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\ ' Abstract 

Effects of Pore Fluids in the Subsurface 

on Ultrasonic Wave Propagation 

by 

Patricia Katharina Seifert 

Doctor of Philosophy in Geophysics 

University of California at Berkeley 

Professor Lane R. Johnson, Chair 

This thesis investigates ultrasonic wave propagation in unconsolidated sands 

in the presence of different pore fluids. Laboratory experiments have been con-

ducted in the sub-MHz range using quartz sand fully saturated with one or two 
' 

liquids. Elastic wave propagation in unconsolidated granular material is com-

puted with different numerical models: In one-dimension a scattering model 

based on an analytical propagator solution, in two dimensions a numerical ap-

proach using the boundary integral equation method, in three dimensions the 

local flow model (LFM), the combined Biot and squirt flow theory (BISQ) and 

the dynamic composite elastic medium theory (DYCEM). 

The combination of theoretical and experimental ana:lysis yields a better 

understanding of how wave propagation in unconsolidated sand is affected by 

a) homogeneous phase distribution 



2 

b) inhomogeneous phase distribution, (fingering, gas inclusions) I I 

c) pore fluids of different viscosity 

d) wettabilities of a porous medium. 

The first study reveals that the main ultrasonic P-wave signatures, as a 

function of the fraction of nonaqueous-phase liquids (NAPL) in initally water-

saturated sand samples, can be explained by a one-dimensional scattering model. 

Wave attenuation and velocity dispersion increase with increasing. N APL sat- \ ' 

uration. Velocity is sensitive to N APL fraction only, whereas, the amplitude 
' 

behavior is more complicated. A two-dimensional model shows that inhomoge-

neous fluid distribution, e.g., fingering and gas inclusions, can cause additional \ ' 

attenuation. Hence, amplitudes reflect the fraction of N APL present in the 

sample as well as its distribution. 

The next study investigates effects of pore fluid viscosity on elastic wave 

propagation, in laboratory experiments conducted with sand samples saturated 

with fluids of different viscosities. P-wave attenuation always shows a frequency 

squared dependence, independent of the pore fluid viscosity. The LFM and BISQ 

theory can not explain the laboratory observations for all the viscosities. Only ' ' 

the DYCEM model gives the correct frequency dependence and the calculations 

fit the measurements within the uncertainty. 

The last study concentrates on the wettability of the grains and its effect on 
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elastic wave propagation and electrical resistivity. Experiments have been per

formed in both initally water-saturated and initally n-dodecane-saturated media, 

for water-wetting and n-dodecane-wetting sand, as a function of n-dodecane sat

uration. Changes in the wettability of a n-dodecane-water-mineral system affect 

the effective amplitude of the P-wave, the capability of measuring S-waves and 

the electrical resistivity. 

1' .... 
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Chapter 1 

Introduction 

The book "A Civil Action" (Harr, 1995), a work of nonfiction, is a good 

example to show that contaminated aquifers and their effect on daily life is a 

real problem and not just an academic one. The story narrates how TCE and 

other organic liquids used in tanneries for cleaning leather were dumped onto 

the ground or hurried in barrels, which started to leak due to corrosion. Once 

the contaminants were released to the subsurface, they started to migrate and 

eventually invaded the aquifers. The organic liquids then got transported with 

the groundwater and reached the individual households. A statistically signifi

cant percentage of the population, which were exposed to the contaminated tap 

water for years, suffered from leukaemia. 

Organic liquids were not only used in tanneries, but they were also commonly 

used for dry cleaning purposes, in the metal cleaning industry, as heat transfer 

fluids and to remove oil and paints. This group of liquids, containing chlorinated 

solvents and hydrocarbon fuels, are also known as non-aqueous phase liquids 
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(N APLs) and are nowadays one of the major organic groundwater contaminants. 

A major challenge in remediating subsurface contamination by organic liq

uids is to detect and delineate their distribution. N APLs can attain highly irreg

ular distributions, extending from residual liquid segments held in pore spaces to 

pools over regions of low permeability. If the subsurface is fully saturated, i.e., 

below the water table, modern seismic systems (1 to 15kHz) could provide field 

resolution on the scale necessary to characterize organic liquid distributions, on 

the order of centimeters. Development of high-frequency seismic tomography 

to map N APL distributions between boreholes and to monitor changes dur

ing remediation requires a physical understanding of seismic wave propagation 

through unconsolidated porous media with immiscible liquid phases. Hence, 

laboratory and numerical studies were conducted of wave transmission through 

N APL-water-sand systems. 

