistical image analysis from photomicrographs (Figure 3)
of the sand grains and glass beads provided their physical mean and standard deviation of
dimension, Table 1.

The saturated grain packs are prepared by pouring glycerol in an acrylic tube closed
at the bottom with a relatively lossless aluminum buffer cap in which Q ~ 120,000 for
ultrasonic frequencies. The sand or glass beads are then poured into the glycerol whilst
the acrylic container is being oscillated at audible frequencies by an air driven cam. This
shaking ensures the bead packs have minimal but most importantly, consistent porosity.
For each length increment a known mass of the grains is added and the second aluminum

buffer cap is placed on top. Excess glycerol flows past the buffer cap. The length of the
grain pack is determined to + 0.1 mm by a Vernier Caliper. The porosity, ¢ of the pack is

simply determined via ¢ = I — M/pV, where M is the total mass of grains added, p is the
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known grain mass density, and V is the total volume of the cylindrical sample. The
observed porosities of 36% and 38%, Table 2, are approximately equal to the 36%
porosity expected for a random pack of spheres (Bourbie et al., 1981). For any given
pack, errors in the sample measurement lead to errors in the individual porosity of less
than 1% which is comparable to the observed range of porosities indicated by the first
standard deviation of error in Table 2.

Piezoelectric ceramics (BaTiO;, 25.41 mm diameter, | MHz resonant frequency)
were mounted to the ends of the aluminum buffer rods (45.00 mm diameter, 48.21 mm
length). Such buffer cap lengths are required to ensure the piezoelectric ceramics are
perpendicular to the tube axis. These ceramics are mechanically damped using an epoxy-
metal powder mixture to produce a broad-bank input pulse.

A square wave input voltage (~200 Volts) excites the transmitting piezoelectric
ceramic. The resulting pulse propagates through the aluminum buffer caps, the saturated
grain pack, and the second aluminum buffer cap to be recorded by the piezoelectric
receiver. Individual pulses are digitally recorded at a | GHz sampling rate and stacked
over 50 acquisitions at each given pack length (from approximately 10 mm to 50 mm
length). A windowing technique (Appendix A) was developed to isolate the first arriving
wave-packet, as later arrivals and scattering of energy in the coda of the traces can
influence the measures of V,, V, and V.. This windowing method is based on the

assumption that the amplitude envelope follows a Gaussian shape.
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4.4 RESULTS

Both the directly observed traces and isolated traces for each of the three different .
grain packs are shown in Figure 5. The corresponding isolated pulses broaden noticeably
with propagation length, indicative of dispersion. An advantage of the present procedure
is that the several independent wave-velocity measurements obtained from each grain
pack allow for robust uncertainty estimates. The acquisition of as many as eight different
lengths corresponds to 28 redundant measurements of Ax and corresponding At for each
of the packs; the slope of such a plot yields the wave-velocity.

These differential measurements have a number of advantages. For example. the
requirements that the buffer cap delay times be known and amplitude corrections for
reflection at the sample-buffer interface be accounted for are removed. Further. any
systematic phase unwrapping, sample heterogeneity, length determination error, and
electrical noise errors are reduced by the multiplicity of the measurements. One
disadvantage of the present procedure is that the samples are not perfectly homogeneous
with length as indicated by the 1-2% standard deviation in the porosity, Table 2.
However, this minor sample heterogeneity is at worst comparable to that expected in
measurements of real earth materials, which are anything but uniform.

Both group and phase delay times are found over the range of frequencies from 0
MHz to 0.8 MHz. These are calculated at each frequency in the digital Fourier transform
for every combination of the traces acquired for a given sample. The redundancy of

measurement enables statistical error estimation on the determination of V(@ ) and

V@ ). One such series of relative group time lags for the #7 glass bead pack at a
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frequency of 0.38 MHz is shown in Figure 6. The 21 group delay times are plotted versus
the relative length for the 7 grain pack lengths tested and the slope of a line fit to these
data provides the group wave-velocity at this frequency. Least squares linear regression
yields a group velocity of 2.30 km/s, the standard deviation in the linear slope suggests an
uncertainty in this velocity measurement of + 0.04 km/s. The wave-velocity estimates
provided by the conventional travel time picking methods are determined using the same
differential procedure, Table 2. Uncertainties are solely based on the first standard
deviation of slope (Spiegel, 1961) that exist in the distance-time scatter plots.

The frequency dependent phase and group wave-velocities for each of the different
packs are summarized in Figure 7a over the frequency range from 0 to 0.8 MHz. Fourier
amplitude spectra indicate that the predominant signal energy lies between 0.2 - 0.6
MHz: consequently V), and V, are expected to be most valid in this band.

The various measures of velocity for each of the packs are compared in table 2.
Phase and group velocities are provided at the peak amplitude, or predominant,
frequencies of 0.33 MHz and 0.38 MHz for the sand and the glass bead packs.
respectively. Phase velocity measurements are most uncertain because of phase skipping
error in the unwrapping procedure. Any phase skip cumulatively influences calculation of
all subsequent phase velocities at greater frequencies. In contrast, the group velocity is
affected only at the frequency at which the phase skip error occurs and so is a more
robust measurement.

To account for geometric effects on the propagating signal amplitude the same
experiments were carried using the acoustic apparatus on a pure glycerol medium. The

pulse shape remained stationary over a range of propagated distances with no detectable
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change in either temporal or frequency domain character. That is, intrinsic attenuation
within the fluid could not be detected with the present experimental configuration.
However, an almost linear, yet weakly exponential amplitude decay with distance was
observed, with a correlation coefficient of 0.98. Therefore, instead of mathematically
determining the diffraction corrections (e.g. see Winkler and Plona, 1982) we used an

empirical correction based on this exponential decay to modulate the traces, based on the

sample length.

A= Aoe-al

(11)

The exponential decay factor « is 0.0067 +/- 0.006 of standard distribution and x is the
distance measured in millimeters where A and A, are the observed and zero length first

peak amplitudes in millivolts.

The frequency dependent attenuation for each pack is determined from equation (8)
with up to 28 differential comparisons. At each frequency the resulting attenuation
values, a, are widely distributed as observed by the large single standard deviation error
bars, Figure 7b. This is common with attenuation measurements and uncertainties of
100% are not unusual (e.g. see White, 1992). This merely reflects uncertainties in the
spectral decomposition and windowing of the signal. The quality factor Q is calculated

using equation (9) for comparative purposes, Figure 7c. Such Q calculations are
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consequently more uncertain due to propagation of errors from both the o and V,

measurements but only the central trend is shown.

4.5 DISCUSSION

The primary objective of this chapter is to find the most representative relationships
between the fundamental material properties of group-and phase-velocity and those
velocities determined by common travel-time picking methods. As this may depend on

how the waves are attenuated, the character of the attenuation is first examined.

4.5.1 Character of the Attenuation

The obvious decay in amplitude and spreading in time of the first arriving pulses
(Figure 5) indicate that these saturated glass bead packs successfully produced strongly
attenuating media. This further supported by the high values of attenuation (~100

nepers/m) and corresponding low Q(~4) derived directly from the waveforms, Figure 7b

and 7c.

It is not clear what the major source of the attenuation might be in these bead packs
and it is likely that a number of mechanisms such as grain-grain sliding, scattering, mode-
conversion, bead resonance, and differential fluid motion all contribute to some degree. A
detailed discussion of the mechanisms is delayed for a later contribution.

A plot of attenuation versus frequency would have a constant slope with frequency
in a constant Q medium; Wuenschel (1965) observed a nearly linear attenuation-

frequency plot in polymethyl methacrylate over frequency band below 150 kHz as did
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Sachse and Pao (1978) in 6061-T6 aluminum alloy. Such linearity contrasts with the

results of Figure 7c that show that Q generally increases with frequency.

4.5.2 Wave-velocity Comparisons

Comparisons of the various measures of wave-velocity are made in Table 2. The
group velocity is used as the reference as it is usually taken for granted that this is what
wave-velocity measurements derived from travel-time picking determine. Further, it is
more stable than the determination of the other intrinsic property of phase velocity that is

subject to the previously mentioned unwrapping errors.

4.5.3 Group and Phase Velocities

There is no requirement that V,, and V, should have the same magnitude. except in
the absence of attenuation (and anisotropy). That they are not the same in such highly
attenuating media is not surprising. The greatest discrepancy is observed for the #3 sand
where at the dominant frequency the group-velocity is about 11% greater than the phase-
velocity. In the other samples, the group-velocities are less then the phase velocity by
about 3%. These discrepancies suggest that care should be taken when attempting, in
lossy materials, to use an estimate of group-velocity to further gain an estimate of the
phase-velocity.

These wave-velocities are also compared to value for the Woods formula of phase
velocity in which the predominant wavelength is long compared to the suspension

particle size (e.g. see Berryman, 1995),
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55
¢ (1-9)

Vl on =
" Vlgp, +(1-9)p,))

where pr and p; are the mass densities and Ky and K; are the adiabatic bulk moduli of the
fluid and solid portions, respectively. Equation (12) ignores any frame or skeleton
compressibility; this is justified by the fact that the beak packs are at room pressure
during the experiments and have not been in any way further compacted. The bulk
modulus of the frame is expected to be very low even in relation to that for the fluid and
as such is ignored, frame bulk moduli for such unconsolidated materials have been
estimated to be near 0.1 GPa (e.g. Hamilton, 1972). The determined Woods velocities for
the grain packs, Table 2, are derived from the constituent properties in Table 1. The
calculated and measured values for the #3 quartz grain pack are in very good agreement
while those for the glass beak packs are slightly less so. This general agreement may
suggest that the observed velocities are close to the low frequency limit of this particular
effective medium theory. This is expected as the wavelengths of the pulses (~6.5 mm) are
larger than the bead diameters (Table 1) by a factor of more than 8, such that the packs
should act as effective media to the passing waves (e.g. Yin et al, 1994). It is worth
noting that all velocities for the quartz sand are lower than the corresponding measure in
the glass bead packs. At first examination this appears unusual due to the higher elastic
moduli of quartz (Table 1), and relatively low sand pack porosity. Such effects are more

than offset by the relatively high quartz density as indicated from the Wood's formula
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calculation of velocity in which the quartz sand pack is lower velocity than either bead

pack, Table 2.

