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I. PROGRESS REPORT

Ultrasonic evaluation of porous materials can take advantage of some very specific

acoustic phenomena which occur only in fluid-saturated consolidated solids of continuously

connected pore structure. Certain material properties of the porous frame such as the degree of

consolidation or grain size can be readily evaluated from the velocity or attenuation of the shear

and longitudinal waves in the dry skeleton or those of the fast compressional wave in the fluid-

saturated material. 1,2 Other parameters such as tortuosity, permeability, porosity, and pore size,

shape and surface quality are inherently connected to the porous nature of the material and can be

evaluated much better from the propagation properties of the slow compressional wave.

Unfortunately, the slow compressional wave is usually very weak due to high attenuation caused

by viscous drag between the fluid and the solid frame. In natural rocks, the viscous drag is further

increased by the highly irregular pore structure as well as by impurities such as clay particles

deposited both within the pore throats and on _he surfaces of the rock grains. 3 The excessive

attenuation results in the complete disappearance of the slow compressional mode in water-

saturated rocks. Because of this, we have to introduce two novel experimental approaches which

are more suitable to geophysical applications where the economic benefits of ultrasonic material

characterization are enormous.

First, we studied bulk slow wave propagation in air-filled porous materials. Due to the

relatively high kinematic viscosity of air, the slow compressional wave is even more attenuated

than in water-saturated samples, but it is the only mode which is generated with a significant

amplitude, therefore its detection is fairly simple. Second, we also studied the feasibility of using

different surface modes to characterize the properties of water-saturated rocks. This technique is

based on the indirect observation of the slow compressional wave through its significant effect on

the velocity of the surface mode propagating along the free surface of the wet rock. The main

results of these two research efforts are discussed separately in the following chapters.

1.1 AIR-SATURATION TECHNIQUE

The most interesting feature of acoustic wave propagation in fluid-saturated porous media

is the appearance of a second compressional wave, the so-called slew wave. The existence of a

slow compressional wave in an isotropic and macroscopically homogeneous fluid-saturated l_ __," _ _',Iporous medium was predicted by Biot in 1956.4, 5 The main characteristic of this mode is that its _|"
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velocity is always lower than both compressional wave velocities in the fluid and solid frame.

Below a critical frequency, which depends on the pore size in the frame and the kinematic

viscosity of the fluid, the slow compressional wave is highly dispersive and strongly attenuated

over a single wavelength. Above this critical frequency, it becomes a dispersion-free propagating

wave with fairly low attenuation that slightly increases with frequency. The slow compressional

wave represents a relative motion between the fluid and the solid frame. This motion is very

sensitive to the kinematic viscosity of the fluid and the dynamic permeability of the porous

formation. Naturally, low-viscosity liquids such as water are the fluids most otten used in such

experiments. In our current research effort, we have been studying the feasibility of using gaseous

fluids such as air to saturate the porous specimens.

1.1.1 INTRODUCTION AND BACKGROUND

Since 1980, when Plona was able to observe slow wave propagation in artificial rocks

made of sintered glass beads, 6 the question of why slow waves cannot be detected in real rocks

has been one of the major issues in the acoustics of fluid-saturated materials. One of the main

reasons is obviously the high degree of geometrical disorder in such materials, which results in

rather uneven flow patterns thereby greatly increasing viscous drag. In addition, Klimenatos and

McCann showed that the lack of perceivable slow wave propagation is also due to inherent

internal impurities, such as submicron clay particles, found in all types of natural rocks. 3 These

clay particles, deposited both within the pore throats and on the surfaces of the rock grains,

greatly increase viscous drag between the fluid and solid frame, which results in excessive

attenuation and usually complete disappearance of the slow wave. One way to reduce the

excessive attenuation of slow waves in porous materials is to use special fluids of very low

viscosity to saturate the specimen. For instance, superfluid 4He below 1.1K has been shown to

work very well in fused glass bead samples, 7 superleak materials consisting of compacted

powders,8-10 and in sandstones, 11 but the technique is obviously very cumbersome.

The question of whether or not excessive attenuation in viscous fluid-saturated natural

rocks renders the detection of slow waves impossible arises. Not necessarily! Even a very weak

slow wave, attenuated by as much as 50-60 dB, could easily be detected but for the presence of

much stronger background "noise" caused by the direct arrivals and scattered components of the

fast compressional and/or shear waves. If we could generate the slow wave only and nothing else,

it would be much easier to detect in spite of the substantial attenuation. Compared to the solid

frame, liquids like water usually have a lower, but still comparable density pf and bulk modulus
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Bf. Although their viscosity tx is also relativelyhigh, which makes saturation of the porous sample

somewhat troublesome, their kinematicviscosity rl - B/Pf is fairly low. On the other hand,
gaseous fluids like air have very low density,bulk modulus, and viscosity, while their kinematic

viscosity is usually rather high. Therefore, it is very simpleto saturate a porous sample by air, but

the slow wave is expected to be highlydispersiveand strongly attenuated. In spite of these

adverse effects, slow waves can be readily observed in air-filledporous samples, includingcertain

natural rocks, by using airborne ultrasonic waves.12

In the case of air saturation, because of the tremendous acoustical mismatch between the

incident compressional wave and the porous solid, all the incident energy is either reflected or

transmitted via the slow wave without generating appreciable fast compressional or shear

transmitted waves. In order to demonstrate this crucial effect, Figure 1 shows the slow, fast, and

shear wave transmission coefficientsthrough water- and air-saturated glass bead specimens. The

physical parameters of the glass bead specimen and details of the calculation are given in get'. 13.

In the case of water saturation, the slow compressionalwave is usually 5-10 dB weaker than the

fast compressional or shear modes and it is much more attenuated. Also, because of its lower

velocity, it arrives later than the other modes and it is often overshadowed by multiple reflections

and scattered components of these stronger signals.Maybe the only exception is when the shear

velocity is sufficientlyhigh so that we can work above the second critical angle where the slow

compressional wave becomes the only propagating mode in the fluid-saturated sample

(unfortunately, this does not happen in most natural rocks where the shear velocity is rather low).

On the other hand, in the case of air saturation, the slow compressionalwave is at least 70 dB

stronger than all other modes and, due to the very low sound velocity in air, the shear critical

angle drops below 15°, above which only the slow wave is transmitted through the sample. This

means that the highly attenuated slow wave willbe submergedin electrical noise rather than

spurious signals so it can be easilyrecovered by simpletime-averaging.

Our slow wave inspection technique is based on the transmissionof airborneultrasonic

waves through air-filledporous plates.12 Figure 2 showsthe block diagramof the experimental

system used inthis study. StandardultrasonicNDE equipmentwas used without anyparticular

effort to obtain highgenerationor detectionsensitivity.The ratherpoor couplingbetween the

appliedcontact transducersandair resultedin a rather low, but fairlyconstant,sensitivityover a

wide frequencyrange of 50-500 kHz. In certaincases, we replacedthe ultrasonictransmitterand

receiver by a contmercialtweeter andelectretmicrophone,respectively,so thatmeasurements
could be done between 10 kHz and 50 kHz, too.
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Figure 2 Block diagram of the experimental system.

In order to assure an acceptable signal-to-noise ratio, extensive signal averaging is used,

up to 105 samples. The transmitter is driven by a tone-burst of five cycles. The received signals

with and without the specimen placed between the transducers are digitally stored. Then the

computer selects the first five cycles of the signal, from which determines the insertion loss Li and

insertion delay ti. The insertion loss is calculated from the Fourier components of the gated signals

at the carrier frequency. The insertion delay is determined by finding the maximum of the cross-

correlation function of the two signals. The thickness of the specimens is usually varied between 1

and 5 mm to accommodate different permeabilities over the widest possible frequency range.

Because of the very high attenuation in these samples, resonance peaks in the transmission are

generally very weak but sometimes, especially at lower frequencies, faintly visible. The samples

are typically 4" in diameter and, especially certain inherently inhomogeneous natural rocks, show
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significantly uneven attenuation distribution within this area. The experimental data usually

include 50 - 250 measurements taken at randomly chosen positions as the frequency is scanned

up and down within the usable range.

This technique can be readily used to study the frequency-dependent velocity and

attenuation of the slow compressional wave in different porous materials including natural rocks

in both low-frequency (diffuse) and high-frequency (propagating) regimes. Our experimental

results on the propagation properties of slow compressional waves in air.-filled synthetic and

natural rocks were recently published in a detailed paper. 14 Generally, we found good agreement

between existing theoretical predictions and the measured velocity and attenuation except for an

anomalous excess attenuation at very high frequencies. In the diffuse region, which is usually

below 100 kHz, both the velocity and the attenuation coefficient are primarily determined by the

static permeability of the material. In the propagating region, the velocity depends on the

tortuosity only while the attenuation coefficient exhibits an anomalously high attenuation which

depends on the size-distribution and shape of the pores.

As a typical example, Figure 3 shows the normalized slow wave velocity and attenuation

coefficient in a 1.5-mm-thick Berea Sandstone specimen of 200 mD static permeability. The

experimentally measured velocity agrees quite well with the analytical results while the attenuation

exhibits higher-than-predicted attenuation and more or less linear frequency-dependence. In the

diffuse regime, i. e., at low frequencies, the velocity and the attenuation coefficient contain the

same information on the permeable formation. The attenuation is linearly while the velocity is

inversely proportional to the square-root of ¢}Sp2/Ko ,where _ is the porosity, _¢o is the static

permeability and Sp is the pore shape factor ratio introduced by Attenborough. 15,16 Since the

static permeability _ and the pore shape factor ratio Sp always occur in the same combination

through the normalized pore radius _, they cannot be separated by acoustical measurements.

Instead, V,o/Sp2was used to define a new material parameter, the so-called acoustic permeability

Ka, which can be determined from the low-frequency propagation parameters of the slow

compressional wave

K o
Ka = (1)2 '

4T Sp
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Comparison of the acoustic permeability% and the static permeability _:oyields valuable

information on the geometry of the pore space. We found that, for cemented glass beads, the pore

shape factor ratio is between 0.4 and 0.475, i. e., very close to the theoretically possible highest

value of 0.5. In comparison, for different natural rocks studied in this work, the pore shape factor

ratio was found to be much lower between 0.2 and 0.3.14 Although the porosity _ is most

easily determined by simple weight measurements on the dry and wet sample, it should be

mentioned that it can be assessed by purely acoustical means, too. This is possible because both

real and imaginary parts of the acoustical impedance are proportional to the square-root of

Sp2/r,o_, and Sp2/% can be determined from the velocity or the attenuation coefficient of the
slow wave, which are not affected directly by the porosity. In the diffuse regime, the acoustic

impedance can be readily determined by reflection measurements. 17,18

In the propagating regime, i. e., at high frequencies, only the velocity seems to be in good

agreement with the theoretical predictions. Anyway, the velocity by itself is sufficient to determine

the high-frequency tortuosity %0of the material while the attenuation coefficient would provide

only redundant information on Sp2/r,oC}which is better determined from the low-frequency
behavior. Still, it is expected that the excess high-frequency attenuation contains valuable

additional information on the geometry of the pore space and the surface roughness of the pore

channels therefore it is of great importance to understand the underlying physical process which

causes the observed loss. Therefore, our main effort in connection with the further development

of the air-saturation technique was directed at identifying the attenuation mechanism responsible

for the excess loss.