1.1 Background 

The velocity and attenuation of seismic waves can be used to determine 

elastic material properties. In porous media, seismic wave transmission is also 

affected by the physical and chemical characteristics of the pore fluid and its 

interaction with the solid phase (e.g., Tutuncu and Sharma, 1992). Geller and 

Myer (1995) showed in laboratory studies that ultrasonic P-wave propagation in 

unconsolidated fully saturated media is sensitive to the presence of NAPL. The 
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differences in acoustic velocity, density and viscosity between water and NAPL 

contaminants strongly affect the seismic wave transmission. With increasing 

fraction of N APL in the pore space the travel time of the first arrival is delayed 

and the amplitude decreases. Velocity reflects the difference in bulk moduli be

tween the water and NAPL and the.fraction of NAPL present, but is insensitive 

to its distribution. In contrast, the amount of energy attenuated is a function 

of the NAPL fraction in the pore space as well as its distribution. Despite ex

tensive research, there is still considerable uncertainty about the relationships 

between rock properties and seismic behavior and the mechanisms which cause 

these effects. 

I have conducted laboratory experiments to observe how different pore fluids 

in unconsolidated sand effect ultrasonic wave propagation. Three independent 

sets of experiments gave better understanding of how ultrasonic waves are af

fected by 

a) inhomogeneous phase distribution such as fingering or gas inclusions 

a) pore fluids of different viscosity 

a) wettabilities of a porous media, such as water- and NAPL-wetting sand. 

Measurements were made in a specially designed triaxial test cell (Geller 

and Myer, 1995) shown in Figure 1.1. The apparatus contains four piezoelec

tric elements with a resonant frequency of 1 MHz to generate and detect elastic 



4 

Graduated 
Voltage 

Axial Pulser 
Cylinder 

~ 
Pressure I 

1 

-· 

l 
P-crystal 

S-crystal 

,.~, ;"r~"·--· 

I!D ,t!f{;!(f!l/!.il'!i ' ~ .. a. • 
!l!~~~?l!rit ~··· ll•' ·~ .:,9;.,r:;,.~~(;~,';i ~<l ~~· 

Sand Sample .. 
in sleeve Confining 

Pressure 

llr-r r~~~-~,~ :~.· .,. . -~ "D" • ""l!"!'llt~~i 
· .. ~., .. a; ... ~·.r.~f!i~ -'ii·w;- ·?~·ff-r • •W.r.JI»d~o:; •}"!;.- l"'l·~"IM;t: Po ~~,·~;~:_ ..... ;;;.. 

Flow 
Distribution S-crystal 

Plates P-crystal 

I 
r-= 

I Load Cell I 

Syringe 
Pump 

Oscilloscope 
Acquisition Board 

Load Cell 
Indicator 

Figure 1.1: Apparatus setup for measuring ultrasonic wave transmission as a 
function of N APL saturation in fully saturated sand samples. 
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P-waves and S-waves. The sand samples are placed between the transducers 

and held in place by a flexible shrink tube sleeve, which is cut to fit over the 

end-caps. On each transducer lies a donut-shaped ceramic flow distribution 

plate, which assures that the injected fluid is evenly distributed over the column 

cross-section. Confining and axial stresses on the sample were maintained at 

approximately 60 and 140 kPa, respectively, characteritic of the shallow subsur

face ("' 10 m depth). The change in travel time and amplitude with increasing 

N APL-saturation was measured by first saturating the sample fully with water 

and then displacing the water by injecting the N APL in small increments into 

the sample with a syring pump. 

1.2 Outline of work performed 

The first study (Chapter 2) contains numerical computations to simulate the 

laboratory measurements by Geller and Myer 1995. The measurements show a 

significant change ·in traveltime and amplitude of the primary P-wave arrival 

as a function of N APL saturation. The main trends in this behavior can be 

simulated with a one-dimensional scattering model. 