4.5.4 Conventional Time Picks
We compare the intrinsic group velocity properties to more common velocity analyses,
Table 2. The wave-velocities that are determined from the two most commonly applied
time picking criteria are V, and V,,. Both of these are of nearly the same magnitude and
are biased 2% to 3% greater than V, at the predominant frequency. In contrast, the time
lag derived from the peak of the amplitude envelope yields Vy velocities that also differ
from V, by 2% to 3% but is not consistently biased to values lower or greater than V,,.
Ignoring for the moment Vi, all of the simple time picking methods give velocities in
relative agreement with the group velocity, in that most velocity measurements are within
one standard deviation of V, at the predominant frequency with a velocity discrepancy of
less than 3%. As such, V,, V., and Vy provide a reasonably good, but not exact, estimate
of the group velocity at the predominant frequency in these bead packs. For the two glass
bead packs, both V,and V,, are in good agreement with V,, at the predominant frequency,

but this may be coincidental.

4.5.5 Signal Velocity

The signal velocity we measured from the time lag of the first detectable onset of the
pulse is always greater than V,, i.e., the relative signal-time delays are smaller than the
respective group delays. Theoretically, a small amplitude arrival with a discrete onset can

occur well in advance of the main signal in attenuating media (Strick, 1970), but are
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generally obscured by noise. In electromagnetic propagation investigations, such
theoretically described precursors (e.g. Stratton, 1941) have been experimentally
detected (e.g. Stenius and York, 1995). This suggests that the onset lag time may not give
a valid estimate of the transmission time of the pulse at the predominant frequency in
highly attenuating media. Indeed, our measured signal velocity is always greater than all
the velocity measures, with discrepancies of up to 19%. As a caveat, Molyneux and
Schmitt (in press) note that the discrepancy between signal velocity measurements and
other common timing measurements is negligible when the frequency independent Q >
30.

The first arriving energy is arguably associated with the fastest phase speed
components. It is generally considered that in normal acoustic propagation through rock,
these fastest phases occur at the highest frequencies. Such high frequency signal is
strongly attenuated and thus has minimal amplitude with respect to background noise and
the first arrival is likely to be picked late with associated lower velocities. Therefore, in
highly attenuating media the best physical interpretation of the signal-velocity is that it

provides a lower bound to the value of phase speed at high frequency.

4.5.6 Consistency of Criteria

There is one additional observation worth noting from Table 2. Despite the time
picking criteria used a plot of the relative time lags versus relative distances, as for
example seen in Figure 6, are all of high quality with correlation coefficients near unity.
This holds true even for the time lags given by picking the onset of the pulse used in

determining V; despite the increased difficulties inherent in determining this time. This
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observation suggests that each criterion is self-consistent. Similar linearity of result was
found by Kuster and Toksoz (1974) in a series of pulse-propagation measurements on an
attenuating suspension medium, where the relative distance measurements were plotted

against the time to first extremum.

4.6 CONCLUSION

Ultrasonic wave pulses were propagated through attenuative media in order to obtain
a series of propagating pulses that evolve with distance traveled. The frequency
dependent group-and phase-velocities were extracted from these pulses using a Fourier
transform method and then compared to those derived using more standard travel-time
picking procedures.

The saturated quartz and glass bead packs used here were highly attenuating with a
quality factor Q which increased with frequency from 2 to 6 over the useful bandwidth of
200 kHz to 500 kHz of the tests. The mechanisms of attenuation in such packs are not
completely understood but probably include scattering, bead resonance, mode
conversion, grain-grain sliding, and differential fluid motion.

Most of the common wave velocity determinations yield similar, but not exact,
values for the compressional wave-velocity. Group- and phase-velocities are not
generally the same and differ at the predominant frequency by up to 12%. Wave-
velocities estimated from picking the time of the signal’s first amplitude extremum, from
cross-correlation procedure, and from the peak of the amplitude envelope generally agree

well with the group wave-velocity at the predominant frequency to better than 3%. As
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such, these simple measures appear to provide reasonable estimates of the group-velocity
at the predominant frequency.

In contrast the wave-velocity V; determined from the picked time of the pulse’s
onset always varies substantially from all other speed measures with discrepancies of up
to 19%. When forming a distance-time plot of the first detectable onset of energy, the
greater propagated distances produce a more attenuated signal. This reduced signal-to-
noise-ratio results in a bias to uncharacteristically late identifiable time picks with lower
associated velocities. However, we observe that the signal velocity is greater than all the
measured group-and phase-velocities of our band-limited pulse. Consequently, if the
onset of energy is built up from the high phase velocity components (first arriving
signals), the observed V; is a fundamental lower bound to the fastest phase velocities.

The results of this study suggest that some care need be exercised in wave-velocity
determinations that employ pulse transmission methods. The media used here are
exceptional in that they are highly attenuating and the variations between group- and
phase-velocities will be accentuated. However, such attenuating conditions may be
obtained in a number of cases in laboratory experimentation and the spreading of the
waveform can be important in determining the wave-velocity. Determining phase- and

group-velocity frequency dispersion in such cases can aid in more detailed

characterization of the material.
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APPENDIX - Windowing the First Arrival

Determining group and phase wave-velocities ideally requires an isolated pulse
uncontaminated by later events and scattered energy. Unfortunately, in the real data (e.g.
Figure 5) the first arrivals are followed shortly by secondary events. These later events
are often attenuated by modulating the signal with a smooth edged Hanning window. The
appropriate shape, duration and position of such windows can be highly subjective. Here,
a more objective method of producing the window from the trace itself is developed. A
modulation window is derived directly from the signal amplitude. The derivation exploits
the empirical observation that the Hilbert transform amplitude envelope (Taner et al..
1979) of the analytic signal centered on the first arriving wave packet is well described
by a Gaussian function of the form,

.
(y=t)°

G(t)=Be *
(Al)
where B is the constant, ¢ is time ¢, is the peak time of the Gaussian curve and o is the
standard deviation. A 100 ns window about the amplitude maximum fit with a Gaussian

yields a correlation coefficient of fit of more than 0.99 for the real data, validating this

Gaussian approach.
In development of the window, the early portions of the first arriving pulse around

the peak of the amplitude envelope and before visual onset of spurious coda are fit by

least-squares regression with the linearized form of (A1)

In|H (y(1))| =InB~(t, -1)* /20"

(A2)
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to yield the best values of B, ¢, and c. Here, | H( v t))|is the absolute Hilbert transform of
the real data, y(t). This ‘ideal’ Gaussian shape, G(t), is then divided by the amplitude
envelope data to create the windowing function (r) which is applied directly to y(t) to .

isolate the arrival. This process is illustrated in Figure Al.

The approach is tested on two superposed Ricker wavelets each of 0.36 MHz
predominant frequency with peaks separated by 3.3 ps (1.2 times the predominant
period) as shown in Figure A2(i). The peaks of the amplitude envelope do not coincide
with the position of the delta functions, which represent the times of the centers of each
zero-phase wavelet. It is the spurious coda that interferes with the energy envelope to
incorrectly shift its peak position. Successive determination and application of the
modulation function, from 1/20™ to unity strength in a series of 20 iterations slowly erode
the effects of the spurious coda. This successive waveform windowing causes the peak of
the amplitude envelope to correctly converge about the first delta-function position and

the resulting wavelet compares well to the ostensibly known wavelet, Figure A2(ii).
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Table 1: Physical properties of the porous media constituents

#3 Ottawa Sand ~ #3 Glass Beads  #7 Glass Beads Glycerol
Material Quartz Soda-lime glass  Soda-lime glass C;HgOs
Mean Diameter 0.81+-0.14  0.67+-005 022 +/-0.04 NA
(mm)

Aspect Ratio 0.76 +/- 0.18 1 1 NA
Density 2.648' 248 +/-0.01> 247 +/-0.01° 1.26 +/- 0.012
(g/cm’)

Isentropic Bulk
Modulus 1 3 3 4 73
(GPa) 37.8 37.8 37.8 4.67
Shear
Modulus 1 9 4 5 3
(GPa) 444 25.4 25.4 0
Shear
Wave-Speed (km/s) 4.092° ~3.2° ~3.2} 0
Compressional 6.047° -5.4° ~5.4° 1.926 +/- 0.001°

Wave-Speed (km/s)

! Bass (1995)

? Measured in this study

3 Calculated: K = p(Ve’ - 4 Vs'/3)

* Calculated: p = pVs’

5 Estimated from Glass 1 of Carmichael (1982)

¢ Soga (1968)
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Table 2. Comparison of measured and estimated wave-speeds

First

- Woods Group Phase Correlation First peak Envelope .
Porosity estimate velocity velocity break velocity velocity velocity Vima Vo
velocity