1.1.2 ATTENUATION MECHANISM

Our previous experimental results indicated that the attenuation coefficient of the slow

compressional wave in air-filled porous solids always approaches a linear slope at high

frequencies. This effect represents a significant excess attenuation above the theoretically

predicted viscous loss which is proportional to only the square-root of frequency. According to

our measurements, this slope is determined by the shape of the pore channels and the degree of

geometrical disorder in the material, but essentially independent of size. In the case of linearly

frequency-dependent attenuation coefficient, the actual loss is best measured by the so-called

normalized attenuation, a n, or by its inverse, the quality factor. The normalized attenuation is

the total attenuation over one wavelength. In the low-frequency diffuse regime, the normalized
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attenuation is constant at a n = 2_ Neper -_57 dB. At the transition between the diffuse and

propagating regimes, the normalized attenuation starts to decrease and approaches a lower

asymptotic value at high frequencies. According to our experimental results from glass bead

specimens, the high-frequency normalized attenuation is constant at a n _ 8.3 dB regardless of the

diameter of the beads over almost one decade. These samples are cemented from spherical glass

beads of different diameters and all have approximately the same porosity, tortuosity and pore

geometry, therefore they can be used as an almost ideal self-similar porous solid to study

separately shape and size effects. Figure 4 shows the measured attenuation versus frequency

curves in five different grades of cemented glass beads (grade designations used to identify EP

Brand Porous Structures denote the maximum interstitial pore diameter in microns).

Similar measurements in other materials showed that the normalized attenuation increases

for more irregular pore geometries. Figure 5 shows the high-frequency limit of the normalized

attenuation in a number of synthetic and natural rock materials. The sintered bronze specimens

(B 10 and B40 of Ref. 2) had regular spherical shaped beads and roughly 25 % connected porosity

(a n _ 9.4 dB). The sintered steel specimens (S10 and $40 of Ref. 2) contained 31% porosity but

exhibited very strongly distorted grain particles and irre_-lar pore shapes, which explains the

increase in normalized attenuation (an _ 13.3 dB). The highest loss was observed in natural rocks

where the high-frequency normalized attenuation reaches an _ 19 - 23 dB, i. e., almost three

times higher than in the most regular cemented glass bead specimens. Naturally, these are

averaged values for all specimens over their entire cross-sections, and, considering the significant

local variations, the actual change can be even larger.

Since, at least in the upper part of the frequency range, the grain size is comparable to the

wavelength, the excess attenuation could be caused by elastic scattering. For example, the

diameter of the cemented glass beads in grade 175 is dg _ 600 lain, i. e., kdg > 1 above 60 kHz.

Unfortunately, at this point, there seems to be no theoretical prediction available in the literature

for the scattering induced attenuation of the slow compressional wave in permeable solids. In a

recent paper, Chaban suggested a new inhomogeneous attenuation model for acoustic wave

propagation in sediments and rocks, which takes into account the presence of large-scale

inhomogeneities by assuming macroscopic diffusion. 19 Rays propagating along different paths

arrive at the reception point with different phases. Assuming that the resulting phase distribution

is a Lorentzian one (a somewhat artificial restriction), this mechanism yields strong attenuation

without velocity dispersion and the attenuation coefficient is linearly proportional to frequency. At

first sight, this mechanism is the acoustic equivalent of the hydrodynamic dispersion observed in

porous media. On the other hand, Chaban's theory predicts a linearly frequency-dependent
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natural rock materials.

attenuationonly for Lorentzian phasedistribution which is distinctlydifferentfrom the

theoretically predicted and experimentallyobserved distributions.20-22 For all realistic

distributions the dispersion curve becomes Gaussianprovided the sample length is sufficiently

large compared to the hydrodynamiccorrelation length. On the other hand, for a Gaussian phase

distribution, the scattering induced loss is always proportional to the square of frequency.23

At this point, there seems to be no real evidencesupportingChaban'sassumption that the

phase distribution is Lorentzian.Actually, his calculationsrevealthe main problemwith the

concept of linearlyfrequency-dependentgeometricalscattering, namelythat it requiresan

apparently impossiblephase perturbation of the acoustic wave. On the otherhand, based on

theoreticalgrounds only, elastic or geometrical scatteringcannot be excluded as a possible

explanation for the observedexcess attenuation.Even without detailedcalculations, we can

postulate from the linear frequency dependence of the attenuation coefficient (constant

normalizedattenuation) that it has to be independentof the characteristic dimensionof the
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scatterer. This is because the dimensionalityof the problemrequiresthat the normalized

attenuation be independentof the size r,fthe scatterer when it is independentof the wavelength.

This conclusion is at least not contradicted by our experimentalresults in the self-similarglass

bead specimens, where the grain size changed almost one order of magnitude without any
significantchange in the high-frequency slope of the attenuation versus frequency curve. Of

course, this apparent confirmationmightbe a pure coincidence and cannot prove by itself that the

observed excess attenuation is caused by elastic or geometrical scattering. Actually,it would be

rather unusual if the scattering induced attenuation turned out to be independent of the scatterer's
size.

The excess attenuation could be also caused byviscous scattering, i. e., by increased

viscous drag due to the rather uneven pore geometry or surface roughness. At very high

frequencies, where the viscous skin depth 5 is so much smaller than the pore:radius ap that it
becomes comparable to the pore-wallsurface roughness h, the viscous drag sharply increases and

the attenuation of the slow compressionalwave increaseswith frequency much faster than the

expected square-root relation. This is because the peaks of the surface profile protrude into a

region where the fluidvelocity is already significantthereby greatly increasing the friction between

the solid frame and the moving fluid column. In a recent study,24 Gist showed that there is a

transition frequency range where the normalizedattenuation of the slow wave is roughly

independent of frequency. Both below (ap <5) and above (8 < h) this transition range, the
attenuation coefficient is proportional to the square-root of frequency. In the transition frequency

range (h <_ < ap), the flow-pattern of the fluid is determinedby the pore geometry, but the
viscous friction is greatly increased by surface roughness. Although such conditions are more

typical for water-saturation, the same effect might contribute to the observed excess attenuation

in air-filledmaterials, too. For example, Waetzmann and Wenkefound more than 50 years ago

that the attenuation coefficient of airborne guidedwaves in ducts with rough walls deviates from

the theoretically predicted square-root frequency-dependenceand the excess attenuation is

linearly proportional to frequency.25

As we have mentioned above, in the low-frequencydiffuse regime, the normalized

attenuation is constant at approximately 57 dB. At the transition between the diffuse and

propagating regimes, the normalizedattenuation starts to decrease and approaches an inverse

square-root frequency dependence. For pores with smooth walls, this frequency-dependence is

maintained up to very high frequencieswhere scatteringbecomes dominant. For pores with rough

walls, the normalized attenuation does not decrease below a threshold value set by the surface

roughness-to-pore size ratio. At very high frequencies, where the viscous skin depth becomes
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negligible to the surface roughness, the normalized attenuation again assumes an inverse square-

root frequency-dependence, but, at that point, scattering losses are obviously very high, too. In

air-saturated specimens, there is not a wide window for more or less attenuation-free, dispersion°

free slow wave propagation and the normalized attenuation can not significantly drop before

scattering losses start to dominate. Consequently, the relative role of the surface roughness

induced excess attenuation is much higher in water-saturated samples than in air-saturated ones.

In air-saturated samples, the excess viscous attenuation caused by surface roughness and other

pore shape irregularities is more difficult to separate from elastic and geometrical scattering losses

which also start to give significant contributions to the observed total attenuation immediately

above the diffuse regime. For example, in order to explain the 8.3 dB normalized attenuation

observed in air-saturated glass bead specimens, we would have to assume that the surface

roughness-to-pore diameter ratio is on the order of 10 %. This ratio is quite realistic considering

the shape of the pores but is clearly beyond the validity of the simple approximations used to

evaluate the excess viscous loss and the irregularity of the pore channel cannot be described

simply as surface roughness. 26 Obviously, further analytical efforts are needed to develop

appropriate models for these attenuation mechanisms so that the measured data can be evaluated

in terms of microscopic geometrical properties of the permeable formation. We have to conclude

that both viscous and elastic scattering mechanisms can explain the available experimental data

and new conceptually different measurements are needed to obtain unequivocal evidence for the

physical nature of the observed excess attenuation of the slow compressional wave in air-filled

porous specimens at high frequencies.

1.1.3 INCOHERENT TRANSMISSION

Probably the most basic difference between viscous and elastic scattering is exhibited

through their substantially different effect on the total acoustic energy carried by the slow

compressional field. Viscous losses directly reduce the total acoustic energy by dissipation into

heat. On the other hand, elastic or geometrical scattering simply converts the well-collimated

coherent acoustic wave into diffusely propagating incoherent wave without reducing the total

acoustic energy. Because of this fundamental difference between viscous and elastic scattering,

the two mechanisms can be best differentiated from the energy balance of the total acoustic field.

Unfortunately, ordinary phase-sensitive acoustic sensors are rather difficult to use for energy

measurements since their output is proportional to the average field over their finite aperture. This

makes them ideal to measure the transmitted (or reflected) coherent component of the total field

when the receiving aperture is large with respect to the acoustic wavelength, but not for the
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incoherent components.

Generally, the total acoustic field u = u(x,y,z) can be written as

u = u¢ + ui , (2)

where the coherent component is simplythe ensembleaverageof the field for a largenumber of

statisticallyidenticalrepresentations of the randomlyinhomogeneousmedium. For practical

purposes, the ensemble averageis often substitutedsimplyby the spatialaverage of the fieldfor a

large area covering the whole inhomogeneousspecimen

Uc = <u>. (3)

FromEquations 2 and 3, the incoherent field can be determined as the deviation from the average
field

, ui = u- <u>. (4)

Of course, the total acoustic energy can be also written as the sum of the coherent and incoherent
contributions

<.2 > = >+<.?,>. (5)

For a thin plate, the incident acoustic energy is either reflected, transmitted or dissipated (A)

within the plate

U2nc= u2 +u 2 +u 2 +u 2 + A (6)c,r t ,r c,t t "

In the previously described insertion loss experiment,we actuallymeasure only the coherent

transmitted signal, Uc,t. By using a verysmall"point" sensor to map the field distributionjust

behind the porous plate, we could also measure the total transmitted field, uc,t + u_,t . More

realistically,by using a sharply focused detector we can measure a combination of the coherent

and incoherent field, Uc,t + "yui,t, where _, represents the forward scattered incoherent energy
which fallswithin the angle of acceptance of the focused receiver. For example, assuming that a

1"-diameter beam is focused to a focal length of 1",the solid angle of acceptance for the receiver

2O



is Ore ¢ _ 0.84 srad. In the simple case ofunipolar scattering, this receiver would pick up

approximately 7% of the total incoherent field (14% of the forward scattered "transmitted"

incoherent wave). Naturally, in the case of dominantly forward directed scattering, an even larger

fraction of the incoherent field can be accumulated to the receiver by such a simple focusing

scheme and T can be well over 14%. We shall demonstrate below, that even a very modest

sensitivity of T _ 1% to the incoherent field would necessarily result in very strong incoherent

detection if the observed excess attenuation were dominated by elastic or geometrical scattering.