Since the one-dimensional scattering model gives good velocity estimates 

but underestimates the magnitude of attenuation in some cases, we obtained 

a qualitative understanding how energy losses are affected by the pore fluid 

distribution (Chapter 3). A two-dimensional numerical approach was used to 
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simulate laboratory experiments, which showed that fluid distribution can be 

heterogeneous due to unstable displacement mechanisms. If the pore fluids are 

very volatile, small changes in pressure or temperature can also produce gas 

inclusions. With the numerical model we illustrate how waves are scattered by 

heterogeneous fluid distributions and cause attenuation additional to that due 

to scattering from the pores and grains. 

Chapter 4 combines theoretical and experimental analysis to evaluate the 

main loss mechanisms caused by different viscosities of the pore fluid ranging 

from 0.001 to 1 Pa/sec. The laboratory measurements were compared with 

three theoretical models, the Local Flow Model (LFM), the unified Biot and 

Squirt flow theory (BISQ) and the Dynamic Composite Elastic Medium theory 

(DYCEM). 

The overall object of the last study in Chapter 5 was to determine if wet

tability affects wave propagation and electric resistivity measurements. Hence 

laboratory measurements of sand columns saturated with water and n-dodecane 

were taken as a function of n-dodecane saturation for drainage and imbibition 

of water. The experiments were performed in both initally water-saturated 

and initally NAPL-saturated media and for water-wetting and NAPL-wetting 

sand. 
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Chapter 2 

Effect of P-Wave Scattering on Velocity 

and Attenuation in Unconsolidated 

Sand Saturated with Immiscible 

Liquids 

2.1 Abstract 

Seismic wave tomography is a potentially powerful tool to detect and delin

eate non-aqueous phase liquid (NAPL) contaminants in the shallow subsurface. 

To develop this application we are conducting laboratory and numerical studies 

to understand the mechanisms of P-wave transmission through NAPL-water

sand systems. 

Measurements of travel time and amplitude through saturated sand with 

variable N APL content were taken. For our experiments piezoelectric elements 

were used to transmit and receive P-waves in the 100-900 kHz range. To simulate 



8 

the stress conditions of the shallow surface, low confining and axial pressure of 60 

and 140 kPa, respectively, were applied. The measurements show a significant 

change in the travel time and amplitude of the primary arrival as a function of 

N APL saturation. 

To simulate the laboratory measurements, we performed numerical calcula

tions of P-wave propagation through a one-dimensional medium. The results 

show that the main behavior of traveltime and amplitude variation can be ex

plained by P-wave scattering. This. represents an alternative explanation to the 

theories that describe local fluid flow as the dominant mechanism for seismic 

wave attenuation and velocity dispersion. 

2.2 Introduction 

A major challenge in remediating subsurface contamination by nonaqueous 

phase liquids (N APLs) is to detect and delineate their distribution. Seismic 

methods have been applied in the petroleum industry to detect oil-bearing for

mations (Clark, 1992). A variety of laboratory experiments have been performed 

on sedimentary rocks to study the effect of pore fluid distribution on attenuation 

and velocity for different fluids under high pressure (Endres and Knight, 1989; 

Knight and Nolen-Hoeksema, 1990). However, the same mechanisms are not di

rectly applicable to NAPL in groundwater aquifers, since the in-situ stresses at 

depths where oil and contaminating NAPL can be found are orders of magnitude 
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lower. In addition, there is also a difference in rock type and porosity between 

formations in the shallow subsurface and at depth of hundreds or thousands of 

meters. 

On the basis of the available literature, it appears that the problem of seismic 

wave propagation in unconsolidated media containing N APLs has received little 

attention. One laboratory study measured the response of ultrasonic wave prop

agation to the presence of N APLs in unconsolidated media (Geller and Myer, 

1995). Another set of field experiments monitored DNAPL (dense NAPL) mi

gration in a naturally sandy aquifer. using methods such as radar, electromag

netic induction, and electric resistivity (Greenhouse et al., 1993). 

Different mechanisms have been proposed to describe the change in seismic 

wave attenuation and velocity with the type and extent of saturation of the pore 

fluids. For liquid-saturated rocks, these include grain sliding (Mavko, 1979), 

fluid flow as described by Biot (1956a; 1956b) and Johnston and Toksoz (1979) 

and local fluid flow (Biot, 1962; Akbar et al., 1994). Using a stratified medium 

of steel and plastic discs, Marion et al. (1994) conducted a joint experimental 

and theoretical study of the effect of multiple impedance contrasts on P- and S

wave velocities. They suggested that the change in velocity is a function of the 

ratio of wavelength to layer spacing (A./ d) in accordance with scattering theory. 