224004 2002013 2522010 229:0.04 231=003 219:002  223=004 2112007

213 -
#3Quanz  0.36=0.01 -° (0.998) (0.975) (0.997) (0.998) (1.000) (1.000) (360 kHz) (740 kHz)
#3Glss  0.380.02 23 242:002 2482006 2.58=0.03 236=0.02 2462001 239=002 243=002 l:t‘):O 08
(0.999) (0.987) (1.000) 10.999) (1.000) (1.000) (150 kHz) (350 kHz:
230=004 2372003 2.58=00! 237003 2352002 2382003 2.58=0.05 2342003

s 2
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Note: Values in brackets generally refer to the linearity of the distance-time plot, which yield the speed

measurement. In the case of Vgmax and Vpmax ., the maximum observed group- and phase-speeds. the

bracketed numbers refers to the frequency of the observed measurement. Error values are quoted to one

standard deviation and the Woods effective media estimate [e.g.. Berryman . 1995] is calculated from the

physical properties of Table | parameters.
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Figure | Ilustration of Fourier method to calculate phase and group delay from a) 2
recorded traces through different lengths of the same attenuating medium
and b) the respective phase (¢) spectra of both recorded wavelets and the

relative phase (¢’) spectrum from which relative group and phase delay is
calculated.
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Figure 2 Illustration of the common time picking criteria employed.
a) first detectable onset of the signal, V;,

b) peak time of amplitude envelope calculated from the analytic signal,
Vi,

c) time of the first amplitude extremum, Vi,

d) relative times provided by cross correlation of the signal with a
reference, V,.
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Figure 3 Photomicrographs of sand and glass pack constituents
a) #3 glass beads
b) #7 glass beads and
c) Ottawa quartz sand grains.
Each photomicrograph represents an area of 5.09 mm by 3.89 mm.
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Figure 4 Experimental setup. Signal is recorded through several lengths of grain
pack of which x, and x, are shown.
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side) for #3 sand, #7 glass beads, and #3 bead packs. Length of grain pack
is indicated (mm).
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Figure 4. A1  Cartoon description describing the modulation of a primary arrival, y(t),
contaminated by secondary signal to an isolated primary arrival. The
symbol H describes the Hilbert transform.
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CHAPTER §
Scale Dependent Velocity, Attenuation, and Internal Resonance

in Unconsolidated Glass Bead Media'

5.1 Introduction

The earth is everywhere elastically heterogeneous at nearly any scale we chose to
examine it. At the hand-sample scale, laboratory measurements of wave velocities and
attenuation are strongly influenced by the cluster, crystal, and crack dimensions in the
rock [e.g., Mukerji et al, 1995; Nishizawa et al, 1997]. In sedimentary formations, the
spatial variations in properties due to layering (e.g.. Backus, 1962) and saturation (Akbar
et al, 1994) result in a heterogeneous structure. The metamorphic upper crust is
particularly complex; and modeling of seismic wave propagation through such ill-defined
structures remains problematic (e.g. Wu and Aki, 1985; Hurich, 1996). Teleseismic and
local earthquake records contain manifold evidence for this heterogeneity (see review by
Sato 1995). The coda that follow the directly arriving P and S waves from an earthquake
and the elliptical polarization of vertically arriving shear waves are among the most
compelling pieces of evidence. Deep within the earth, heterogeneity is also expected at
transitions such as the core-mantle boundary where physical properties change rapidly
and there exists the potential for limited mixing. This
structural complexity may be indicated by ScS precursors (e.g. Vidale and Hedlin,
1998). Such heterogeneity can strongly influence seismic wave propagation but

heterogeneity is usually ignored in the analysis and interpretation of seismic observations.
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Seismic arrivals detected at the earth's surface consist of the interference of the direct,
forward scattered, and rescattered waves and hence heterogeneity directly influences both -
travel-times and amplitudes [e.g. Gudmundsson, 1996; Roth et al, 1993] . The degree to
which this scattering is influential depends on a characteristic dimension a of the

geologic structure relative to the wavelength A of the illuminating seismic waves.

This scattering affects what is observed at the earth’s surface in two important and well-
known ways. First, observed travel times are often declared when a characteristic of the
recorded waveform attains some critical value such as the first amplitude peak. The
waveform, however, is comprised of the interference of the initial forward propagating
pulse with the slightly delayed scattered energy and as such influences the transit time
determination and the consequent velocity determined using this transit time. Second. the
amplitude of the arriving pulse is diminished due to the loss of energy portions scattered
from the initial pulse. This loss of amplitude occurs in addition to any geometric
wavefield spreading or intrinsic absorption and consequently is a component of any

attenuation that might be measured.

' A version of this paper has been submitted for publication, Molyneux and Schmitt, in submission, JGR.
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5.2 Background

5.2.1 A simple example of scale dependent dispersion: propagation through layered

media

Scattering and wave propagation in the short (A << a) and long (A >> a) wavelength
regimes is relatively well understood. It is instructive to briefly review the simple case of
waves propagating in a direction perpendicular to the layering in simple one-dimensional
structures. Consider a structure consisting of layers of thicknesses h;, elastic moduli M;,
mass density p;, and interval velocities V; (Backus, 1962; Marion et al., 1994, Melia and
Carlson, 1984). If the layers are thick relative to the wavelength (or equivalently at high
frequencies), the apparent velocity V, is simply the ratio of the thickness of the structure
to the sum of the transit-times through each of the individual layers. This is often

referred to as the Wyllie time average equation:

Vi = Eh/Z(h/vy). (hH

In random 2-D and 3-D structures the apparent velocity will tend to be greater than that

expected solely on the basis of composition due to fast pathing effects (Wielandt, 1987

Mukerji et al., 1995).

Conversely, when the wavelength is large relative to each of the individual layer

thicknesses, then the low frequency limit or Backus [1962] harmonic average of the

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



elastic moduli is more appropriate M, = 1/Z(c/M;), with ¢; = h/Zh; being the volume

fraction of each layer. The apparent velocity for this case is

Vo = V(Mo/pave) (2)

where p,.e is the average density of the structure.

Wave propagation in the intermediate regime when A = a is less well characterized
(Marion et al, 1994).  Scattering attenuation is particularly severe and the wavefield is
difficult to describe. Despite these problems, however, a better understanding of this
regime is important because it is often likely that the dimensional scale of the geologic
structure is comparable to the predominant wavelength of the propagating seismic waves.
In such circumstances there exists substantial potential for errors in the interpretation of

the seismic travel-time observations.

Numerous workers have noted that it is difficult to describe wave propagation through
structures when the wavelengths are of similar dimensions to the illuminated structure.
This regime lies between that of effective media theory (A >> a) and ray theory (A << a)
both of which are often relatively well understood. Modeling of such complex media still
lies beyond our computational capacity and as such experimental tests provide useful
insight into the behavior of such materials (e.g., Nishisawa et al, 1997). In this paper we
describe the results of a series of experiments designed to examine the effects of relative

scale on compressional wave propagation in saturated packs of unconsolidated glass
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beads. Such a medium provides a highly attenuating material supposedly free of the
additional wave modes existing in saturated porous structures with a frame modulus, and
was intended to allow for study of the scattering behavior in isolation. Despite this initial
motivation, additional effects due to an as yet not well understood resonance are found to
accompany the scattering process. A few possible resonance mechanisms are
investigated but further experiments are required. However, the present experimental
results, although representing an extreme case, indicate this may be a previously

unaccounted for attenuation which influences seismic body wave propagation.

5.2.2 Previous experiments of wave propagation through bead packs and

unconsolidated materials

There have been numerous studies examining the propagation of elastic waves through
media consisting of beads immersed in fluids and colloidal suspensions. The problem at
first glance appears simple but in reality the propagation of waves in simple packs of
saturated solid beads is complicated by numerous phenomena (e.g., Liu et al, 1990).

Consequently, the study of such seemingly simple systems sheds considerable light on

scattering processes.

A few of such studies worth mentioning follows. In the context of analogs to weakly
consolidated rock, Paterson [1956], Wyllie et al, [1956, 1958], and Domenico [1977}
measured ultrasonic longitudinal and shear velocities on glass beads and quartz grains to

substantial confining pressures. However, once subject to confining pressure the overall
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elastic properties of the bead pack differ significantly from the unconsolidated materials
studied here. Hovem and Ingram [1980] and Hovem [1980] examined attenuation in glass
bead and clay packs at frequencies below 300 kHz and found a small amount of velocity
dispersion and frequency dependent attenuation. These trends were in agreement with
theory and therefore suggestive of viscous attenuation. Molyneux and Schmitt [1999]
and chapter 4 measured the group and phase velocities in highly attenuating bead packs

and compared them to velocities determined by more conventional time picking methods.

Industrial and university research groups carried out a substantial amount of work on
bead packs and colloidal suspensions in the 1970’s. Kuster and Toksoz [1974a]
developed a long-wavelength, low frequency approximation for the compressional
velocity through a dilute suspension of solid spheres in fluid. In their theory, the detected
wavefield includes the superposed components due to single scattering from each of the
spheres. This theory predicted well the laboratory velocities observed in a variety of
different suspensions in which fluid porosity exceeds 40% [Kuster and Toksoz, 1974b]
and was also in close agreement to those velocities determined using the Reuss model
[1929]. They suggested the slight discrepancies between their calculated and observed
velocities were possibly due to either the fact that theory ignored multiple scattering or
scale dependent effects. Mehta [1983] included the effects of multiple scattering effects
and was able to match Kuster and Tokz6z's [1974b] experimental observations more
accurately. Kuster and Toks6z [1974b] also contrasted their results with those provided

by the Wyllie time average equation as the high frequency limit [Wyllie et al, 1956)].
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Johnson and Plona [1982] examined the ultrasonic properties of both unconsolidated and
weakly consolidated glass bead packs (¢ = 0.38) saturated with water. Using pulse
transmission (~500 kHz) through the unconsolidated beads (177 um < a < 210 pm) they -
detected a single longitudinal mode propagating at a velocity of 1.79 km/s. Upon lightly
fusing the same bead pack, however, two longitudinal modes appeared with speeds of
2.81 km/s and 0.96 km/s. These two longitudinal modes are predicted to exist in
saturated porous media in which the skeletal solid frame has nonzero bulk and shear
moduli and both the solid and fluid components are connected networks [Biot, 1956a, b,
de la Cruz. and Spanos, 1985]. In this case the faster is associated with the solid frame
and is manifest when the fluid and solid particles oscillate together in phase. The slower
travels more in the fluid and depends on differential particle displacement between the
solid and fluid. As the bulk and shear moduli of the frame of the unconsolidated packs
essentially vanish the slow wave ceases to exist [see also Geertsma and Smit. 1961: Sen
and Johnson, 1983]. Once the beads are fused, the moduli are no longer trivial and the
dual mode propagation is possible. Johnson and Plona [1982] concluded that the
character of the solid-solid contacts and hence the elastic frame moduli were important

factors controlling the acoustical properties of the medium.