Naturally, in the case of viscous scattering the total field is attenuated almost as much as the

coherent component since the missing acoustic energy is dissipated into heat. Even in the case of

viscous loss, there will be a perceivable incoherent field because of the unevenness of the

transmitted field caused by the inhomogeneity of the material, but the incoherent transmission will

be of the same order of magnitude (i. e., within a few dB) as the coherent transmission. In

contrast with elastic and geometrical scattering, the source of this incoherent field is the uneven

distribution of the dissipative loss. This is why we use the term of viscous scattering when a

significant, but not dominating, incoherent component is generated. Of course, in the case of a

completely homogeneous viscous medium (e. g., a rubber plate) the missing coherent energy is

fully converted into heat and there is no incoherent scattering at all.

In order to determine whether the missing energy of the coherent transmission indicated

by the observed excess attenuation is primarily viscous loss or rather incoherent elastic and

geometrical scattering, we modified our experimental arrangement. Our original system used

large-aperture unfocused transducers and measured only the coherent transmission. The modified

system is shown in Figure 6. The most important difference is that the receiver is equipped with a

1"-focal-length Plexiglas lens which assures a small receiving aperture of approximately 1 mm in

diameter at 250 kHz. In this way we can map the distribution of the total transmitted field without

blurring the local deviations from the average wave. Because of the excessive time averaging

needed to eliminate electrical noise, a single laeasurement took approximately one minute with

our previous system. This relatively sluggish operation was acceptable in the case of strictly

coherent measurements since the unfocused transducer inherently averages over a 1"-diameter

area of the specimen and larger areas can be covered in a few steps. Much faster operation is

desirable in the case of point-by-point mapping of the total transmitted field, since it takes more

than 500 individual measurements, i. e., more than eight hours with our original system, at a

scanning resolution of 1 mm to cover the l"-diameter spot seen by the unfocused transducer in a

single measurement. In order to facilitate faster measurements, we replaced the external digital

oscilloscope with a high-speed on-board digital-to-analog converter. This allowed us to increase

the speed of data acquisition by roughly one order of magnitude. At the same time, we also
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replacedthe externalfunctiongenerator by a digitalwaveformsynthesizerpluggedinto the
computer. This modificationallowedus to controlthe carrierfrequency,length and amplitudeof

the tone-burst by softwaremeans andtherefore to furtherautomate our system.These

improvementsenabledus to increaseour dynamicrangeto 90 dB without sacrificingthe speed of

data acquisition. The specimen is mountedon a computercontrolledtranslationstage for

automatedscanning. Later we shalldemonstratethat these modificationsmade it possible to use

our experimental system as a high-sensitivity,high-resolutionslow wave imagingdevice, a major
new application forthe air-saturatedultrasonicinspection technique.

Ultrasonic Transducers

Power Specimen
Amplifier - Preamplifier Filter

-GIIIIIIIi
ENI ...._iiiiiiiiiii metrics 4302
240L 5678

Scanner Driver

I I 1 Velmex __

86MM

X-Y Stage

t I [ 486 Computer
/ "x ""

WAAG DASP100
Waveform 100 MHz A/D
Generator Converter

Figure 6 Block diagram of the modified experimental system.

Figure 7 shows the point-by-point insertion loss and insertion delay distributionthrough a

3.2-mm-thick cemented glass bead specimen of Grade 175 at 250 kHz. This particular specimen

was used in this part of the study because, although all other inspected specimens showed
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evidence of anomalous attenuation at high frequencies, this sample exhibited by far the strongest

excess attenuation. Our coherent measurements indicated approximately 10 dB/mm attenuation at

250 kHz, more than three times the 3 dB/mm viscous loss predicted by Attenborough's model

(see Figure 4). According to Figure 7, both insertion loss and delay reveal the presence of

significant incoherent components in the transmitted field. Figure 8 shows the probability densities
of the insertion loss and time distributions as well as the cross-correlation between these two

parameters. The insertion loss and delay are obviously not entirely independent of each other in a

statistical sense. As one would expect, propagation along longer, more tortuous pore channels is

more attenuated, but the correlation is not very strong. The average intensity of the total
i

transmitted field < u2t(x,y) > is 36 dB below the incident field. The total field is the sum of the

coherent and incoherent components. The amplitude ut(x,y ) and phase cp(x,y) of the total

transmitted field can be directly calculated from the measured insertion loss L1(x,y) and delay

Ti(x,y) as follows

ut(x,y ) = Uinc lO-La'(x,Y)/20 (7)

and

_p(x,y) = 2rc f Ti(x,y), (8)

where f is the ultrasonic frequency. The coherent component is then

Uc,t = < ut(x,y)e icp(x'y) > (9)

and the incoherent field is

ui,t = ut(x,y ) - <ut(x,y)e iq_(x'.v) > . (10)

From Equations 9 and 10, the coherent and incoherent transmitted powers are u2,t = - 38.9dB

and < u 2
i,t > = - 38.5dB, respectively. In other word, there is a perceivable incoherent

component, but not significantly stronger than the coherent one, even when considering the

possible underestimation in the transmitted incoherent field described before. We know that out of

the measured _39 dB coherent loss, app. 5 dB is due to coherent reflection from the plate caused

by impedance mismatch. 14 Furthermore, only less than 10 dB viscous loss is accounted for by

Attenborough's analytical model therefore as much as 24 dB excess attenuation occurred.
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Assuming that only elastic and geometrical scattering is responsible for this excess attenuation,

and that this scattering is unipolar, i. e., evenly distributed in every direction, the forward

scattered (transmitted) part of the incoherent wave should be only 5 + 10 + 3 = 18 dB below the

incident field. Our measurements revealed only roughly 1% of this incoherent energy, which seem

to strongly indicate that most of the energy missing from the coherent transmission is not

converted into incoherent acoustic scattering but dissipated into heat. If elastic or geometrical

scattering dominated the observed excess attenuation the field would be strong but very irregular

behind the plate. These measurements show that the field becomes generally very weak behind the

plate, which suggests that the loss is dominantly due to viscous scattering.

The same general conclusion can be drawn from a number of other observations, too. For

example, The probability density of the insertion delay distribution shown in Figure 8 is essentially

Gaussian with a standard deviation of 0.4 las. The corresponding q_rms_'36° root-mean-square

phase modulation is too small to indicate geometrical scattering on the order of the observed

excess attenuation. The loss of the coherent signal due to geometrical scattering can be calculated

2 which is less than 2 dB. Again, it appears thatin the phase-screen approximation 23 as ½ q_rms

the total field become not so much utieven as generally weak. Another way to differentiate

between viscous and elastic scattering is by considering the frequency dependence of the total

field at any particular point. In the case of viscous scattering, a darker than average point remains

dark at all frequencies as the signal becomes progressively weaker with increasing frequency. In

comparison, in the case of elastic or geometrical scattering, a dark spot is generally due to

destructive interference between otherwise strong incoherent components. The same spot often

becomes brighter at higher frequencies, a clear sign of dominantly incoherent transmission, which

cannot happen in the case of viscous scattering. Figure 9 shows the point-by-point comparison

between the measured insertion loss at 240, 280, and 320 kHz in the same cemented glass bead

plate. There is a generally strong but less than perfect correlation between the measured losses at

different frequencies. From the linear frequency dependence of the coherent attenuation, the

insertion loss is expected to be 16.7% lower at 240 kHz than at 280 kHz. The point-by-point

statistical analysis indicated a difference of 16.2 ± 1.4%. Similarly, the insertion loss is expected to

be 14.3% higher at 320 kHz than at 240 kHz. The point-by-point statistical analysis indicated a

difference of 12 ± 2%. In other words, the unevenness of the total transmitted field is primarily

due to the presence of highly transparent and strongly attenuating regions instead of random

interference caused by strong incoherent waves. This also indicates that the observed excess

attenuation is primarily due to viscous scattering with some evidence of much weaker elastic and

geometrical scattering.
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The same effect can be observedon the two-dimensionalmapsof the transmittedacoustic
wave shown in Figure 10for threedifferentfrequencies.All threepictureswere taken from the

same 2"x 1.4"area. Since the averageattenuationincreasesfrom less than 30 dB at 210 kHz to

more than 50 dB at 380 kHz, each picturewas normalizedto the average loss at that particular

frequency. The total dynamicrangeof the picturesfrom blackto white was limitedto 30 dB with

!6 gray levels. There is an apparent increasein both contrastand resolutionwith increasing

frequency, but a detailedcomparison revealsthat areas of darkeror brighter intensityremain

darkerandbrighter,respectively,at all frequencies. These pictureswell illustratethat in spite of

the presence of some incoherentcomponents caused byelastic and geometrical scattering, the

dominating loss mechanismis viscous :;cattering.

Similarexperimentswere conducted in a numberof other syntheticand natural rocks. In

each case, we found perceivablesigns of elasticand geometrical scattering but the dominating loss

mechanismappeared to be of viscous nature.In an effort to verifythe feasibilityof distinguishing

between geometrical and viscous loss by analyzingthe incoherentcontent of the transmitted

acoustical field,we prepareda cementedglass bead specimen from huge, 6-mm-dlameterspheres.

Since the geometrical scattering increaseswhile viscous losses decreasewith increasinggrainsize,

the firsthas to become the dominant loss mechanismfor very largebeads. We found that in this

specimenthe incoherent intensity was morethan a 100 timeshigher than the coherent one and the

observed attenuation of the coherentsignalwas actuallydue to the randomnessor incoherenceof

the field ratherthan to the lack of transmittedenergy.In all othersamples with grain sizes around

1 mm or less the observedexcess attenuation appearsto be of viscous nature.
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1.1.4 CONCLUSIONS

Transmission of airborne ultrasonic waves through thin air-filled porous plates was used to

study slow wave propagation in permeable solids. We used Attenborough's theoretical model to

fit the experimental data and found good agreement except at high frequencies where scattering

losses dominated the attenuation of the slow wave. This discrepancy has been expected since, for

air saturation, there is no frequency "window" where both viscous and scattering losses are weak

simultaneously. Due to the excellent sensitivity of the suggested experimental technique, low-

permeability materials including natural rocks can be inspected, too. Currently, the threshold

sensitivity of our system is approximately 100 roD. Further improvements can be expected from

reflection-type measurements to be discussed later in the following proposal.