When A./d is large, velocity is well described by effective medium theory, and 

when A./d is small, by ray theory. For the entire range from effective medium 
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low-frequency results to the high-frequency prediction of ray theory, a complete 

theory for one-dimensional scattering can be found in Shapiro and Zien (1993) 

and Shapiro et. al (1994). 

The main purpose of the present work is to obtain a better mechanistic un

derstanding of the the changes in velocity and amplitude as a function of NAPL 

saturation which were observed in the laboratory by Geller and Myer (1995). We 

simulated P-wave propagation with a one-dimensional model and compared the 

amplitude and the traveltime of the first arrival for different N APL-saturations 

with the laboratory data. 

2.3 Experimental Method 

Geller and Myer (1995) measured significant changes in P-wave velocity and 

attenuation as a function of NAPL saturation in initially water-saturated quartz 

sand packs. The properties of the N APLs used, n-dodecane, iso-octane and 

freon 113, are listed in Table 1. Following the injection of incremental volumes 

of NAPL, ultrasonic P-wave measurements were taken by the pulse-transmission 

method. Traveltime, amplitude, and the shape of the waveform were recorded 

as a function of the volume of NAPL in the medium. P- wave measurements 

were also taken through sand samples initially saturated with NAPL. 

The P-wave measurements were performed as follows. The sample was placed 

between transmitter and receiver in a triaxial cell, jacketed by a flexible teflon 



11 

sleeve. To obtain a homogeneous distribution of N APL over the sample cross 

section, lexan plates with grooves were placed between the transducers and 

the sample. Confining and axial stresses on the sample were maintained at 60 

and 140 kPa, respectively, which corresponds to the pressure conditions in the 

shallow subsurface. The sand columns were 73 mm in diameter and 39 mm in 

length. The sand consisted of washed, sub-rounded quartz grains sieved between 

60 and 70 mesh (0.212 and 0.250 mm openings) packed to a porosity of 42%. 
' ' 

The excitation signal was, a pulse with frequencies ranging from 0.1 to 1.9 MHz, 

with a central frequency of approximately 0.5 MHz. Further details can be found 

in Geller and Myer (1995). 

2.4 Experimental Results 

P-wave velocity and normalized amplitude as a function of NAPL-saturation 

are plotted in Figure 2.1 and 2.2 for n-dodecane, iso-octane and freon 113. NAPL 

saturation is the fraction of pore space occupied by the NAPL; the remaining 

fraction is filled with water. The traveltime of the primary wave is picked at the 

first break from the amplitude baseline. The amplitude of the primary wave is 

' I the vertical difference between the first peak and trough and is normalized by 

the amplitude for the initially water-saturated sample. 

It can be seen that the seismic wave transmission is strongly affected by the 

physical properties of the pore-filling fluids. The overall beh~vior is that the sig-
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is filled with water (Geller and Myer, 1995). 



Q) 
"C 

1.1 

1.0 

0.9 

0.8 

:e 0.7 
c. 
E 
as 
"C 0.6 

.~ 
a; 
E o.s 
0 
c:: 

0.4 

0.3 

0.2 

0.1 

: -· . 
. 
-
. 
-. 

-: 
. 
-

-
.: 
. 
-
. 

-. 
. 
0 

• 
xo 

0 

0 0 
X 

0 
X 

• 
X 

• X 
X 

10 20 30 

13 

0 n-dodecane 
X iso-octane 

• freon 

0 0 ( 
0 

0 
8o 

• ~. • . ... • 
•• I ·-X 

~ 

)0( xx 

40 50 60 70 80 90 100 

NAPL saturation(%) 

Figure 2.2: Normalized amplitude as a function of NAPL (non-aqueous phase 
liquid) saturation for n-dodecane, iso-octane and freon where the remaining pore 
space is filled with water (Geller and Myer, 1995). 



14 

nal is attenuated and the velocity decreases with increasing NAPL saturation. It 

should be pointed out that the minimum value for the amplitude for iso-octane 

at a N APL saturation of 60% is much lower than for the other two N APLs. 