Schwartz and Plona [1984] measured phase velocities and attenuation of broadband (300

kHz - 2 MHz) pulses transmitted through water-saturated packs of acrylic (a ~ 0.275
mm) and glass beads (a ~ 0.545 mm) at the typical random packing porosity of ¢ = 0.38

[Bourbie et al, 1987]. In these experiments the phase velocities and inverse attenuation

both decrease with increasing frequency. Attenuation in the larger glass beads varied
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simply with the fourth power of frequency, predicted by Rayleigh [1929] and seen in
other scattering experiments [e.g., Mason and McSkimmin, 1947]. Attenuation in the
smaller acrylic beads deviated from this trend being dominated by viscous processes at

lower frequencies.

Kinra and Anand [1982] determined the compressional and shear wave velocities in
composites of various sizes (I mm < a < 3 mm) and volume fractions (5% - 45%) of
glass beads in an epoxy matrix. They sent relatively long tone-burst signals that are
comprised mostly of a single frequency component through the samples. At long
wavelengths (A > 1.15a) the transmitted waveforms displayed little evidence of
dispersion and both the observed compressional and shear velocities were in good
agreement with those expected theoretically. They did not obtain any velocity
measurements over the intermediate range (0.77a < A < 1.15a) due to substantial
waveform distortion which made unambiguous determination of the pulse transit-time
problematic. At even shorter wavelengths the observed velocities substantially exceeded

the long-wavelength predictions.

In a series of similar experiments, Yin et al [1994] measured both compressional and
shear-wave velocities using 2.25 MHz pulses through glass bead, epoxy mixtures. The
samples were composed of beads with dimensions from 5 mm to 0.05 mm diameter; all
samples had nearly identical overall composition, density, and static elastic properties.
They observed little dispersion for wavelength to bead size ratios greater than 3 but

below this value the P and S wave velocities increased by 22% and 15%, respectively,
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towards the high frequency values. Fourier transforms of the observed waveforms
changed little while in the long-wavelength limit but shifted to lower frequencies once

the short-wavelength regime was entered.

Brillouin scattering has been used effectively in studying the acoustic characteristics of
colloids consisting of very small (370 nm and 680 nm) acrylic beads suspended in an
organic liquid with the same mass density [Liu et al, 1990]. An advantage of Brillouin
scattering measurements is that the k- dispersion relationship, and hence the
corresponding phase velocities, is measured directly without the added complications
inherent to processing and interpreting acoustic waveforms in ultrasonic pulse
transmission experiments. At low frequencies and for concentrations less than 20% only
a single propagation mode is observed, the velocity of this mode is intermediate to the
intrinsic velocities of the acrylic and the liquid and increases with the bead concentration.
However, at greater concentrations and higher frequencies (~ w > tV/a, where V| is the
compressional wave speed in the liquid) two distinct wave modes exist. The first also
propagates at a velocity between those of the liquid and the acrylic and increases with
solid concentration. Further, this faster wave does not exist at the frequencies at which
an isolated sphere within the fluid would resonate. The velocity of the second mode is

less than that for the liquid and, conversely, decreases with concentration.

Liu et al's [1990] observation of the second mode was unexpected as the colloidal
suspension has no connected solid frame to support such a mode as suggested by earlier

work at lower frequencies [Sen and Johnson, 1983; Schwartz and Plona, 1984].
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Extensive theoretical and numerical modeling of the colloid suggests the faster wave
[Jing et al, 1991, 1992] is transmitted through both the fluid and the solid. This intuitively
explains the increase in its velocity with solid concentration. In contrast, the slower wave
is the coupling between adjacent beads of the Stoneley modes propagating at the solid-
liquid interface of the beads. The velocity of this mode decreases with concentration

because of the longer fluid-solid interface path lengths.

Page et al [1996] investigated the coherent ballistic propagation of compressional waves
through thin (2 mm to 5 mm) packs of water saturated glass beads (a = 0.25 mm and 0.5
mm). They found that although the ballistic pulse remains coherent with that incident on
the sample, it is still strongly influenced by scattering resonances, which produce

substantial dispersion and significantly slow the phase and group velocities.

Most recently, Cowan et al [1998] describe a novel series of ultrasonic pulse experiments
(~1 MHz to 4 MHz) on the propagation of the forward scattered, or ballistic, pulse
through random suspensions of glass beads (a ~ 0.438 mm) in a water/glycerol mixture.
They detected ultrasonic transmissions through a fluidized bed of the mixture whose solid
to fluid volume ratio was varied between 0.21 and 0.61. For many of the Fourier
components of the pulse when A ~ a, strong scattering results. The degree of scattering
depended on the volume fraction; a specific manifestation of this scattering is that phase
and group velocities dispersion increased with the volume fraction of solid. They

successfully modeled the observed dispersion curves and on this basis inferred that the
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velocities were slowed by both trapping of energy within the beads (resonant scattering)

and by the tortuosity of the fluid pathway.

The experiments described here are similar in configuration to those of Kinra and Anand
[1982] and Yin et al., [1994] with the important difference that the beads reside within a
fluid matrix. The variation in elastic properties between the gylcerol and the glass beads
is more extreme with greater effects of scattering expected. Further, the unconsolidated
bead packs are highly compressible and the influence of the frame moduli on propagation

and wave velocity may essentially be ignored.

To our knowledge. this work is the only one of its kind to examine the most complicated
acoustic propagation of a broad band pulse through a highly attenuating medium in the
intermediate frequency regime (ka ~ 1). The medium is a random packing of glass beads
saturated in a fluid of vastly different acoustic properties. The medium further has a very
low frame strength. The signal is expected to be complicated by multiple scattering.
Such an extreme was used primarily for its dramatic dispersion [Molyneux and Schmitt,
1999}, but additional unexpected resonance effects were displayed and are the focus of

this work.
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5.3 Experiments

5.3.1 Sample Preparation

The samples consisted of packs of commercially available glass beads saturated with
glycerol, the constituent elastic properties are given in Table 1. The velocity measured
for the glycerol is in very good agreement with published values. The glass beads are
formed from a common soda-lime glass as confirmed by microprobe examinations (Na,O
- 12.1wt%, Al,O; - 4.6 wt%, MgO - 1.6, wt%, SiO» - 71.8wt%, K,O - 0.9wt%, ZnO -
1.3wt%, CaO - 6.9wt%). The P and S velocities given in Table | are from the literature
[Carmichael, 1982] for glass of a similar composition. Attempts were made to measure
both velocities on larger samples prepared by melting of the beads into 2.54 diameter
cylinders. However, each cylinder tested contained bubbles and the observed P and S
velocities, while close to those in Table 1, were up to 4.5% lower. Consequently, the
published values are presented in the following calculations; this discrepancy does not in
any significant way alter the final conclusions. Each pack was composed of
monodisperse spherical beads ranging in diameter d from 220 um to 6 mm as determined
from image analysis of the smaller beads and vernier caliper measurements on the larger
(Table 2). Although Table 2 describes that many bead sizes do not match an integer
millimeter diameter description, for ease of use we will refer to the integer specifications
hereafter. The packs were unconsolidated and as such have essentially no frame modulus

[Johnson and Plona, 1982; Murphy et al., 1993].
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A number of packs of increasing length were prepared for each set of bead sizes. The
beads were dropped into the glycerol filled sample tube that was bottom-stoppered with
an aluminum buffer rod (45.00 mm diameter, 48.21 mm length). At the same time the
sample was vigorously shaken using an air driven vibrator operating at audible
frequencies; as such the beads touch but are not fused either chemically or by pressure.
A predetermined weighed amount of glass bead was placed and finally covered with the
second top aluminum buffer rod while shaking continued (Figure 1). This procedure
produced a series of relatively uniform packs with lengths from 10 mm to 50 mm as
measured by a vernier caliper to +/- 0.1 mm. The porosity of each pack was determined
from the known radius of the tube, the pack length, and the volume of glass bead
calculated using the measured mass and density. Mean and standard variation of porosity
for each bead size pack is given in Table 2. Both porosity and porosity error increased by
a small amount with grain size due to geometric packing constraints, Figure 2 [Yin et al.,

1994].

5.3.2 Pulse Transmission Measurements

Ultrasonic pulses were created and received by transducers made from 2.54 cm disks of
piezo-electric ceramic (BaTi0;, 1 MHz resonant frequency) polarized to expand parallel
to the disk's axis. The ceramics were glued directly to the outside ends of the aluminum
buffer rods (Figure 3) with a conducting epoxy and mechanically damped with a
urethane-metal powder mixture. The transducers were activated by a 10 ns rise time, 200

V pulse. The transmitted signals were recorded unamplified by 12 bit digital oscilloscope
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at | ns/sample. Random noise was reduced by stacking 50 individual pulses for each

sample. The final waveforms were recorded on a computer for further analysis.

The resulting 10 ps duration pulse (Figure 4a) has a noticeable bandwidth from 0.25
MHz to 1.5 MHz (Figure 5b) with a strong ringing peak at 1.13 MHz. The pulse
character displays this oscillation as recorded through pure glycerol. Note that the pure
glycerol waveforms in Figure 4a show multiple reflections within the aluminum buffer
rods. Each trace is individually scaled by a constant value for visual purposes.

Amplitude information is displayed in Table 3, Figure 7.

5.4 Results

The complete set of recorded waveforms plotted with sample length is given in Figure
4. As noted in earlier studies [Kinra and Anand, 1982; Yin et al, 1994] determination of
transit times and hence velocities is problematic in such scattering media. Here, transit
times are declared at the first detectable onset of the wave energy and what is referred to
as the signal velocity (Table 2) is then determined by linear regression between the
observed times and lengths for a given bead pack [Molyneux and Schmitt, 1999].