We have further developed or experimental system by introducing focused inspection. The

primary purpose of this modification was to study the incoherent components in the transmitted

acoustic wave in order to identify the physical mechanism of the previously observed excess

attenuation at high frequencies. Our measurements indicate that the excess attenuation is mainly

due to increased viscous losses. The irregularly shaped pore channels and the macroscopic

inhomogeneity of the porous frame results in a highly uneven flow pattern which increases the

viscous losses and effectively decreases the dynamic permeability of the material. Further

analytical efforts are needed to develop appropriate models for these attenuation mechanisms so

that the measured data can be evaluated in terms of geometrical properties of the permeable

formation.

Our current research effort is directed at studying the physical nature of the previously

observed anomalous high-frequency attenuation of the slow compressional wave in air-filled

porous materials. To achieve this goal we adapted our experimental system to mapping the spatial

distribution of the partially incoherent transmitted wave. An important spin-off of the necessary

technical improvements such as beam focusing, automated scanning, increased dynamic range,

greatly accelerated data acquisition, etc., is the development of a new slow wave imaging concept

which can be used to study the inhomogeneous pore structure in a permeable solid. In the

following proposal, we shall suggest further technical improvements and specific scientific

problems to be investigated to develop a new slow wave imaging technique to characterize rocks

and other permeable solids.
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1.2 SURFACE WAVE TECHNIQUE

As we have mentionedbefore, thebulk slow wave propagating in a water-saturated

natural rock is usuallyfar too weak to be detected, let alone to be used for materials

characterization. On the otherhand, surface and interfacewaves guidedalong the contour of a

water-saturatedspecimen aremuch less attenuatedbut stillquite sensitiveto the permeablenature

of the porous formation.Maybe the best exampleis a boreholeStoneley wave whichis the
fundamental mode of a guidedwave traveling in a fluid-filledtube. In the case of permeablewalls,

because of fluid flow into theformation,the Stoneleywave velocity decreasesand its attenuation

increases. The strongcorrelationbetweenthe frequency-dependentpropagation parametersand

formation permeabilitycan be exploited in acoustic logging in the fieldor in the laboratory.27"31

It has been suggested that othertypes of guided modescan be also used in a similarway to assess

formation permeability,tortuosity,and otherparametersof a porous material.32"37

1.2.1 INTRODUCTIONAND BACKGROUND

There is only one type of true interfacewave which can propagatealong the free surface

of an ordinary solid. It is calledRayleigh wave and its velocity is approximately 5-10% below the

shear wave velocity. Two types of interface waves can propagate along the fluid-loadedsurface of

an immersed ordinary solid: there is a true mode called Stoneley (or sometimes Scholte) wave and

a pseudo-mode called leakyRayleigh wave. The true wave is always slower than all the bulk

waves in the solid and the fluid and it produces evanescent fields only as it propagates along the

interface. Since the energy of this mode is strictly confinedto the interface region, its generation

and detection presents a rather difficulttechnical problem.The leaky Rayleigh wave is slightly

faster than the true Rayleigh wave propagating on the free surface of a solid. In most cases, this

velocity is faster than the sound velocity in the fluid, therefore it leaks energy into the liquid as it

propagates along the interface. This mode can be easily generated and detected bythe phase-

matching compressional wave in the fluid at the so-calledRayleigh angle, at least whenever this

angle is not much higher than 60o. It should be mentionedthat this mode becomes non-

propagating whenever the shear velocity in the solid is lower than the sound velocity in the fluid,

which is true for manynatural rocks.

Acoustic wave interaction with a plane interface separating a superstrate fluid and a fluid-

saturated porous solid substrate is governed by four boundary conditions.38 Three of them,
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namelythe continuity of normalstress and displacementandthe disappearanceof the transverse

stressat the interface, arethe usual conditionsrequiredat ordinaryfluid/solidinterfaces. The only

conceptual differencein the case of permeablesolids is that the continuity of the normal

displacementhas to be modifiedto express the conservationof fluid volume:

u',,= + (1l)

where U'n, Un , and un are the normal displacementcomponents of the superstrate fluid,and the

substratefluid and solid, respectively,and _ denotesthe porosity.The fourth boundarycondition

is Darcy's law appliedto the surfacepores of the permeablesolid.The surface impedance Zs is

definedas the ratio between the discontinuityin pressureand the relativevolumevelocity of the

fluid with respect to the framebelow the interface:27,38

p-p' =icoZ_(U n- un) (12)

where p andp' denote the fluid pressure in the pore spacebelow the surface and in the

superstrate fluid just above it, respectively,and co is the angular frequency. Generally, Zs is

complex and the definitionof Equation 12 has to be used. In the case of a fluid/fluid-saturated

porous solid interface (e.g., in borehole Stoneley wave experiments), the finite surface impedance

is due to the flow resistivity of the surface pores and its value depends on the viscosity of the

fluid. We have recently suggested that, due to surface tension, practicallyclosed-pore boundary

conditions can prevail at an interface between a non-wetting fluid (e. g., air) and a porous solid

saturated with a wetting fluid(e. g., water).37 In this case, the surface impedance is very high

because of the stiffnessof the microscopicfluid membranesextended by capillaryforces overthe

otherwiseopen surface pores. Since the surface impedance is pure imaginary,it is advantageous

to introduce a surface stiffnessparameter Ts = i coZs so that the discontinuity in pressureis

proportional to the averagesurface displacementof the fluid32,33

p-p' = T dp(Un- un). (13)

In the case of ordinary solids, the previouslymentionedthree boundary conditions can be

satisfied by three bulk waves, namely the reflected compressional wave in the fluid and the

longitudinal and shear transmitted waves in the solid. In the case of a permeable solid, an

additional boundary condition is necessary to account for the presence of a fourth component,

i. e., the slow compressional wave in the fluid-saturated solid.

32



Naturally,the most obviouseffect of the increasingsurface impedanceis the sharp

decrease in the transmittedslow compressionalwave.39 Interestingly,surface modes propagating

along the interfaceare even morecruciallydependenton the surface impedance. Ten years ago,

Feng and Johnson predictedthe presenceof a new slow surfacemode on a fluid/fluid-saturated

porous solid interfacewith closed surface pores.32,33 They showed that a maximum of three

differenttypes of surface modescan exist on a fluid/fluid-saturatedporous solidinterface

dependingon (i) the shearvelocity of the frameand (ii) the surface conditions, i.e., whether the

pores are open or closed. However, in most naturalrocks the shearvelocity is lower than the

soundvelocity in waterand the pores areopen at the surface, thereforethere is butone principal
surface mode, namelythe Stoneley mode. It is important to realizethat this modebecomes leaky

into the slow compressionalwave whenever its velocityis higher,as it is in most cases of interest

to us. Although the slow wave is veryhighlyattenuated and cannotbe directlyobservedin water-
saturatedrocks, its indirecteffect of making the Stoneleywave highlyattenuatedvia this leakage

can be morereadilyobserved.This attenuationmechanismis taken advantage of for permeability
assessmentin the Stoneleyboreholetechnique. Of course, in the case of an impermeableordinary

solid, the Stoneleywave is a true interfacewave with lowervelocity than any of the bulk

velocities in the surroundingmedia.

In fullyimmersedporous materials,the slow interfacewave cannotbe observed, unless the

surface pores are artificiallyclosed somehow.The correspondingslow surfacewave propagating

along the free surface of a fluid-saturatedporous solidseems to be easierto observe

experimentallybecause the pores, which arenaturallyopen when fully submergedin a wetting
fluid, are essentially closed by capillaryforces.37 In the idealcase of completely closed surface

pores andviscosity-freefluid, two types of surfacewave can propagate: there is a pseudo-

Rayleighmode, which leaks its energy into the slow compressionalwave, and a "true" surface

mode with velocity slightlybelow that of the slow wave. The second mode is a simple formof the
new interfacemode predictedby Feng and Johnsonwhen the superstratefluid is extremelyrare

and highlycompressiblelikeair(theoretically,the slow interfacemode becomes slightly leaky,

too, since its velocity is higher than the sound velocity in air,although the actual energyloss is

negligiblebecause of the largedensitydifferencebetweenthe two fluids).

The effect of completely"open" (Ts = O)and completely"closed" (I s = oo)surface pores

on the interactionof anacoustic wave withthe fluid/fluid-saturatedporous solid interfaceis quite

easyto understand,but intermediatecases are muchmore complicated.A question of great

practicalimportance is where andhow the transitionbetweenthese limitingcases occurs. Figure
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11 shows the calculated velocity of the "true" slow surface wave andthe leaky Rayleigh wave

propagating on the surface of water=saturatedporous glass as functions of the surface stiffness.

The following parameters were used in these calculations (with the notation of Ref. 32): pf-- 103

kg/m3, pf = 1.3 kg/m3, Ps = 2.48 103 kg/m3, Kf = 2.25 109 N/m2, K/= 1.5 105 N/m2, Ks = 4.99

1010 N/m 2, K b = 6.64 109, N = 3.69 109 N/m 2, _ = .38, ex= 1.79. The "true" slow surface wave

appears only above Ts _, 107 N/m 3 where its velocity is equal to the slow bulk velocity. The

velocity of this mode slightly decreases with increasing surface stiffness, but it flattens off"above

Ts = 108 N/m 3, and the total change is only approximately 5 %. The Rayleigh velocity slightly

increases as the surface stiffness increases and the transition is also around Ts -- 107 N/m 3. It

should be mentioned that Wu et al. obtained roughly the same transition value for the surface

stiffness between open- and closed=pore boundary conditions by analyzing the reflection

coefficient of a water/water=saturated porous glass interface at normal incidence. 13
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Figure 11 Surface wave velocity versus surface stiffness on the free surface of water-

saturated porous glass.
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Our preliminary results based on conventional contact transducer measurements indicated

that the surface stiffness threshold required for slow surface wave propagation is usually exceeded

by the surface membrane in porous solids of 10,000 mD or lower static permeability. As a result,

a highly attenuated slow surface mode can be observed unless the permeability is less than 1O0

mD and the viscous loss becomes excessive. 40 Figure 12 shows the measured surface wave

velocity in water-saturated Massillon and Berea sandstones between 100 and 600 mD at 100 kHz.