Geller and Myer (1995) hypothesized that the low viscosity of iso-octane rel

ative· to water produced fingering of iso-octane throughout the sample.· The 

injection of n-dodecane produced a stable injection front, because of its higher 

viscosity relative to the displaced water. Homsey (1987) provides an extensive 

review of mechanisms of :flow instability and viscous fingering produced by the 

displacement of a more viscous fluid by a less viscous one in homogeneous porous 

media. To support this idea of viscous fingering, we photographed the displace

ment of water by N APL in a thin, glass-walled sand box, 13 em long by 7 em 

wide by 0.2 em deep. The box was packed with the same sand used by Geller and 

Myer (1995) and mounted vertically in front of a light ·box. The sand was fully 

saturated with deaired water with blue dye (white in Figure 2.3). In the next 

step, a red-dyed NAPL was injected (black in Figure 2.3), to displace the water. 

To minimize gravity-driven instabilities in the displacement of water, the lighter

than-water NAPLs (n-dodecane and iso-octane) were introduced from the top 

as in Geller and Myer (1995). In Figure 2.3 we can see the :flow path for dif

ferent injected volumes of n-dodecane and iso-octane, respectively. n-Dodecane 

shows a stable NAPL-front propagating downward with increasing saturation, 

whereas the iso-octane distribution shows fingering and large residual pockets 
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3 a) 

3 e) J.d) 

Figure 2.3: Sand fully saturated with deaired water (white), which is displaced 
by a NAPL (black). n-Dodecane shows a stable NAPL-front propagating down
ward with increasing saturation (Figure 2.3a and 2.3b), whereas the iso-octane 
distribution shows fingering and large residual pockets of water (Figure 2.3c 
and 2.3d). 
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of water. This experiment shows that it is very likely that the distribution of 

iso-octane is much more irregular than n-dodecane and may explain the larger 

P-wave attenuation measured for iso-octane. 

These results demonstrate that the wave signature is sensitive to the NAPL

fraction in the pore space as well as its distribution. All the experiments used 

the same kind of sand and only the saturation and N APL were changed. Thus 

any change in seismic signature results from a change in the liquid and not in 

the solid phase nor the pore structure. 

2.5 Numerical Study 

The use of numerical calculations to simulate laboratory results can often 

help in their interpretation. The case of sand grains surrounded by water and 

NAPLs presents a difficult elastic wave propagation problem, as there is no 

complete analytic solution available for the multiple scattering that occurs. Van 

de Hulst (1957) showed that in a three-dimensional medium only the scattered 

wave parallel to the incident- wave is important, if only forward scattering is 

considered. In this case, the three-dimensional problem can be approximated 

by a one-dimensional model. In analogy with this assumption, we used a one

dimensional model with normal incidence for our calculations. The computation 

of elastic P-waves through a layered medium was performed with a propagator 

method, (Kennett, 1983). This method gives the complete solution for an inci-
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dent plane wave through a layered medium between two half-spaces. Each layer 

has its own quality factor, velocity, density and thickness. 

The saturated sample was represented by a series of layers having different 

sequences of solid matrix and pore fluid. The initially water-saturated sand 

pack was modelled with a simple two-layer sequence of water and quartz. When 

the wetting phase, water, is displaced by the non-wetting NAPL, residual water 

remains in contact with the sand. This situation was simulated by a four-layer 

sequence of matrix, water, NAPL and water. The different saturations of NAPL 

in the sample were modeled by a composite of two- and four-layer sequences 

(Figure 2.4). Typically 116 sequences composed of these two types were used 

to model the total sample length of about 39 mm. The layer thicknesses were 

Gauss-distributed and not correlated, with their mean and standard deviation 

based on the laboratory measurements. 

The layer thickness of the matrix was determined by the average grain size of 

0.23mm diameter with a standard deviation of 18%. The layer representing the 

pore space was determined by the porosity of 32% with a standard deviation of 

18%. Figure 2.1 and 2.2 show that the residual water saturation for iso-octane 

displacing water is about 40%, which is almost twice as large as for n-dodecane 

and freon 113. This was accounted for by changing the thickness of the residual 

water layer for each N APL. The matrix is composed of quartz with a velocity 

of 5750 m/sec and a density of 2650 kg/m3 (Selfridge, 1985). The properties 
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Figure 2.4: Model for NAPL (non-aqueous phase liquid) which has displaced 
some of the water layers. At the top we have the undisturbed case, quartz sand· 
layers saturated with water. At the bottom, the water is replaced by a NAPL. 
A residual layer stays in each sequence, representing the wetting phase. 
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Table ·2.1: Material properties (values are at 25° C and atmospheric pressure 
unless otherwise noted). 