Velocity is quoted with one standard deviation of distribution in Table 2.

The waveforms display periodicities, which are extracted using the fast Fourier
transform to provide amplitude spectra (Figure 5). In order to study the first arriving

energy with omission of the multiple end cap reflections, the initial sections of the signal
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were windowed by a Hanning-tapered boxcar commencing at the onset of the signal and
of 9 +/- 3 us duration. For each of the bead packs, the number at the side of each trace in
Figure 5 represents the individual pack length L. The actual amplitudes appear as dark
scale bars in the figure. Although signal velocity is prone to overestimate physical

properties of group and phase velocity [Molyneux and Schmitt, 1999] it is a robust

measurement in erratic and noisy signal.

It is worth noting that the shape of the amplitude spectra of the pulses transmitted
through pure glycerol do not visibly change with increasing length (Figure 5). The
apparent frequency independent amplitude decay in this case is primarily due to
geometric effects. An empirical length dependent amplitude correction was derived from

the pure glycerol waveforms and applied to the bead pack traces.

Many of the amplitude spectra for the glass bead packs are bimodal (Table 3). One
peak below 0.4 MHz appears in all the bead packs and is referred to as f,. A second
spectral peak appears only for the packs with beads of diameters greater than 2 mm and is
designated fy. The frequencies and amplitudes of these peaks are plotted versus pack
length in Figures 6 and 7, respectively. It is noted that in most cases the frequency of the
peak amplitude decays with distance — as expected for an attenuating media. However, it
is useful to calculate a characteristic frequency associated with the propagation through
packs of different bead diameter. To compare frequencies with bead size, the linear
extrapolation of peak frequency at zero pack length was used (Figure 6). Note, the f; and

f_ values are quoted with one standard deviation of error (Table 3).
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In Figure 7, the log amplitudes decay linearly with distance with correlation
coefficients generally in excess of 0.8; the slope of the lines fit to these data was used to
find an apparent attenuation a for each of the peaks under the assumption the amplitude

decline could be described by an exponential decay proportional to the exp(-al).

Apparent Q values are also calculated, using the formula,

Q=nVa

(3)

where V is measured signal velocity and the frequency is the peak frequency, fy or fy.

In much of the acoustics literature, resonant scattering results are scaled with respect to
a normalized frequency which is the product of the wavenumber in the fluid k¢ =
2n/A = 2xf/V(f) and the radius a of the object under study, this normalized frequency will

be referred to hereafter as kra. The values are provided for both peaks in Table 3.

5.5 Discussion

The character of the waveforms and their relative strength differs dramatically

depending on the bead dimensions.

5.5.1 Bead Size Dependent Waveform Attributes
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5.1.1.1 Low Frequency Regime: kx < 1.

A distinct pulse is seen to propagate through the 0.22 mm and 0.67 mm bead packs .
(Figure 4) for which the normalized frequency is substantially less than 1 (Table 3). At
short sample lengths the waveforms still display the predominant 1.13 MHz transducer
resonance but this component is rapidly attenuated despite its initial strength (Figure 5).
The signal strengths are less than that through pure glycerol by a factor of 20. The
attenuation of these bead packs have been previously examined [Molyneux and Schmitt,
1999] and are consistent with propagation through a material with a low and relatively
uniform quality factor Q ~ 3 over the bandwidth of the signal. The apparent attenuation
of the predominant spectral peak for both packs is very similar (Table 3). Further, a plot
of peak natural log amplitude spectrum vs. length of sample results in the same intercept
at zero length for the two bead packs, Figure 7, Table 3 indicating similar length-

dependent attenuation mechanisms.

As distinct pulses are seen to propagate for these two bead packs, a second measure of
the velocity determined by picking the transit times of the first amplitude extremum [see
Molyneux and Schmitt, 1999] is also provided (Table 2). These first peak velocities are
in close agreement with the Wood's formula prediction (Figure 8) and suggest that the
two packs are reasonably well represented by a simple mixture theory and may be
considered as an effective media over the transducer bandwidth. It is noted that such

velocity models do not include signal attenuation. De la Cruz and Spanos (1985) offer a
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more complete physical theory accounting for both velocity and attenuation properties of

waveform propagation under certain scale constraints.

§.5.1.2 Intermediate Frequency Regime: ka ~ 1.

The 2.0 mm bead pack falls within this regime. No distinct pulse is observed (Figure
4d) and the strength of the signals is diminished by approximately a factor of 5 from the
smaller bead packs. Indeed, this intermediate frequency peak when extrapolated to zero
length has an amplitude less than that observed in the low frequency case, Figure 7, Table
3. This implies a secondary attenuation regime, partitioning energy from the main signal.

The low frequency spectral peak, f;. ~ 0.33 MHz, decays with Q ~ 4.

The signal velocity for this pack is statistically larger than that for the low frequency

regime (Figure 8).

Combining the evidence of a different zero length amplitude, different Q, and different
signal velocity from the small bead diameter samples, it is thought that the 2.0 mm bead

pack indicates the onset of an additional attenuation mechanism.
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5.5.1.3 High Frequency Regime: ku bigger or equal to 1.

The most interesting variety of waveform characters is seen for packs with bead
diameters of 3 mm and greater. They all share the same attribute in that no distinct pulse
is seen. A ringing is easily seen in the time amplitude traces (Figures 4e-h) and displayed
as narrow peak in the amplitude spectra in addition to the low frequency peak (Figures
Se-h). This high frequency signal component decays with a Q ~ 6. Again, the low
frequency component displays a significantly diminished zero length amplitude
component with respect to the low frequency regime, Figure 7, Table 3. It is suggested
that the attenuation associated with the high frequency peak is partitioning energy from

the low frequency peak, reducing its zero-length amplitude.
The signal velocity increases dramatically with bead size (Figure 8). However, the

uncertainties in the determinations are substantially greater (as much as 9% for the largest

bead size), this may be caused by error in picking of transit times due to the weaker

signal.

5.6 Velocity modeling

5.6.1 Simple mixture theories
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A characteristic measure of the expected velocity for the packs is given by Wood's
formula [Wood, 1941] presumably exact for a suspension [Sen and Johnson, 1983] which

can be rearranged to the form [after Berge et al, 1999]

12

Viws =001 0, Vi +0-)1 pV2 ) @

where the bulk density is
p=(1-9)p, +dp, )
For the present experiments with a solid within a fluid matrix with velocities Vqiiq and

Vi respectively. Equation (4) is identical to the formulations of Reuss [1929] and

Kuster and Toksoz [1974a,b].

Alternatively, another characteristic measure is that given by Wyllie et al's [1958] time

average equation used for models with porosity, 4,

14

Slusd V i

-
Ve =[ ¢ +_(l_‘_¢l] (6)

It is noted that equation (6) is theoretically only correct for high frequency signal
propagating through layered media, as noted in the introduction. In practice it yields
velocities in excess of those calculated from Reuss [1929]. However, the Wyllie model is

often applied for particulate media and so is included in this section for completeness.
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In contrast to Reuss like models, the compressional wave velocity calculated using

Voigt's [1910] estimate:

(N
P

s 5 A2
Ve [¢P huid V[;nid +(1=0) PrsiiaVeuiia ]
is generally considered to be the upper bound to the velocity. The Voigt prediction does

exceed the observed velocities but care must be taken in generalizing this observation, as

the theory was not intended to describe behavior in the high frequency regime (4 < a).

The formulations above were generally developed under the low frequency - long
wavelength assumption. Some are even further restrictive and were intended for dilute
concentrations of scatterers within a matrix. Thus, their inability to describe the apparent
velocities of the packs with the larger beads should not be surprising and two high
frequency predictions were instead employed. The first is the well known Wyllie time-
average Equation (6) which yields velocities near 3200 m/s for the bead packs. This
value exceeds those observed in the low frequency regime (s&mll beads) and is less than
those at high frequencies (large beads). Equation (6) may be simply derived by assuming
that an elastic wave propagates through layers of each of the constituent materials with
thicknesses in proportion to the relative volume. Equation (6) predicts well the overall
velocities for layers much thicker than the wavelengths of the propagating elastic wave
energy. The frequencies must be sufficiently great that 2-D ray approximations may be
employed and in such a case the transit time through each layer is easily determined.

However, this simple layered geometry does not describe the 3-dimensional character of
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the bead pack and the preference of the high frequency components to seek the minimum

travel time path as discussed by Weilandt [1987] and others.

5.6.2 Velacity Modeling Incorporating Frame Strength

As mentioned previously, the Wood's formula for a suspension predicts well the
velocity for the smallest bead pack suggesting that the 0.22 mm bead pack may be
considered as an effective medium for purposes of this study. Wood's formula is no
longer correct for bead sizes in excess of 2 mm.  The velocity for the saturated packs
were also estimated using Gassmann's low frequency formulae [Gassmann, 1951] for the

bulk modulus,

Kl + (1 - K'/ K,miid )1
(l - ¢)/ Kmlid + ¢/ K[luid - K'/ K.lznlid

(8)

where K'. Kquig and Ksqig is the frame, fluid and solid bulk modulus respectively. K’ is
expected to be small for unconsolidated materials, and Gassmann's Equation (8) gives
Wood's result (Equation (4)) in the limit of vanishing K'. Neither the frame bulk nor
shear moduli were measured for these packs but the empirical relations developed by
Murphy et al., [1993] for unconsolidated sands provided useful, porosity dependent,
upper bound values that were used in calculating the Gassmann estimate. As expected,

this and Wood's estimate are close and only appear adequate for the smallest bead sizes.
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Berryman [1980a,b] provides a self-consistent variation of Kuster and Toksoz's [1974a,b]
method which under the assumption of vanishing shear modulus for the composite

provides a porosity dependent velocity:

Kmlid K Sluid
Ve OK g + (1=K 0y

p

9

with values only slightly less than those given by Wood's Equation (4).