In natural rocks, as long as two-to-five days are necessary to achieve full saturation with water at

room temperature. The shear velocity is basically unaffected by water saturation, although it

drops 2-3% as a result of the added inertia of the liquid. In comparison, in the most permeable

rocks, the surface wave velocity drops as much as 40 % due to the presence of the slow surface

mode. In low-permeability samples, below approximately 200 roD, the fluid is essentially

immobilized in the pores by viscous forces. Such rocks behave like ordinary solids, the surface

wave velocity is only a few percent lower than the shear velocity regardless whether the sample is

saturated or not. In the next chapter we present our new experimental results on improved laser

interferometric observation of the slow surface mode and an improved theoretical approach used

to interpret the experimental data. In the subsequent chapter we describe our efforts directed at

the independent experimental verification of the assumed closed-pore boundary condition by

direct acoustic measurement of the quasi-static surface stiffness of fluid satu;ated porous solids.
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Figure 11 Normalized surface wave velocity versus permeability in wet sandstones.
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1.2.2 LASER INTERFEROMETRIC OBSERVATION OF THE

SLOW SURFACE WAVE

In spite of its obviousadvantagesover conventionalcontactand immersion techniques,

laserinterferometryhas not yet become a practicaltool in ultrasonicmaterials characterization

since its sensitivityis insufficientin most practicalapplications.Part of the problemis that the

maximum signal-to-noise ratiooften cited in scientificpublicationsand manufacturers'

specificationscannot be maintainedon ordinarydiffuselyreflectingsurfaces.Although these

surfaces reflecta fair amount (5-50%)of the incidentlaserlight, this energy is randomly

distributedamong a large numberof brightspeckles. When using coherent laser light to irradiate

rough surfaces such as that of a naturalrock, the image of the illuminatedobject exhibits a

randominterferencemodulation,or "speckle pattern".Phase cancellationcaused by the random

phase distribution of these specklesmeans that averagingmorethan one speckle over the

detector's aperturedoes not increasethe interferometricsignal.Unless the detector happens to see
one of the bright speckles, the interferometer'ssignal-to-noise ratiowillbe much lowerthan the

optimum.The availablecoherent optical reflectionfroma diffusesurface is limitedby the total

laser power contained in a singlespeckle. Even the limitedsensitivityset by this restriction is quite

difficultto realize in practice since it assumes that the photo diode is covered by a singlebright

speckle. Normally,the photo diode is only partiallycoveredbya bright speckle and occasionally a

completelydark speckle is encountered.Therefore,when scanning the surface of an object with a

laser interferometer, the thresholdsensitivityinherentlyfluctuates.Although the absolute

sensitivityis the same everywhere,the detector'snoise level greatlyincreases when darker

speckles are encountered. At certain points, the reductionof the optical reflectionmay exceed the

dynamicrange of the electronicsystem and anothernearbypoint must be chosen on the surface

for detection. This inherent limitationof the conventional laserheterodyne interferometer

effectively excludesany application on natural rocks or even on porous ceramics.

We have recently developed a novel interferometricmethodwhich eliminatesthe above

described limitation of heterodyne interferometry on rough, diffuselyscattering surfaces.41,42

Keeping one brightspeckle on the aperture of the photo diode all the time is nearly impossible,

but it is feasible to assure that a bright speckle fallson the photo diode for some of the time by

simple moving the speckle pattern around at an appropriate speed by means of a simple electro-

mechanical modulator. For example, if there is only a 1% chance of a very bright speckle's

covering a detector, we can stillchoose a modulation amplitude and frequency that assures that

approximately 100bright speckles hit the photo diode per second and that the duration of these
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flashescan be a few hundredmicroseconds,i. e., sufficientlylongto triggerthe transmitterand

detect the ultrasonicpulsesbeforethe specklemoves away.Thisso-calledrandomspeckle
modulationtechniquedoes not increasethe peaksensitivityof the interferometer,whichis

acceptablein manymaterialscharacterizationapplications,but it maintainsthispeaksensitivity

everywhereon a diffuselyreflectingsurface,whichis absolutelynecessaryin ourcurrent
application.In the conventionalmode of operation,i. e., withoutthe randomspeckle modulation,

the focal rangeof the laser interferometeris less than1 mmwhich requiresthatthe object be
placedpreciselyat the focaldistanceandbe kepttherewithina few tenthsof a millimeter.Even

then, the interferometricsignalmightbe veryweakwhenevera darkspeckleis encountered

accidentally.At these points,the signal-to-noiseratiomightbe so low thateitherthe test objector

the interferometerhasto be moved a littleto regainanacceptablesignal.Onthe otherhand,

randomspeckle modulationcompletelyeliminatesthesevery darkspeckles andextendsthe

effective focal rangeto approximately10 ram.Therandomspeckle modulationtechniquegreatly

increasesthe averagesignal-to-noiseratiointhe case of severelyroughsamples.Withoutit, some

of the detectedultrasonicsignalsarecompletelylost in noise asthe specimenis scannedto

monitorthe surfacevibrationduringsaturation.As a resultof the randomspecklemodulation,the

signal-to-noiseratio is equallyhigheverywhereandveryclose to thebest valuethatcanbe
achievedby conventionalinterferometryfromverysmooth, specularlyreflectingsurfaces.

One of the most demanding applicationsfor laser interferometryis ultrasonic

measurements on ceramics and natural rocks. Even when we carefullypolish these materials, the

surface still remains somewhat rough because of the inherentlycoarse grain structure, and

specular optical reflection cannot be assured unless some kind of coating is applied to the surface.

The previously described random speckle modulation technique is especiallywell suited for the

inspection of such naturallydiffuse samples.Figure 12 shows the typicalgeometrical

configuration used to measure surface wave velocityby optical detection. The surface wave is

excited by a vertically polarizedshear wave transducer mounted at the edge of the specimen. The

normal component of the surface vibration is measured by the laser interferometer at at least two

locations along the propagation path. Extensive time averaging is used to eliminateelectrical

noise. In addition, spatialaveraging is used to reduce the varianceof the signal due to the rather

strong incoherent scattering in such coarse-grained materials.This is achieved simplyby scanning

the laser beam in the lateral direction during averaging. As an example,Figure 13 shows the

detected signals at two different positions in a Buff Limestone specimen. The Rayleigh velocity

can be readily calculated from the propagation delay as 2,270 m/s.
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Figure 13 Optically detected surface vibration in Buff Limestone.
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Thanks to the randomspecklemodulationtechnique, the sensitivityandreliabilityof the

heter0dyneinterferometeris quite sufficientto conduct similarexperimentseven in highly

attenuating samples of poor optical reflectivity.The sametechniquewas recentlyused in the first

successful experiment to observethe "slow" surfacewave propagatingon fluid-saturatedporous
specimens duringsaturation.37 Table 1lists the differentbulkand surfacewave velocities

calculated for dry(air-saturated)and wet (alcohol-saturated)porous glass by neglecting viscosity.

Methyl alcohol was used to saturatethe porousmaterialsince the sinteredglass samplehappens

to be somewhat hydrophobic.Also, the sound velocityin alcohol is 20%lower than in water,

thereforethe effect to be demonstratedis much strongerin the case of alcohol saturation.The

tortuosity was taken to be 1.79, which gives the best agreementbetween experimental

measurementsand theoreticalpredictionsforthe bulk slow wave velocityin this type of porous

glass43 and was also verifiedby our slow wave velocity measurementsin the air-filledmaterial.

On the dry sample, the surface wave velocity is approximately8%lowerthan the shearwave

velocity, regardlesswhetherthe surface poresare open or closed. On the wet sample, the surface

wave velocity is very sensitiveto the boundaryconditions.For open pores, the surface wave

velocity is againapproximately8%lowerthan the shearvelocity, although both velocitiesare
somewhat lowerthan in the dry sample due to theadded inertiaof the saturatingfluid. On the

other hand, for closed pores, the velocity of the truesurface wave becomesas much as 40%lower

than the shearvelocity when the sample is wet.

Table 1 Calculatedsound velocitiesin dry and wet porousglass.

wave mode dry wet

fast wave [m/s] 2,383 2,529

slow wave [m/s] 254 766

shear wave [m/s] 1,346 1,308
surface wave

- open pores [m/s] 1,242a 1,209b

- closed pores [m/s] 1,241a 745c

aRayleighmode

bpseudo-gayleigh mode
Cslowsurface mode

Figure 12 showed the schematic diagramof the experimentalarrangementused in this
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study.The transmitterwas drivenbya tone-burstof threecyclesat 100 kHz. The normal
component of the surfacevibrationwas measuredby a laserinterferometerat two locations

separatedby 10 mmalong the propagationdirection.At bothaxial positions,the laserbeamwas

scannedby 4-5nun in the lateraldirectionso that spatialaveragingcan be used to improvethe

accuracy of the measurement.Figure 14 shows the time-and spatial-averagedsignals for a

cemented glass bead sample (Grade 55, Eaton Products)after5 hoursof saturation fromthe

bottom by methylalcohol. Althoughthe propagationdelayis significantlyless than the total length

of the signal, it can be veryaccuratelydeterminedbycalculating the cross-correlationfunctionof
the two signals. Figure 15 shows the surface wave velocity and attenuationcoefficient as

functions of saturationtime.Owing to the low viscosity of methylalcohol, moreor less complete
saturation is reached within a few secondsafterthe bottom of the l"-thick sample is soaked. As a

result, the velocity quicklydropsfrom 1,240 to 1,090m/s and the attenuationincreases byalmost

a factor of two. At this point, the slow wave propagationis stillveryweak since some of the
pores are clogged by trappedairbubbles.At roomtemperatureand atmosphericpressure,it takes

approximatelyone hour for the alcohol to dissolvethe remanentairbubblestherebyopening the

blocked pore channels. During this period, the surfacewave velocity drops to 840 m/s and the
attenuation coefficient increasesto 1.1dB/mm.
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Figure 14 Detected signals at (a) 10 mm and (b) 20 mm (+10 dB gain) from the transmitter.
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Figure 15 Surface wave velocity (a) and attenuation coefficient (b) versus saturation time for

a grade 55 porous glass specimen soaked with methyl alcohol at 1O0kHz.
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The measuredslow surfacewave velocityis approximatelyi 3%higherthanexpected(see

Table 1). A slightdiscrepancyis expecteddueto our overestimationof the stiffnessof the surface

membranebyneglectingthe effectof the wettingfluidcoveringthe surfaceof the sample,but an

even more significantexperimentalerrormightbe causedby the imperfectresolutionof the

receivedsignal.Theorypredictsthattherearetwo surfacemodes propagatingon the free surface

of a fluid-saturatedporoussolid with closed surfacepores:the pseudo-Rayleighmode, which

leaks into the slow compressionalmode,andthetrue slow surfacemode.Naturally,in the case of

a (not ideallyfreebut) air-loadedsurface,thereis a thirdinterfacemode,namelythe Stoneley

mode, with a very low velocity of less thanthe compressionalwavevelocity in air.Furthermore,

both pseudo-Rayleighand"true"slow surfacemodesbecomeslightlyleakyintothe air,but this

effect is negligiblefor allpracticalpurposesbecauseof the largedensitydifferencebetween the

fluid-saturatedsolid andair.Dueto the samedensitydifference,the neglected Stoneleywave is

but veryweakly coupledto the solidandrepresentsa compressionalwave propagatingessentially

in the aironly alongthe surface.Obviously,the slow surfacewave is very stronglyattenuatedby
viscous losses thereforethe addedcontributionof the lealry.Rayleighmode cannotbe simply

neglected inthe total surfacevibration,althoughits is also stronglyattenuatedbyviscous drag.In

an idealexperiment,eitherthe propagationlengthor the bandwidthof theultrasonicpulse is
chosen so highthat the two arrivalsarewell separatedintimeat the pointof observation.In

practice,becauseof the tremendousattenuationin the fluid-saturatedmaterial,neitherparameter

can be increasedwithoutdecreasingtheotherandfull separationof the leaky-Rayleighand slow
surfacewaves cannotbe achieved.