Densitya P-waveb Viscosity Reflection Coefficient 
velocityb with water! 

(kg/m3
) (m/s) (mPa/s) (kPa s/m) 

freon 113 1560d 716 0. 711 (20°) -0.137 
(1,1,2-Thichloro-
1 ,2,2-trifl.uoroethan) 

n-dodecane 745 1290c 1.378 -0.212 
(2,2,4-Trimethyl 
pentane) 

iso-octane 690 (20°) 1120e 0.504 (20°) -0.314 

water 997 1497 0.890 NjA 

a) Riddick and Bunger (1970), b) Selfridge (1985), c) Wang and Nur (1991), 22° C, d) CHRIS 

(U.S. Coast Guard, 1984), e) Geller and Myer (1995), f) R =~p~:~~p;::l, using values in table 

of the pore-filling liquids are listed in Table 2.1. The quality factor, Q, was 

set to infinity for the matrix, to 10,000 for water (Toksoz and Johnston, 1981) 

and to 1,000 for the NAPL. The Q value for the NAPL was cal~ulated with 

the spectral ratio method by using the direct and the reflected wave traveling 

through a column of freon as suggested by Feustel and Young (1994). As in the 

laboratory experiments, we placed the series of layers between two lexan plates 

with a thickness of 10 mm, density of 1200 kg/m3 (Selfridge, 1985), P-wave 

velocity of 2300 mjsec (Selfridge, 1985) and a Q value equal to infinity. 

Calculation for this stack of layers was based on a white source spectrum. 
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For comparison of the numerical data and the laboratory measurements, we 

convolved the obtained Green function with a measured reference signal. The 

amplitude spectrum used as a reference was obtained from the Fourier transform 

of the first arriving pulse through a column of water with lexan plates attached 

to the transducers. 

2.6 Numerical· Results and Interpretation 

To constrain our computational model, we varied porosity, grain size and 

their standard deviation to match the velocity and normalized amplitude of our 

synthetic data with the m~asured data. The mean grain size was the same as in 

the experiments (0.23mm). The standard deviation for our model was taken as 

18%, instead of about 10% from the difference in 60 to 70 mesh sizes, due to the 

fact that grains are not perfect spheres. The value of the porosity was adjusted 

by fitting the calculated velocities to the measured data. The fitted porosity is 

32%, which is less than the actual value of 42%. To explain this discrepancy, 

Figure 2.5 compares the layer sequence with an equivalent cross section of ran

domly packed spheres in terms of sample length and porosity where the sphere 

diameter equals the thickness of the matrix layer. This sketch shows how a 

straight ray traveling through spheres encounters more interfaces and therefore 

can be reflected more often than when traveling through layers. As a result, 

if the number of reflections were to be the same, the porosity of the random 
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Matrix 

Pore Fluid 

Figure 2.5: This sketch shows how a straight ray traveling through an idealized 
sandpack encounters more interfaces than through a series of layers. 

sphere pack would be greater than the one-dimensional model. Therefore in a 

one-dimensional model, a smaller porosity fits the data best. Amplitude and 

traveltime of a seismic wave through a series of layers were calculated in in-

crements of 5% N APL saturation. For each saturation, ten realizations were 

performed with a random number generator ,which chooses the thickness of the 

layers according to a Gaussian distribution with a mean of 0.23 mm and a stan-

dard deviation of 0.04 mm (Press et al., 1992). From the ten realizations, the 

mean velocity, the mean normalized amplitude, and their standard deviation 
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were calculated. The mean amplitude of the transmitted wave was normalized 

by the mean amplitude for the initially water-saturated sample. 

In Figure 2.6 and 2. 7 the dashed lines connect the theoretically calculated 

data points and the filled boxes are the experimentally observed ones .. The error 

bars show the standard deviation of the ten realizations. It should be noticed 

that a single realization can still lie outside this range and fit the data almost 

perfectly (Figure 2.8). Figure 2.6 and 2.7 show that the numerical and the 

measured data decrease monotonically as a function of N APL saturation. 