5.6.3 Empirical base velocity modeling

Determining the transit time of elastic waves through such complex structures is not
straightforward and may have to be carried out numerically in a case by case basis. Roth
et al., [1993] developed an empirical relationship for the velocity shift Sv as a percentage
of the mean velocity of the medium V, = ¢$Vquia + (1-9)Vsoiig  from a series of numerical
models of wave propagation through a heterogeneous earth

ov
v,

=0.2&" (10)

o

where the standard deviation in terms of percentage is

Jov, -v.F +a-g\v, -v,)
|4

o

£=100%*

(1D
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This empirical formula gives expected values for the apparent velocity of the overall
medium, which are greater than that for pure glass (Figure 8). This situation is not
physically possible and simply highlights the difficulties encountered in attempting to
estimate the velocity of a composite with a complex 3-dimensional structure insonified

with elastic wave energy with wavelengths close to the typical internal structural scale.

The observations here are more extreme but similar to the earlier experimental results
described by Kinra and Anand [1982] and Yin et al., [1994] on fully solid glass bead-
epoxy mixtures. As noted by these authors, once the bead sizes, or equivalently the
frequencies, are sufficiently large the wave propagation undergoes a transition from the
effective medium limit to the ray limit. The velocity determined by measuring the timing
of the signal peak with increasing bead pack length is a good measure of the group
velocity near the predominant frequency [Molyneux and Schmitt, 1999] and for the 0.22
mm diameter beads is described well by the effective medium theories. The velocities
increase from this point with even a slight dispersion possible for the 0.67 mm bead
diameters. The relative magnitude of the true dispersion is even greater than suggested
here because the porosity generally increases with bead diameter from pack to pack
(Figure 2); the variation in porosity is responsible for the theoretically predicted decline
in velocity with bead diameter. With the visible onset of the ringing signal for bead

diameters above 2.0 mm, a consistent first peak measurements becomes problematic.

The high frequency components of a wave propagating through such a complex 3-

dimensional composite medium will seek the minimum ray travel-time [Mukerji et al.,
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1995; Wielandt, 1987; Muller et al., 1993] with this effect called variously 'fast pathing’,
the ‘Wielandt effect’, or the ‘'velocity shift. The fact that the uncertainty in the
determination of the velocity also substantially increases with bead size (Figure 8)
provides further support for this interpretation as the transit time through a given pack,
and hence the apparent velocity, would be expected to fluctuate with changes in the
random packing of the material. The apparent velocity of such a medium cannot be

described by any long-wavelength effective medium approach.

5.6.4 Comparison of Experiment to Theory

The observed signal and peak amplitude velocities depend strongly on the bead size
with an apparent velocity dispersion of 81% from the smallest to the greatest bead size.
Velocity increases monotonically across the series of measurements. These observations
are summarized in Figure 8 and contrasted with a wide variety of different theoretical

predictions. None of the mixture theories describe the observed dispersion.

5.6.5 Internal Resonances

The fast pathing effects above were generally expected as they had been previously
observed by other workers in similar experiments. However, the amplitude spectra of the
transmitted signals for the high frequency bead packs (Figure 5) shows some unexpected
spectral peaks; a bimodal frequency spectrum from a monofrequency input source. The

higher frequency spectral peaks appear to result from the same scale-dependent
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resonance because they plot linearly with respect to the reciprocal bead diameter (Figure
9), and they all share nearly the same value ka ~ 5 of the normalized frequency (Table 3).
Further, for bead sizes 2mm and larger the low frequency peak in the amplitude spectrum
has an extrapolated zero length amplitude which is far less than the similar zero-length
amplitudes of the 0.22 and 0.67 mm diameter bead packs. This indicates that an
additional mechanism is being invoked to partition energy away from the low frequency
signal. The high frequency spectral peaks for the bead sizes >= 2mm have a consistent
apparent Q ~ 6. Such constant apparent attenuation with bead size suggests an acoustic
mode distinct from the low frequency signal. Also, the decay in amplitude with distance
is more severe for the high frequency spectral peak than it is for the low frequency peak
(Figure 7). This is consistent with the high frequency resonant phenomena radiating with
substantial amplitude decay due to spherical geometric spreading than the more plane
wave main signal. This resonant energy partitions energy away from the relatively low
frequency carrier signal. To our knowledge, such a strong internal resonance has not
been previously observed in the context of wave propagation through a nondilute medium
of scatterers. However, it is suggested that only due to the severe attenuation of the main
signal does the resonant signal have relatively large amplitude and become visible within

the recorded signal.

The back-scattering of compressional waves from an elastic object isolated within a
fluid medium has long been studied both theoretically and experimentally for obvious
applications in naval warfare. Early experimental work [Faran, 1951] highlighted the

complex frequency and azimuthal dependence of the backscattered energy for even
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simple cylindrical shapes. In particular, he noted the 'ringing’ of the observed waveforms
when the frequency of the signal input to the cylinders matched the normal modes. Since
this time, the study and interpretation of such scattered waveforms has culminated in the
'Resonant Scattering Theory' for acoustic waves. This theory is well described in a
number of monographs and reviews [e.g., Gaunaurd, 1989; Numrich and Uberall, 1992;
Uberall, 1992]. In short, this resonant scattering theory is similar to the normal mode
theory which which has been used in the resonant sphere method of determining material
elastic properties [e.g., Schreiber et al., 1973] and in describing wave propagation in the
earth but further complicated by the additional modes introduced by the coupling
between the object and its surrounding fluid. The types of modes available for an
isolated, uniform, isotropic sphere surrounded by fluid depend on the relative frequency

of the insonifying waves. The modes available include:

a) The normal poloidal (breathing modes) and toroidal (torsional) modes [e.g.. Sato
and Usami, 1962; Shui et al, 1988; Hosseini-Hashemi and Anderson, 1988]

b) 'whispering gallery’ modes at higher frequencies which can be considered as
multiply reflected rays within the sphere {e.g., de Billy and Quentin, 1992]

c) 'creeping' or 'Franz' waves which are the diffraction of the waves around the body at
the speed of the surrounding fluid [e.g. Veksler and Izbicki, 1996], and

d) Stoneley-Scholte waves which are an interfacial wave circumnavigating the body
[e.g., Uberall et al., 1977; Uberall et al., 1979].

The frequencies expected for some of these modes will be calculated here and compared

to the observed fy.
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The solutions of the poloidal (or spheriodal) (S) and toroidal (or torsional) (T) normal
modes of an isotropic elastic sphere are well known and are already provided
numerically; only the relevant aspects of the calculations for the frequencies need be
given here. The normalized toroidal frequencies ka are identical for any sphere
independent of elastic properties. In contrast, the polodial displacements are more
complex and depend on Poisson’s ratio v. The values of some of the lower order
frequencies calculated by Sato and Usami [1962] as reproduced in Schreiber et al.. [1973]
are given in Table 4; those for the poloidal mode were interpolated based on Poisson's
ratio for the glass. The ratios w/ka and w/ha are the ratio of the oscillation period to the
transit time of a shear and a compressional wave, respectively, over a distance equal to
the sphere's diameter. In short, after Schreiber et al. [1973] (see their equation 5.12) the

frequency of any given toroidal mode may be written in the form:

V (ka)

R

with a similar formula for the poloidal modes. These frequencies are calculated as a
function of the bead diameter for a number of different modes for ready comparision with
the observed fy resonances (Figure 10a, b). Neither toroidal nor polodial modes can
explain the observed resonant frequencies, save for the ;T mode all the expected
frequencies exceed those observed. It is worth noting that the fluid surrounding the beads

will not substantially alter these oscillation frequencies [Faran, 1951] and cannot explain
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the discrepancy, this suggests that the observed resonance is not due to normal modes of

the beads themselves.

In resonant scattering theory, other available modes for the isolated sphere are those
due to circumferential Franz and the Stonely-Scholte waves propagating at the interface
between the solid and the liquid. A resonant condition exists when the circumnavigating
waves constructively interfere. This is complicated somewhat on a sphere because of the
existence of the caustic points at the poles where the waves undergo a n/2 phase shift
[Uberall et al., 1979: Numrich and Uberall, 1992] conceptually identical to the
interference of shear and Rayleigh waves in describing the higher order normal modes of

the earth [see Garland, 1979]. As such, at the resonant frequency the wavelength is:

A= = n=012. (13)
n+1/2
such that the resonant frequency is:
f=Vg, L’%)-.n =0,1,2,... (14)

where Vs, is the phase velocity of the interfacial wave. For a flat interface between the
glass and the glycerol with the physical properties as described in Table 1, the Stoneley
wave velocity is calculated to be Vs,r = 1914.5 m/s [see Ewing et al., 1957, pg 112]

which is 99.4% the glycerol velocity. The frequencies calculated using this velocity in
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Equation (14) are plotted as functions of bead diameter (Figure 10c). Again, none of
these circumferential modes yield frequencies that can explain the observed fy suggesting
that these circumferential modes, prevalent for an isolated sphere, cannot explain the .

internal resonances observed.

The above discussion has focussed primarily on the beads as the principal structural
unit within the composite. However, the packs are also saturated with glycerol and the
space between the beads may be equally as valid an elementary building block.
Visualizing what the shape of such a fundamental unit might be, especially within the
ostensibly random packing of the beads, is difficult. Despite this, the porosities of the
bead smaller bead packs (~0.38) are not that different from that expected for an ordered
packing of monodisperse diameter beads in either a face-centered-cubic or a hexagonal-
close-packed arrangement for which ¢ = 0.36. When considering the shape of the facets
for such porosity one theme which must be repeated often is that of the concave
triangular shape produced between three adjacent beads (Figure 11) with a perimeter of
nd/2. The dimensions of a typical pore could be described in terms of units of this facet
perimeter and it is interesting to note that if this perimeter is substituted for the bead
circumerence nd in Equation (14) there is good agreement between the observed and

calculated frequencies for n = 2 for the three larger bead diameters (Figure 10d).