Forexample, in the above describedexperiment,we had to reduce the ultrasonic

frequencyto 100 kHz to assure a meager 10-20 mmpropagation lengthwithout unacceptably

high attenuation, At these values, the differencein the time of arrivalis only on the orderof 10 _ts,

i. e., much less than the total length of the tone-burst(see Figure 14). In this way, we had to

evaluate a composite signaldominatedby the slow surface mode but also containing _ significant

leaky-gayleigh component. It can be shown that the apparentphase velocity of such a composite

signal is approximatelythe weightedaverageof the velocitiesof the two components.44 Since

the velocity of the Rayleighwave dropsby only a few percentsduring saturation,the observed

largeoverall drop in the composite surface wave velocity clearlydemonstratesthe dominance of

the slow surface mode. Still, the presence of the unresolvedleaky-gayleigh wave can cause a

substantialoverestimationin the measuredsurfacewavevelocity and is probablyresponsiblefor

the observed slight discrepancy.The same mechanismis also responsiblefor the apparent anomaly

observed in the attenuation, which increasesthroughoutthe saturationprocess. One would expect

that the slow surface and bulkwaves monotonically increaseas saturationprogresses. Still, the
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observedsurfacewave amplitudecontinues to decreasebecauseof the decline of the initially
dominatingRayleigh wave component until full saturationis reachedand the slow surfacewave
takes over.

Theabove explanationis corroboratedby our analyticalinvestigation.Based on the

approach described in Feng and Johnson'ssecond paper,33 we calculated Green'sfunction for the

free surface of a fluid-saturatedporous solid with closed surfacepores.Figure 16 shows the

theoreticalpredictionfor dryand alcohol-saturatedporous glassbead specimensat 10 mm

propagation distance. In the case of the dry specimen,there is but one surface mode, namelythe

ordinarygayleigh wave. When the sample is saturatedwith alcohol, the Rayleigh wave becomes

leaky into the slow compressionalmode. Theoretically,there is a smalldecrease in velocity due to

fluid saturation,but the slight change in the time of arrivalis negligiblein the presence of a much

strongereffect observed in the amplitudeof the signal.Due to the leakyeffect, there is a strong

attenuation that increaseswith frequency.As a result,the high-frequencycomponents of the

gayleigh wave are essentiallyeliminatedoverthe 10mm propagationlength. At the same time,

thereappears a slow surfacewave approximately5 ItSafterthe gayleigh pulse (the small bumpat
app. 4 gtsis due to the fast wave arrival).

gayleigh Wave

dry ..... r

,_ Slow Surface Wave

Leaky-gayleighWave

wet

! ! !

0 5 10 15 20

Propagation Time [las]

Figure 16 Theoretical prediction for Green's function on the free surface of dry and alcohol-

saturated porous glass bead specimens at 10 mm propagation distance.
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Figure 17 shows the theoreticalpredictionforthe surface vibrationon the free surface of

dryandalcohol-saturated porous glass bead specimensat 10mm propagation distance in the case

of a five-cycle-longtone-burstof 100 kHz. These signals weresimplycalculatedbyconvolving

the Green'sfunctions showed in Figure 16 bya band-passfilteredtone-burstof similarparameters

used in the actual experiment. Since the separationbetweenthe leaky-Rayleighand slow surface
wave arrivalsis much shorterthan the total lengthof the pulse, only one composite signalcan be

observed. The apparent velocityof this signal is the weighted averageof the leaky-Rayleighand

slow surface wave velocities. Ourexperimentsshowedthat the actualvelocity is fairlyclose to the

value expected for the slow surface wave indicatingthat the contributionof the leaky Rayleigh

wave is secondary in the total surface vibration.Because of analytical complications,33
attenuation mechanismscannot be directlyincorporatedinto these Green's function calculations

and additional theoreticalefforts areneeded to bring the experimentalobservations and the

analyticalpredictionsinto betteragreement.Such efforts willbe outlined in moredetail in the

subsequentproposal.
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Figure 17 Theoretical predictionfor the surface vibration on the free surface of dry and

alcohol-saturated porous glass bead specimensat 10 mm propagation distance in

the case of a five-cycle-longtone-burst of 100 kHz.

44



1.2.3 SURFACE STIFFNESS MEASUREMENTS

Our surfacewave measurements provide circumstantialevidence that the surface pores are

essentially closed by surface tension between the wetting and non-wetting fluids at the air-loaded

surface of a liquid-saturated porous solid of moderate permeability.The mainpurpose of this part

of our study was to independentlyverify that capillaryforces can extend an ideally thin membrane

over the surface pores of a fluid-saturated permeablesolid at the boundary with a non-wetting

fluid, which is stiff enough to assure closed-pore boundary conditions at the surface.

Unfortunately, there are no sufficientlyaccurate and experimentallyverified analytical results

available in the literature for the surface stiffnessof fluid-saturated porous solids of different

formations. In a recent paper, we considered the simplecase of cylindricalpores.37 The

geometrical configuration of a single surface pore and the curved boundary between the non-

wetting superstrate fluidand the saturating substrate fluidare shown in Figure 18.

R

thin immobile

layer of
wetting fluid

non-wetting fluid [

wetting fluid

Figure 18 Schematicdiagramof the boundarybetween a non-wetting fluidand a fluid-

saturated porous solid with cylindricalpores.
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According to the Laplace equation, the radius of the surface membrane is

R = 20 / Pb, (14)

where o denotes the surface tension and Pa is the pressure difference at the boundary. In our

case, Pb - Po "dp, where Po is the hydrostatic pressure of the fluid filling the capillary pores

and dp is a small dynamic component representing the acoustic pressure. Although there is

usually a thin layer of liquid wetting the entire surface of the sample, for the sake of simplicity, we

assume that the thickness of this layer is so small that viscosity keeps the fluid in it immobile and

the meniscus is co-planar with the surface of the sample. The acoustic pressure changes the fluid

volume in the pore by dV =dp c_R/ ap c_V/ aR, where c3R/ c_p can be easily determined from

Equation 14 as R2 /2 o. From simple geometrical considerations,

c_V/aR = ga 4 /4R 2 [1 +0(a 2/R2)], (15)

where a denotes the pore radius. Assuming that the static pressure acting on the interface is

much lower than the maximum capillary pressure, R >> a and Equation 15 can be approximated

by its first term only. Consequently,

dV = dpa4 _18o. (16)

Here, the pressure difference between the wetting and non-wetting fluids is dp = p-p' and the

= dV / n,a 2 .relative displacement of the wetting fluid with respect to the solid frame is Un - un

By substituting Equation 16 into the definition of the surface stiffness previously given by

Equation 13, we get Ts = 80 /_a 2. For a network of cylindrical pores, the combination of the

Darcy and Poiseuille laws gives _:o = g}a2/8 for the static permeability. This well-known

formula can be used to approximate the surface stiffness as37

Ts = o/g:o. (17)

For water in contact with air, o _, 7.3 10-2 N/m, 45 and even a relatively high static permeability

of go = 10 Darcy _ 10-11 m2 produces a surface stiffness in excess of 109 N/m 3. A quick

comparison with Figure 11 verifies that, for all practical purposes, the pores are sealed under such

conditions.
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Equation17 establishesa verysimpleinverserelationshipbetweenthe surfacestiffnessand

the static permeabilityof the permeablesolid inthe case of cylindricalpores. One majordrawback
of this modelis that it gives permeabilityonlyin one direction.To overcome this difficulty,the

model is usuallymodifiedso that only one-thirdof the capillarytubesareplacedin each of three

mutuallyorthogonaldirections.This leadsto a three-times reductionin both permeabilityand

surfacestiffnessfor the sameporeradiusandporositywithout affectingtheirratioexpressedin

Equation17. Similarrelationshipsfor otherregularformations,such as orderedor randomly

packedsphericalbeads aremuchmoredifficultto obtain.As the poreshapebecomes more
irregularthe permeabilityis determinedby the smallestcross-sectionscausingviscousfriction

while the surfacestiffnessdependsmoreon the largestdimensionsdominatingthe complianceof
the surfacemembranes.Still,for a given poreshape,both the surfacecompliance 1/Ts andthe

static permeability _ areproportionalto the squareof the characteristicpore size, andEquation
17 is expected to take the moregeneralform of

Ts = salKo, (18)

where s denotesashapefactorwhichbecomesmuchlessthanoneastheporestructurebecomes

moreirregularandrandom.

The schematic diagramof our recentlydevelopedexperimentalarrangement is shown in

Figure 19. The technique is based on the direct measurement of the average surface displacement

of the water-saturated specimen upon changing the hydrostatic pressure in the capillarypores.

The porous specimen is soaked from below bywater. The fluid level in the pores can rise to a

maximumcapillary height of hc = Pc / Pwg, where Pc denotes the maximumcapillary pressure

accommodated by the given pore structure and the surface tension of the wetting fluid, Pw is the

density of the fluid and g denotes the gravitationalacceleration. The pressure difference between

the air and the water at the surface is changed by increasing and decreasing the water level in the

tank. This is achieved simplyby moving an externalwater tank mounted on a computer controlled

translation stage. This external reservoir is connected to the measuring tank by a flexible rubber

tube. The water level in the tank is always kept at least a few millimetersbelow the surface of the

saturated specimen and never lowered more than one-third of the experimentallydetermined

maximum capillary height hc for a given specimen so that full saturation of the specimen can be

maintained throughout the experiment. In this way, the microscopic interface membranes formed

over the surface pores are kept intact but strained sufficientlyto produce a measurable surface

displacementon the order of a few microns.
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Transmitter Receiver

Figure 19 Schematic diagram of the experimental arrangement for static surface stiffness
measurements.

The average surface displacement is directly measured by an ultrasonic transmitter-

receiver pair working at f= 100 kHz. Because of the very high acoustic impedance of water with

respect to air, the top surface of the porous skeleton and the capillary membranes present a

continuous, essentially rigid reflecting interface to the incident air-borne ultrasonic pulse. Since

the acoustic wavelength _,_, 3.3 mm is significantly larger than the combined surface roughness

H of this interface, the received signal from the surface appears to be reflected from a plane

reflector positioned at the average height of the slightly irregular surface. The inherent surface

roughness of the reflecting interface manifests itself through a small scattering induced loss23

L [dB] _ 17.4[2cos(Oi)rcHl_,] 2, (19)

where 0 i denotes the angle of incidence of the acoustic beam. The measured phase modulation

of the reflected signal Aq_ can be expressed by the average surface displacement aU as follows

aq_ = 47tcos(O i) AU / X. (20)
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The porous solid is rigidlymountedso thatthe changingbuoyancyof the specimen cannot

produ_:eany displacementof the skeleton (un=O) andthe averagesurface displacement AU is

entirelydue to the water level risingand fallingin the surfacepores AU = _ Un. The pressure

differencebetween the air and the water at the interface is periodicallychangedby _p = Ahowg.