Mechanisms for velocity dispersion and seismic wave attenuation are usually 

a combined effect of scattering and intrinsic attenuation. Intrinsic attenuation 

is caused by energy transformation into heat and is described by the quality 

factor Q. By using a Q of 10,000 for water, 1,000 for NAPL, and infinity for the 

matrix, the intrinsic attenuation is very small. Figure 2.8 shows a comparison of 

the change in velocity and amplitude as a function of N APL saturation for two 

different models, one with the quality factors listed above, which are generally 

used in all the models for our computations, and the second with all quality 

factors equal to infinity. These figures show that intrinsic attenuation has an 

insignificant effect on amplitude and on traveltime. In our case, scattering within 

the layered medium produces the velocity dispersion and attenuation. For the 

case of uncorrelated layers, the scattering mechanism depends upon the ratio 

. of wavelength (.\) to layer thickness (d) (Marion et al., 1994), otherwise it is 
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Figure 2.6: Normalized amplitude as a function of NAPL (non-aqueous phase 
liquid) saturation for a) n-dodecane, b) iso-octane and c) freon. Error bars 
of the synthetic data show standard deviation of ten realizations, which were 
performed with a random number generator which changed the layer thickness 
within 0.23mm + 0.04mm. Error bars for the measured data show the estimated 
experimental error. 
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Figure 2.7: P-wave velocity as a function of NAPL (non-aqueous phase liq
uid) saturation for a) n-dodecane, b) iso-octane and c) freon. Error bars for 
the synthetic data show standard deviation of ten realizations, which were per
formed with a random number generator which changed the layer thickness 
within 0.23mm + 0.04mm. Error bars for the measured data show the esti
mated experimental error. 
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a function of the ratio of wavelength to correlation length (a). To find the 

correlation distance of our model we performed autocorrelations for different 

stacks of two-layer and four-layer sequences. These results showed that there 

was no correlation between the layering and therefore the correlation length 

is equal to the layer thicknesses. Shapiro et al. (1994) derived an analytical 

solution for a one-dimensional medium which is valid for all frequencies, i.e., 

from effective medium to ray theory, and therefore includes Rayleigh as well as 

Mie scattering regimes. For a transmitted wave with a normal incidence, their 

theory shows that the Rayleigh scattering assumption is a good approximation, 

if k · d < 0.1, where k is the wave number. The critical frequency where Rayleigh 

scattering is dominant is therefore 

.f 0.1 . v 
Jc < --
. 2·7r·d 

(2.1) 

Taking the velocities listed in Table 1 for the pore fluids, a velocity of 5750 m/sec 

for quartz and average layer thicknesses of 0.23 mm for the matrix, 0.108 mm for 

the pores, 0.0866 mm for the non-wetting phase and 0.0108 mm for the wetting 

phase, results in critical frequencies between 105 kHz and 390 kHz. Since we 

have used a frequency range from 100-900 kHz, we encounter some Rayleigh 

scattering, but mostly Mie scattering. 
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Figure 2.8: One realization of a) velocity and b) normalized amplitude as a 
function of n-dodecane saturation. Comparison between two different models 
one with quality factors Qwater = 10,000, QNAPL = 1,000, Qmatrix = infinity, 
the other one with quality factors equal to infinity. 
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2.7 Comparison of Numerical Results with Laboratory 

Measurments 

Measured and calculated velocities and amplitudes correlate well for n-dodecane 

(Figure 2.5 a and 2.6 a), indicating that for this specific NAPL, scattering mech

anisms are sufficient to explain the observed seismic wave attenuation and veloc

ity dispersion. The small deviation between the measured and simulated data is 

most likely based on either differences in the distribution of the N APL between 

the experiment and the model or other intrinsic attenuation effects, such as local 

fluid flow. 

For the normalized amplitude and velocity of iso-octane, the calculated data 

match the measured data at the endpoints (Figure 2.6 b, 2. 7 b). The mismatch 

between the intermediate measured and modeled points may be caused by the 

irregular NAPL distribution created by fingering as mentioned earlier. This is 

a three dimensional effect and which cannot be simulated with our model. 