This correspondence suggests that the pore geometry and not the beads directly, may
play an important role in this particular resonance. That the frequency for the smallest

bead does not fall on the trend (Figure 9) is not unexpected as a substantial dispersion of
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the Stoneley mode occurs [e.g., Uberall et al., 1979] with an increased phase velocity
Vours at diminished ka. The higher V,,, also results in a greater resonant frequency by

Equation (14).

5.7 Conclusion

The observed signal of a pulsed propagation through a glycerol saturated glass bead pack
results in a bimodal frequency spectra for normalized frequencies, kag, greater than one.
When kay is less than one, only one peak is observed in the frequency spectra and the
signal velocity is at an asymptote value of 2.6 km/s. With increased normalised
frequency the velocity increases, ultimately reaching an experimental 81% velocity
dispersion in a similar manner to that described in experiments on solid epoxy-glass bead
composites [Yin et al 1994] but far more extreme. The observed velocities all lie below
those calculated according to Voigt's mixuture model but are in poor agreement with an
oft-employed time-average formulation that is often taken to representing the high
frequency limit. The largest bead size packs have the greatest normalized frequency, but

the high velocity asymptote associated with the ray theory limit may not be reached

[Marion et al, 1994].

Resonant effects are most evident in signals propagated through bead packs larger than
2mm diameter. In such bead packs a second high frequency peak is present in the
received frequency spectrum which has a constant normalized frequency with bead size:

a property suggesting resonance. Further, the zero length amplitude extrapolation of the
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low frequency peak is substantially reduced with the onset of an additional high
frequency spectral peak. This is consistent with the high frequency resonance
phenomena partitioning energy from the main signal. It is suggested that such resonance
effects are not normally detected as the reemitted resonant energy is swamped by the
main propagating signal. Only if the main signal is subject to substantial attenuation,
such as with a fluid-bead pack media, is the reemitted resonant energy (Q ~ 6)

comparable to the main signal. Several possibilities exist for the small levels of resonant

energy in the recorded signal:

1. Energy partition from the main signal is inefficient

2. The resonant energy is radiated radially in all directions from each incident glass
bead, yet only a small solid angle is recorded at the receiver.

3. The resonant energy is radiated over a long period of time with respect to the incident

pulse, which is not accounted for in our short temporal windowing spectral analyses.

Indeed, such resonances may be thought to solely exist in the intermediate frequency
regime, ka ~ 1. However, effective media properties displayed by the bead pack samples
with diameters less than 2mm have a zero length extrapolation of the amplitude spectrum
which is smaller than that in the predominately unattenuative glycerol sample, Table 3.
Arguably, resonances not strong enough to be recorded in the received signal could be

partitioning energy away from the main signal, causing the amplitude discrepancy.

Our findings suggest the resonance is not due to normal mode oscillations of the beads

themselves nor to Stoneley waves circumnavigating the beads at the glycerol-glass
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interface as is suggested by resonant scattering theories. However, the resonance may be
related to Stoneley wave propagation at the fluid-solid interface of the pore space

between the beads.

Resonant scattering theory was developed primarily in order that one may discern
something of the elastic properties and shape of an isolated solid object submersed in a
fluid. The amplitude of an elastic wave scattered from such an object depends strongly
on azimuth and frequency. The normalized amplitude spectrum from such objects,
referred to in the acoustics literature as a form function [e.g. see Numrich and Uberall,
1982], can be extremely complex, and this complexity does not cease with increasing
frequency. Extending this to the present situation suggests that further resonances
should be observed in the bead packs at both higher and lower frequencies than
discovered here. Another aspect of resonant scattering theory is that a forward
propagating pulse will be robbed of energy at the resonant frequencies of the object:
such phenomena may have a part in explaining why frequencies in excess of 100 Hz are

so difficult to propagate to and from the surface.

The present experiments were not designed to examine this resonance in detail and its
source can only be suggested. New experiments over a greater range of frequencies with
different types of beads and saturating fluids are required. Whether lightly fusing the

beads will significantly impact the scattering for the larger bead sizes is also important

[Johnson and Plona, 1982].
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The resonant energy loss from the main signal represents a new and fundamental
attenuation mechanism that inspires several questions. How efficient is this energy loss
mechanism in natural media with random particle shape and distribution? Does
resonance from grain size to boulders contribute to the white noise observed in elastic
wave solid earth observations? The implications of our findings have impact on
attenuation modeling in all scales of geophysics: from centimeter ultrasonic

investigations to low frequency teleseismic probing.
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Table 1. Constituent Physical Properties

Glass Beads Glycerol
Material Soda-Lime Glass C;H;0;
Density
(kg/m’) 2480 +/- 10' 1260 +/- 10'
Bulk Modulus
K 37.8 4.67
(GPa)
Shear Modulus -
u 25.4
(GPa)
Compressional Wave
\'A ~5400° 1926 +/- 10'
(mJ/s)
Shear Wave R
v, ~3200°
(mvs)
Poisson's Ratio -
v 0.225
: Molyneux and Schmitt, 1999
“ Estimated from Glass 1 of Carmichael, 1982
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Table 2. Summary of Observations for the Bead Packs

Sample Bead Diameter Porosity Signal Velocity First Peak Wood's Formula  Wyllic Estimate
d ¢ Vv Velacity Vwood Vwyitic
(mm) (%) (nVs) (nv/s)" (nvs) (mV/s)
220 pn' 0.22 +/- 0.04 37.8+/- 1.0 2570 +/- 10 2350 +/- 20 2350 3200
670 pm' 0.67 +/- 0.05 37.7 +/- 0.9 2580 +/- 30 2460 +/- 10 2350 3200
2 mm 1.93 +/- 0.07 37.5+/-04 2730 +/- 30 - 2350 3200
3Imm 2.99 +/- 0.08 38.6 +/- 1.1 2890 +/- 100 - 2340 3180
4 mm 3.99 +/- 0.06 39.7 +/- 0.7 3000 +/- 100 - 2310 3160
5mm 4.89 +/- 0.09 41.3 +/- 1.7 3600 +/- 160 - 2300 3090
6 mm 5.90 +/-0.08 46.8 +/- 2.7 4260 +/- 370 - 2200 2930
Glycerol - 100.0 1926 +/- 3 - - -

'. As measured in Molyneux and Schmitt, [1999].
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Table 3. Frequency and apparent attenuation of spectral peaks

Sample Pulse Normalized Log(A(f,)) w, Resonance Normalized Log(A(fy)) ay
. i extmpolated 10 (neper/m) Q. fy fn extrapolated  (neper/m)  Qy
(MHz) (k) zero length (MHz) (k)" 10 zero length
0.22mm  0.36 +/-0.01 0.13+/-0.03 8.98 +/- 0.63 153 +/- 18 29 - - - . .
0.67mm  0.30 +/- 0.0} 0.32 +/- 0.04 9.01 +/- 0.58 152+/-21 24 - - - -
2 mm 0.33 +/- 001 1.04 +/- 0.07 6.18 +/- 0.70 R7 +/- 21 4.4 - - - - -
Imm 0.28 +/- 0.0) 1.37 +/- 0.09 4.00 +/- 0.34 74 +/- 1) 4.1 1.17 +/- 0.0] 5.7V +/- 0.20 6.45 +/- 0.3 2034/-10 6.3
4 mm 0.23 +/- 0.01 1.50 +/- 0.09 1.24 47- 0.7 20 +/- 2 120  0.78 +/- 0.02 5.08 +/- 0.21 441 +/-017 120 +/- 5 6.8
Smm - - . - - 0.63 +/-0.02 5.03 +/-0.25 4.07 +/- 0.10 92 +/-3 6.0
6 mm - - - - 0514003 4904/-036 383021 S84/-10 65
_glycero) 113 +/-0.00 - - - 10.17 +/-0.06 - -

1. k¢=2xnf/V and a = bead radius.



Table 4. Normalized Frequencies of the Toroidal and
Poloidal Normal Modes for an Isotropic Sphere with
Poisson's ratio = 0.225

Toroidal Poloidal

Mode ka Mode ha
T, 25011 So 42530
T, 3.8647 S 2.6370
T, 57635 Sy 3.9067
T, 71360 Se 49928
Ty 8.4449 Ss 60100
T 9.0950 S 33781
T, 105149 S: 48037
T, 118817 Sy 6.3870

St 6.6287
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Figure 4. Transmitted pulse normalized amplitude versus time for differing pack lengths
of a) pure glycerol and glycerol saturated packs of glass beads with diameters of b) 0.22
mm, ¢) 0.67 mm, d) 2 mm, e) 3 mm, f) 4 mm, g) S mm, and h) 6 mm. Note, maximum
and minimum sample lengths are indicated.
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a) pure glycerol and glycerol saturated packs of glass beads with diameters of b) 0.22
mm, ¢) 0.67 mm, d) 2 mm, ¢) 3 mm, f) 4 mm, g) S mm, and h) 6 mm. Amplitude spectra
derived from a Tapered window of the first arriving signal. Dark error bars show true
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Figure 6. Peak spectral frequencies observed from Figure 5 versus pack length for the
differing lengths of a) pure glycerol and glycerol saturated packs of glass beads with
diameters of b) 0.22 mm, c) 0.67 mm, d) 2 mm, e) 3 mm, f) 4 mm, g) 5 mm, and h) 6

mm. Open circles represent the second high frequency peak observed for bead sizes
greater than 2 mm
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greater than 2 mm.
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Figure 8. Velocities determined by the pulse onset (signal velocity - open circles) and
pulse amplitude peak (peak velocity — inverted solid triangle) versus diameter of glass
beads. The observed values are compared with the theoretical predictions for the velocity
shift [Roth et al., 1993], the simple mean, the Voigt mixture bound [Voigt, 1910}, the
time average equation [Wyllie et al., 1956], the self consistent method [Berryman,
1980a,b], the Gassmann formula [Gassmann, 1951], and the Wood suspension formula
[Wood, 1941] which in the present case is identical to the Reuss bound [Reuss, 1929] and
the Kuster-Toksoz estimate [Kuster and Toksoz, 1974a,b]. The true pack porosities are
used in each of the sets of calculations.
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refer to the order of the mode.
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Figure 11. Concave triangular pore facet shape.
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CHAPTER 6

Conclusion

In rock samples, the characteristics of a propagating ultrasonic pulse depend on the
sample length, the saturation, and the pressure dependent attenuation, compressibility,
and rigidity. This waveform non-stationarity complicates determination of meaningful
travel times. As a result, substantially different values of interval velocity can be obtained
depending on the time picking criteria employed. This problem is particularly severe in
high frequency laboratory time-of-flight measurements on intrinsically porous or
microcracked rock at low confining pressure.