Finally,the surface stiffnesscan be directlycalculatedfromthe measuredaverage surface

displacementas T = _p / AU.

Theoretically, the pressure modulation zsp is limitedonly by the maximumcapillary

height, hc. In practice, the actual change in the waterlevel Ah was always kept below 20 mm,
i. e., zsp was less then 200 N/m2. Underthese conditions, the maximummeasurablesurface

stiffness is limited by the accuracyof the phase measurement.Naturally,this accuracy is greatly

dependent on the ultrasonicfrequencyused to monitor the surface motion. We found, that the

optimum frequency was around 100 kHz. At lower frequencies,the inevitableuncertainties of the
phase measurementtranslatedinto increasinglyhigh displacementerrors.At higherfrequencies,

the surface roughness induced attenuation of the reflectedsignal starts to producesignificant

amplitudemodulation which interfereswith the phase measurement.

The block diagram of the computer controlledmeasuring system was shown in Figure 6.

We used a pair of Panametrics VI01 1-inch-diametercontact transducersto generate and receive

the ultrasonic signals. These transducershave a resonancefrequencyof 500 kHz below which

they offer a fairlyflat frequency responsedown to 50 kHz and have been successfullyused in

previousexperiments to generate and detect air-borneultrasonicwaves. After the optimum

inspection frequency was established around 100kHz, both transducerswere equipped with a 6-

mm-thick (quarter-wavelength) Plexiglasmatchingplate to increase their sensitivityin the narrow

frequency band actuallyused during the measurements.The transmitterwas drivenby a twenty-

cycle-longtone-burst of 100 kHz carrierfrequency.This signalwas generated by a very stable

quartz synchronizedWAAG waveformsynthesizercomputer boardplugged into the 486 PC

controlling the measuring system. In orderto achievemaximumsignal-to-noise ratio, the driver

signalwas further amplifiedby an ENI 240L power amplifierto approximately100 Vpp. The
receivedsignal was firstboosted by a Panametrics5678 preamplifierand than fed into an 8-bit

digital-to-analog converter through a filter.Therethe signalwas firstaveraged a 1000 times to
eliminate electrical noise and then Fourier transformed.Finally,the measuredamplitude and phase

at the carrierfrequencywas storedfor furtheranalysis.
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As an example, Figure 20 shows a typical ultrasonic signal received from a cemented glass

bead specimen at 35° angle of incidence. The first signal is the direct reflection of the transmitted

pulse from the surface of the water-saturated specimen. Since both receiver and transmitter act

like reflectors, there will be a train of pulses following the first arrival. For example, the second

arrival at the receiver is the pulse which has been reflected from the surface of the specimen three

times. Naturally, high sensitivity to microscopic fluid displacements requires very accurate phase

measurements on the received signal. In order to increase the signal-to-noise ratio we chose a

tone-burst as long as allowed by the arrival of the third reflection and applied a band-pass filter to

reject electrical noise beyond the narrow detection bandwidth. As a result, the signal exhibits

relatively slow exponentially decaying transients at the beginning and the end, but the phase

measurements were carded out on the steady-state central part of the signal. The total

propagation distance from the transmitter to the specimen and back to the receiver (_70 ram)

was chosen to be as small as possible within the limitations of the given geometrical configuration.

This is necessary to reduce the adverse effect of changing sound velocity in the air on the
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Figure 20 Typical ultrasonic signal received from a cemented glass bead specimen at 35°

angle of incidence.
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accuracyof the phase measurement.We placedthe measuringtankinto a simpleenvironmental
chamberwhichkept the temperatureandthe relativehumidityat constantlevels of 70 °F and

100%,respectively,andeliminatedairturbulence.In spite of theseefforts, the phaseof the
receivedsignalshowed roughly1° long=termdriftoverthe approximately10-hourperiodof the
whole measurement.This inherentinstabilitytranslatesinto approximatelyAU _ 5 Bm surface

displacementat 100 kHz. Sincethe changein theinterfacepressureis limitedto _ = 200 N/m2,

the largestsurface stiffnessmeasurableina long=termstaticexperimentis around 4 107N/m3.

Fortunately, single phasemeasurementscan be madeas fast as every20 second and the

settling time of the water level is not morethan 1minute.Thisrelativelyfast response was

exploited to further increasethe measuring sensitivityandaccuracyby averaging.The water level

in the measuring water tank was controlledbyalternatinglyliftingand lowering a connected

external tank in four steps accordingto the staircase functionshown in Figure 21.a (the actual

changeof the water level in the measuringtank was calculatedby the computer from the
4
!,

1 displacementof the externaltank andthe calibratedratiobetween them). Figure21.b shows the
_I measured phase modulationof the reflected signalfor a Grade 1"/5cemented glass bead specimen

(Eaton Products) over a period of 5 hours(a fullmeasuring cycle includes80 consecutive data

points and takes approximatelyhalf an hour). Althoughthere is a significantexperimental
uncertainty superimposed on the measuredphase modulation,the effectof the moving surface

membranesis quite obvious in this raw data, too. Figure21.c shows the measuredamplitude

modulation from the same specimen.As one can expect from Equation 19, the amplitude

modulation seems to be proportionalto the squareof the membranedisplacement.In comparison,

the phase modulation appearsto be a moreor less linearfunction of the pressure,which indicates

that the surface stiffness caused by capillaryforces is an essentially linearparameter.In this case,

the amplitude modulation was approximately0.2 dB peak-to-peak which had a negligibleeffect

on the phase measurement.In all othercases, the grainsize of the porous solid was smallerand
the side effect caused by the amplitudemodulationwas even less.

In order to further reduce the uncertainty of the experimental results, the raw data was

collected over a period of 10-20 hours and subsequentlyaveraged by the computer. Figure 22a

shows the averaged experimental phase modulationover 40 cycles and the best fitting staircase

function for the same Grade 175 glass bead specimen. From the least squares fitting, the phase

modulation was determinedas 3.58° correspondingto AU _ 20 Bm average surface

displacement.Naturally,less permeablesamplesproducedmuch smallersurface displacements

even when we increasedthe pressuremodulation.As an otherexample,Figure 22b shows the

averaged experimental phase modulationover 40 cycles and the best fitting staircase function for

51



i ,,,,,i, ii

o
-5 i • •

0 1 2 3 4 5

Time [hour]

a= -1

-2

-3 •

0 1 2 3 4 5

Time [hour]

-0.4 • • ,

0 1 2 3 4 5

Time [hour]

Figure 21 Examples of the (a) hydrostatic pressure, (b) phase, and (c) amplitude

modulation (Grade 175 cemented glass bead specimen).
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Figure 22 Examples of the averagedexperimentalphasemodulationand the best fitting
staircase functions for cemented glass bead specimens of (a) Grade 175 at ah =

6,3 mm and (b) Grade 15at _h = 19.5 mm (full cycle takes app. 30 minutes).
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a Grade 15 glass beadspecimenat M_ = 19.5 mmmodulationlevel. The phasemodulationis

only0.34° correspondingto AU _ 1.9 _tm averagesurfacedisplacement.In orderto establish

the detectionthresholdof ouracousticdisplacementsensor,we also measuredthe apparent

surfacestiffnessof a non-permeablePlexiglasplate.We foundthat,thanksto the extensive

averagingused in the evaluationof the rawdata,thenoise floorof the phasemeasurementwas
below 0.01° whichcorrespondsto a displacementthresholdof less than60 rim.Combinedwith
the previouslygiven _ _ 200 N/m2 maximumpressuremodulation,this sensitivityassures

accuratesurfacestiffness measurementup to approximately3 108N/m3.

Accordingto our theoreticalpredictions,thesurfacestiffnessisindependentof thestatic
pressure,i. e., independentof thelevelofwaterinthetank.We havementionedinconnection

withEquation15thatthisistrueonlywhenR >> a, i. e.,thestaticpressureactingonthe
interfaceismuchlowerthanthemaximumcapillarypressure.Thevalidityofthisassumptionas

wellastheaccuracyof thelinearsurfacestiffnessapproximationcanbeestablishedfromFigure

22.Thestaticpressureischangedinfourequalstepsbutthecorrespondingphasestepsarenot

quiteequalindicatingthatthefluiddisplacementisnotstrictlyproportionalto thepressure.The

surfacestiffnessappearsto beroughly30% higherinthefirst(lowestpressure)stepof thefour-

stepcyclethaninthelast(highestpressure)step.Thisstrongnonlinearityhasto betakeninto

considerationintheevaluationof theexperimentaldatasinceitmightcausesignificant
underestimationinthemeasuredsurfacestiffness.

The main goal of this partof ourexperimentaleffort was to demonstratethatthe surface

stiffness produced bycapillaryforces is sufficientlyhigh to produce "closed-pore"boundary

conditions at the interface between airand typicalwater-saturatedporous specimens. In addition,

we hoped to confirm the quantitativepredictionsof the analyticalmodelfor cylindricalpores and

j to verify the simplequalitativerelationshipof Equation 18 between surface stiffnessand static
permeabilityfor self-similarporous structuressuch as spherical glass beads of differentgrainsizes.

Table2 lists the differentporous samplesused in this studyand theirmain parameters.

Since analytical results are cu_ently unavailablefor the surfacestiffness of porous

formationswith other than alignedcylindricalpores, we have prepareda simple model specimen

to verifyour theoreticalpredictiontha_,t_aesurface stiffnessis equal to the ratioof the surface

tension between the saturatingand non-wetting superstratefluidsand the permeabilityof the

specimen. This model was made of Plexiglas and contained200 I-ram-diameterdrilledholes more

or less randomlydistributedover an area of approximately2 square-inches.The porosity of this
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Table 2 List of thematerialsused inthisstudyandtheirmainproperties.