In Chapter 3, a semi-automated method was developed to determine this onset time
in high fidelity pulse waveforms acquired during pressure-dependent core measurements.
Such a tool proves useful when performing extensive suites of velocity measurements in
the lab. The greatest value of the Pearson’s correlation co-efficient between segments of
observed waveforms near the pulse onset and at an appropriate reference serves as the
time determination criteria.

Tests of the method on artificial data suggest the signal velocity may be determined
to better than 0.3%. A series of ultrasonic (MHz) velocity measurements in micro-
cracked rock to confining pressures of 300 Mpa (~45,000 Psi) was also carried out to test
the method. At the lowest confining pressure where attenuation is greatest (Q ~ 6), the
signal onset time differs from those more conventionally derived by more than 4%. This
large discrepancy illustrates that care should be exercised when determining velocity in

such attenuating materials. Conversely, the consistency of waveform attributes, such as
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the difference in the onset to the first peak time or the apparent quality factor, is useful
when estimating intrinsic material velocities in low porosity, micro-cracked carbonate
and metamorphic rocks at high confining pressures. Where the quality factor, Q, is
constant with elevated hydrostatic confining pressure it is assumed that most microcracks
have closed. These microcracks no longer significantly influence the propagating signal
by scattering (Q > 40) yielding intrinsic rock properties as all the different velocity
measures yield the same value; the waveform is stationary.

In Chapter 4, it is noted that pulse transmission ultrasonic experiments are often
used to determine material velocities in rock. Such mechanical wave-speeds are often
determined by ‘picking’ the transit-time of a certain feature of the propagating pulse,
such as the first amplitude maximum. However, attenuation and dispersion conspire to
change the shape of a propagating wave making determination of a physically meaningful
speed problematic from a recorded signal. As a consequence, the speeds so determined
are not necessarily representative of the material’s intrinsic wave phase- and group-
speeds. These more fundamental measures of speed are found experimentally in a highly
attenuating media consisting of glycerol-saturated, unconsolidated, random packs of glass
beads and quartz sand. The quality factor Q varies between 2 and 6 over the useful
frequency band in these experiments from ~200 to 600 kHz; Q is not constant over this
range in these materials. The fundamental speeds are compared to more common and
simple speed estimates derived from picking of a single transit time. In general, the
simpler methods estimate the group-speed at the predominant frequency to better than
3%, but are in poor agreement with the phase-speed. Wave speeds determined from the

time at which the pulse is first detected (here referred to as the signal speed) differ from
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the predominant group-speed by up to 13%. At best, this onset wave-speed provides a
lower bound for the high frequency limit of the phase velocity in a material in which
wave-speed increases with frequency. Each method of time picking, however, is self-
consistent as indicated by the high quality of the linear regression between the observed
arrival times and the propagation distance.

In chapter 5, wave propagation through fluid saturated, random packs of
unconsolidated glass beads is investigated. In this section the influence of the scale of the
structure (i.e., the beads and their fluid interstitial pore space) on the wave propagation is
of most interest. In particular cases in which the glass beads have comparable size to the
dominant wavelength of the compressional wave are the least well understood. The glass
bead-glycerol media are difficult to formally describe. The low fluid porosity (~40%)
means the beads are in close proximity with the presence of multiple scattering. The
fluid-solid mixture provides for potential fluid-solid coupling effects. When the dominant
wavelength (low-frequency regime) is greater than the bead size in the grain packs,
attenuation and propagation velocity are consistent (Q ~ 3, and signal velocity = 2.6 km/s
respectively). These velocities are close to those predicted from mixture theory using
simple mixture theories such as Wood’s formula. A simple Zener type attenuation model
describes the decay of the waveforms in this case. In contrast, when the dominant
wavelength is comparable to the bead size the received amplitude spectra of the signal
displays two peaks. This behaviour was unexpected. The frequency of the higher
frequency peak depends inversely on bead diameter; this character strongly indicates

some kind of resonance. As the A/ ratio increases, where A is the dominant wavelength

and d the characteristic particle size, the individual resonances gain in relative importance
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within the amplitude spectrum. The low frequency peak, which is possibly related to the
propagation of the ballistic pulse through the medium decreases in strength relative to the
resonant peak. However, the high frequency signal component decays more rapidly with
sample length. This may be a consequence of the fact that the scattered energy radiates in
all directions whereas the ballistic pulse propagates in a single direction from the sender
to the receiver. The source of the resonant peak is unknown. This partition of the input
signal into resonance type phenomena constitutes a new and fundamental attenuation
mechanism that to our knowledge is not documented in the literature. The resonant
frequencies observed do not agree with the free spheroidal and toroidal modes for a
sphere. A fluid borne mode (Stonely wave) circumnavigating the beads compares poorly.
However, it is interesting to note that if it is assumed the pore space, and not the beads, is
the crucial structural unit, then the value of the fluid borne interface wave of order n = 2
matches the observed frequencies well. The present study was not designed to study these
unexpected resonances, however, and this good match may simply be coincidental.
Further experiments are needed to address this issue.

With the increasing importance of advanced seismic inversion techniques, more
definitive characterizations of reservoir rocks is required. Information on in-situ velocity
is primarily derived from shot gathers, sonic logs, and VSP’s. However, laboratory
analysis still provides the only direct measure of rock velocity although its extent is
severely limited in terms of the volume of material that may be studied. Further,
laboratory tests on core are able to delineate more sophisticated phenomena such as
velocity anisotropy. Unfortunately, both sonic-log and laboratory determined velocities

usually exceed the corresponding in situ seismic velocity. This dispersion is due to both
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the attenuative character of the rock and to the dimensions of the geologic structure
relative to the wavelength of the sound energy used. Knowledge of such effects can
prevent inappropriate laboratory measures of seismic velocities, as described below.

The decline in the apparent velocity with wavelength to particle size ratio (A/d) is
well documented in the literature [e.g. Marion et al., 1994, Kinra and Anand, 1982, Yin et
al, 1994]. I have extended such observations to fluid saturated porous media. Our
laboratory results (Figure 8, Chapter 5) show that when (A/d) is greater than 2 that the
physics associated with ultrasonic wave propagation is equivalent to that defining the
seismic wave propagation when A>>d, the effective media limit. It is seen that by
ignoring such scale effects, laboratory velocity measurements in which A~d, may be
twice as large as the equivalent seismic velocity, where A>>d, (at least in the highly
heterogeneous medium studied here).

Additionally, seismic waves propagate in an effective half-space, whereas in
laboratory experiments the propagating waveform is subject to the boundary conditions
of the core plug. If the propagating wavelength is comparable to the dimensions of the
plug (diameter /, and length x), low velocity surface waves and bar modes may be
generated in preference to body waves (Silaeva and Shanmina, 1958). Defining
appropriate limits of /I and A/d allows for consistent P-wave propagation.

Finally, as seen in chapters 3 and 4, in attenuating medium (Q < 40) the related
dispersion causes difficulties in defining the propagation velocity. For example, I
demonstrate that the velocity determined from the first break (first detectable onset of the
waveform) can be 13% different from the group or first peak velocities. Therefore, it is

inaccurate and inconsistent to use a velocity based on a first break measurement if this
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information is to be included in the processing of a seismic image where, for example,
isochrons will be picked from the signal peak of a reflector.

In summary, to ensure that laboratory velocities have bearing on equivalent seismic
propagation velocities the dominant propagating wavelength should be more than twice
that of the characteristic size of the particle inclusions yet smaller then the dimensions of
the rock core. Also, the signal velocity is not an indicative rock property measurement in
highly attenuating media (Q < 40).

Finally, the resonances in the glass bead medium documented in chapter 5 need
further investigation because this may be important to how we describe attenuation in the
earth. The present results indicate the low frequency propagation (i.e., long wavelength)
is when A = a, and the second high a frequency peak scales with bead diameter and is
consistent with resonance of individual beads. However, the current experiments were
not designed to examine these unexpected resonances and cannot delineate precisely
what the resonance is. The results do suggest that they are not due to free resonances of
the beads themselves. This suggests a fluid borne mode may be the cause of the
resonance. A mono-frequency input source that slowly swept through a range of
frequencies may aid such delineation. Further the directionality of the energy re-emitted
by the resonance is of interest, and this could be monitored with a series of spatially
arranged receivers surrounding the bead pack. Another interesting question relates to how
the resonance might be modified by including spheres of differing sizes within the pack
or by including spheres of differing composition and shape. All such experiments might
illuminate the presently poorly recognized role resonance may have on the propagation of

compressional waves through complex materials.
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The as yet unquantified resonances within the bead pack raise a number of issues
related to wave propagation through a heterogeneous earth. First, might such resonances
be important for the overall wave propagation and how might they influence the observed
velocities and attenuations? Second, where in the earth might such resonances exist? A
simple one-dimensional example may be the “multiple” reverberations produced by low
impedance coal beds in sedimentary formations. Might such effects be important in
regions of high contrast such as the core-mantle boundary where there exists the potential
for mixing of high temperature metallic fluids and silicates? Are such mechanisms even
more pervasive: present with irregular sized inclusions throughout the earth from sand
grains to large boulders and from the core of the earth itself? Might such phenomena

contribute to the white noise present in all solid-earth elastic wave investigations?
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