Material Porosity Permeability Pore Radius

[%1 r,o [10-1z m21 a [10_ m]

Plexiglas platewith 19 5900a 500

drilledcylindricalholes
I

Porous glass, Grade 175b 30 67 87.5

Porousglass,Grade90b 30 27 45

Porousglass,Grade55b 30 II 27.5

Porousglass,Grade40b 30 6.5 20

Porousglass,Grade15b 30 2.2 7.5

Berea Sandstone 14 0.45c rda

a calculated from Ko = _ a2 / 8

b cemented sphericalglass beadsmade by Eaton Products, all parametersare fromthe

manufacturer'sspecification, pore radiusrefersto the maximuminterstitialpore diameter

c measuredat the Lawrence LivermoreNationalLaboratory

model was estimated at _ _ 19%. The static permeabilitywas calculated from _:o- _a2 / 8 as

5.9 10.9 m2. We measured the surface stiffnessof this specimen bythe previouslydescribed

acoustic technique and found it to be Ts :_6.3 106N/m3.Based on the previouslymentioned

tabulated value of o _ 7.3 10-2 N/m for the surfacetension between water and air, the

theoreticallypredicted surfacestiffness(Eq. 17) is 1.24 107N/m3, i. e., roughly two times higher

than the experimentallydeterminedvalue. Consideringthe crude approximationsmade in deriving
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the theoreticalresult and the experimentaluncertaintiesin the measuredsurfacestiffness,the

agreementisquitegood.In particular,theassumptionthatthefluidmovesonlyintheporeswhile

it iskeptcompletelyimmobilebyitsviscosityinthecontinuousthinlayercoveringthetopof the

frameisopenfor suspicion.Fluidmotioninthislayercangivea significantcontributionto the

totalsurfacecomplianceandmightberesponsibleforthemeasuredlowersurfacestiffness.

Anotherimportantfactorwhichmightcontributeto loweringthemeasuredsurfacestiffnessisthe

previouslydiscussednonlinearityof thesurfacemembrane.Thismembraneappearsto bethe

"softening"type,i. e.,itsstiffnessdecreaseswithincreasingpressure.We havementionedabove
thattheinitialstiffnessmeasuredat thelowestpressurelevelof thefour-stepcycleistypically

30% higherthantheonemeasuredat thehighestpressurelevel.Thisnonlineareffectitselfcanbe

responsiblefor roughly]5%reductioninthemeasuredaveragesurfacestiffnesswithrespectto

the predicted value.

in order to test the accuracyof thegeneralrelationshipbetweensurfacestiffnessand static

permeability(Eq. 18) and to determinethe shapefactor s for a morecommon pore geometry

other than cylindricalpores, we have measuredthe surfacestiffnessof differentwater-saturated

cementedglassbead specimensmanufacturedby Eaton Products International, Inc. EP Brand

Porous Structuresareporous engineeringmaterialsconsistingof tiny, precisely-sizedspherical

particlesrigidlybonded together.These samples have an evenlydistributednetworkof interstitial

pores which are of uniform size, completelyopen and interconnected.This material is available in

five standardgrades which also denote the maximuminterstitialpore diameterin microns.

Because of the self-similarnatureof this materialand the morethan one orderof magnitude size-

range coveredby the five standardgrades, it is especiallysuitableto test the validityof the general
relationshipbetween surfacestiffnessand staticpermeabilityfor a given pore geometry and to find

an empiricalestimate for the shape factorin the case of sphericalgrains.

Figure23 shows the measuredsurfacestiffnessas a function of interstitialpore diameter in

cementedglass bead specimens for fivedifferentgrades. Fromtheoreticalconsiderations, one

would expect that the surface stiffnessis inverselyproportionalto the squareof the interstitial

pore diameter.Instead, the experimentaldata seems to indicatea significantlylowerpower of

1.45. Interestingly,the same anomaly can be observedin the relationshipbetween static

permeabilityand pore size, too. As a result,the surfacestiffness is still inverselyproportional to

the static permeability,as it is demonstratedin Figure24. Here, we plotted the shape factor as a

function of the static permeability. The shape factorcan be readilycalculated fromEquation 18.

Overthe wide permeabilityrange of approximatelyone and a half decade representedby these

five standardgrades, the shape factor is constant at s _ 2.7 10"3 within-'-15%.In comparison, for
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a porous structureof cylindricalporesthe shapefactorwas foundto be s _ 0.51, somewhatlower

thanthe predictedvalue of unitbut almosttwo ordersof magnitudehigherthanfor spherical
beads.
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Figure 23 Measured surfacestiffnessversusinterstitialpore diameterin cemented glass bead

specimens.

This ratherlow shapefactor canbe attributedto threemajor effect. First, as we mentioned

before, the surface stiffness is mainly determinedby the largestpore diameterwhile the

permeabilityis more dependent on the diameterof the smallest cross-sections, i. e., the narrow

throats of the pore channels. Second, althoughthese materialsare relativelyeasy to machineby

conventional means such as sawing, millingor lathe turning,the high rigidityof the individual

glass beads combinedwith the relativeweakness of the bond between the cementedparticles often

results in largerthan normal surface pores caused by chipped-offbeads. This effect, which is

readilyvisible on the machinedsurfacesof all specimens,mightsignificantlyreducethe overall
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surfacestiffnessof the samples.Third,thethinwaterlayercoveringall the surface beadsmight

also furtherreducethe total surfacestiffness.In the case of cylindricalpores,this layeris
effectivelycut off from the bulkof the waterin thecapillarypores and,especiallyat higher

frequencies, it is kept immobilebyviscosity. Obviously,furtheranalyticaleffortsareneededto
understandthe effects causingthe relativelylow surfacestiffnessof water-saturated#ass bead

specimens.In spiteof the morethantwo ordersof magnitudereductionin surfacestiffness

comparedto the case of cylindricalporesof similarstaticpermeability,for the lower threegrades,

the measuredstiffnessis stillhigherthanthe previouslydeterminedthresholdstiffnessof

Ts = 107 N/m3 requiredto produce"closed-pore"boundaryconditionson a water-saturatedglass

beadspecimen.It is also expectedthatthe excess compliancecausedby the thinwater layer

covering the surfacegrains is a visco-elasticcontributionwhichsignificantlyreducesthe static

surface stiffnessbut has a negligibleeffecton the dynamicstiffnessatultrasonicfrequencies.
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Figure 24 The product of the measured surface stiffnessand the static permeabilityversus

permeability for differentporous materials.
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We have also measuredthe surfacestiffnessof a water-saturatedBereasandstone

specimenof 450 mD staticpermeability.We foundthatthe surfacestiffnesswas only 3 10_ N/m3,
muchless thanexpectedbasedon thepermeabilityof the specimen.The measuredvalue

correspondsto a shapefactorof s _ 2 10.4 (also showninFigure24), i. e., roughly one orderof
magnitudelowerthantheempiricalvaluefor sphericalbeads.We believethatthis significant

reductioncan be attributedto essentiallythe samethreeeffectsmentionedabovein connection

with the cementedglassbeadspecimens.

1.2.4 CONCLUSIONS

Our calculationsshowed that capillaryforcescan easilyproduceclosed-poreboundary

conditionsat the interfacebetween a non-wettingfluid(air)anda poroussolid saturatedby a

wetting fluid(water). The stiffnessof the membraneextendedoverthe surfaceporesdependson
the surfacetensionof the wettingfluidandthe pore size andshape.We deriveda simple

approximationrelatingthe boundarystiffnessto the formationpermeability.We foundthatthe

boundarystiffness is around1010N/m3 in mostnaturalrocks, i.e., well above the thresholdvalue

requiredto achieve closed-poreboundaryconditions.Underthese conditions,the Rayleigh-type
surfacewave becomes stronglyattenuatedby energyleakageintothe slow compressionalwave

andthe velocity of the truesurfacemodedropsbelow the slow wave velocity. Of course,the

mobilityof the water isbadlylimitedby viscousdragbetweenthe fluidandthe solidframe.This

effect is particularlystrongin naturalrockswherethe dragis greatlyincreasedby the highly

irregularflow through the inhomogeneousporestructureandby inherentimpuritiessuch as

submicronclayparticles stickingto the porewallsandclogging the narrowthroatsof the pore
channels.

We used the directexcitation techniqueto measure surface wave velocity and attenuation

on both wet and dry rocks. The Rayleigh velocity of dry rocks is approximately 10%lower than

their shear velocity. The surface wave velocity of water-saturated rocks of low permeability

(below 100-200 roD) is 5-10% lower than the Rayleighvelocity of the dry specimen. This drop in

velocity is primarilydue to the added inertia of the saturating fluid,which is also apparent in the

similar decrease in the shear wave velocity. The surfacewave velocity of water-saturated rocks of

high permeability is much lower, approximately 60-70%of the Rayleigh velocity of the dry

specimen. This strong correlation between the observed surfacewave velocity change caused by

water-saturation and the formation permeabilitycan be used for ultrasonic assessment of the

dynamic permeability.Further investigation is neededto establisha reliabletheoretical model for
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the observed phenomenonandto develop inversiontechniquesfor the quantitativeevaluationof

materialpropertiesfromthe velocity andattenuationof the slow surfacewave propagatingon the
free surfaceof a fluid-saturatedrock.

We further improvedour experimentalsystemby the introductionof laser interferometric

detection. Thanks to a recentlydevelopeddetectionmethod,the so-called randomspeckle
modulationtechnique,we successfullyadaptedlaserinterferometryto surface wave inspection of

fluid-saturatedpermeablematerials.The new technique allows us to continuouslymonitorsurface

wave propagation during the saturationprocess itself.The laser interferometrictechnique was

firsttested on alcohol-saturatedporous ceramics.In the next step, the same approach will be

adapted to water-saturatednaturalrocks.Ourexperimentalresultsprovideclearevidence of the
propagation of the new "slow" surfacemodeon the free surface of fluid-saturatedporous solids

when the pores are closed at the surfacebycapillaryforces.

In a separate effort, we studiedthe surface stiffnessof differentwater-saturated porous

solids by a novel acoustical method. The surface impedance of a fluid/fluid-saturated porous solid

interface is defined as the ratio of the pressure differencebetween the fluids on the two sides of

the interface and the volume velocity of the fluid through the surface pores. In most cases, the

surface pores are inherently "open" and the surface impedance is negligiblewhen the sample is

fullysubmerged in fluid. On the other hand, due to surface tension, practicallyclosed-pore

boundary conditions can prevail at an interface between a non-wetting fluid(e. g., air) and a

porous solid saturated with a wetting fluid (e. g., ware0. This effect is caused by the high stiffness

of the microscopic fluid membranes extended bycapillaryforces over the otherwise open surface

pores. We have determined the quasi-static surface stiffness of different water-saturated porous

materials by changing the hydrostatic pressure and directlymeasuring the average surface

displacement by an acoustical sensor. Generally,the surface stiffness is proportional to the surface

tension of the wetting fluidand inverselyproportional to the static permeabilityof the specimen.

For cylindrical pores, the measured surface stiffnessis in good agreement with theoretical

predictions. For more irregular geometries, such as consolidated spherical beads, the surface

stiffness is still inversely proportional to the static permeabilitybut its value is orders of

magnitudes lower than for cylindricalpores of comparablepermeability.Two research areas of

particular interest seem to require further attention in the future. First, more analytical efforts are

needed to estimate the above defined shape factor of different regular and random porous

formations by comparing their surface stiffness and static permeability.Second, additional

experimental efforts are needed to measure the high-frequencydynamicsurface stiffness of water-

saturated porous specimens.
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