For freon 113 our computations underestimate the attenuation and the ve

locity change with N APL saturation. The amplitude data deviate from the 

model more than the velocity data do. This could occure if the freon produces 

gas inclusions that cause strong reflections and increase attenuation. To show 

the effect of gas bubbles, we placed one small layer (0.05 mm- 0.16 mm) of air 

in our modeled NAPL-water-sand sequences. The computations were done to 

match the experimental data for freon 113 saturations of 30%, 50%, 70% and 
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100%. The results are plotted in Figure 2.9. Even though bubbles are again 

a three dimensional problem, our model tells us that a very small amount of 

gas produces a significant change in attenuation, but hardly affects the velocity. 

Therefore, a small amount of gas trapped in the sample could have caused the 

attenuation effects observed for freon. 

2.8 Conclusions 

A one-dimensional model was used to simulate measured data of ultrasonic 

wave propagation through sand samples of different NAPL saturations; The 

main trend observed in the laboratory of amplitude and velocity change as a 

function on NAPL saturation could be simulated with our model. Small differ

ences between the experimental and the synthetic data are most likely caused 

either by heterogeneous distributions of the immiscible liquids or .by intrinsic 

attenuation effects, such as local fluid flow. Loss mechanisms caused by liquid 

fingering or inclusions of gas-bubbles are not represented in our model, because 

these are three-dimensional effects. Our results show that most of the seis

mic wave attenuation and velocity dispersion observed in the laboratory can 

be explained by scattering in the Mie regime. This represents an alternative 

explanation to the theories which describe the observed behaviors by local fluid 

flow. Nevertheless it is possible that several loss mechanisms are acting simul

taneously. 
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The agreement found in this study between laboratory measurements and 

numerical calculations suggests several topics for additional research. The use 

of one-dimens!onal calculations to help explain effects in three-dimensional me

dia needs further justification. Similar experiments with S-waves would help 

constrain the interpretation, and such studies are currently in progress. Fur

thermore the importance of scattering in partially saturated media should be 

investigated. 
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Chapter 3 

Qualitative Explanation of Attenuation 

Effects Observed in Unconsolidated 

Saturated Sand 

3.1 Abstract 

The velocity and attenuation of seismic waves in liquid-saturated unconsol

idated sand are strongly affected by the pore-filling fluids. Displacing water in 

a fully water saturated sand sample by a non-aqueous phase liquid (N APL) can 

be an unstable process, leading to heterogeneous phase distributions. Experi

ments were performed to determine how the physical and chemical properties 

of NAPL may give rise to heterogeneities, such as fingering at the water-NAPL 

displacement front or gas inclusions. 

Using two-dimensional numerical simulations we illustrate how ultrasonic 

P-waves are scattered by these heterogeneous fluid distributions to cause at

tenuation in addition to the scattering from the pores and grains. We model 
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the situation in our laboratory tests where spatial resolution is limited by the 

receiver size .. This prevents us from resolving heterogeneities that are smaller 

than the receiver, but even in this case the mean seismic amplitude over the 

width of the receiver is affected by such heterogeneities and it is possible to 

obtain qualitative agreement between measured and modeled data for the cases 

of fingering and gas inclusions. 

3.2 Introduction 

In recent years, seismic measurements hav~ .become increasingly important 

as a means of studying the shallow subsurface. Majer et al. (1997) used high 

frequency seismic waves to detect fractures at depths between 15 and 30 m; 

Yamamoto et al. (1994) performed crosswell acoustic tomography experiments 

down to 60 m below the surface using high carrier frequencies of 1 to 10 kHz; 

Dvorking and Nur (1996) conducted seismic laboratory and theoretical studies 

on poorly-cemented and un-cemented grains; Bryant and Raikes (1995) made 

predictions of elastic-wave velocities using models for certain depositional and 

diagenetic processes. These techniques potentially may be applied to the detec

tion and delineation of organic liquid contamination in groundwater aquifers. 

These contaminants are minimally soluble in water and persist in the subsur

face as non-aqueous phase liquids (NAPLs). NAPLs that have densities greater 

than water (DNAPLs) can migrate below the water table (McKee et al., 1972; 
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Schwille, 1967; Schwille, 1984). Lighter than water NAPLs {LNAPLs) spread 

along the capillary fringe and may, however, occur below the water table as a re

sult of fluctuations of the water table (Schwille, 1981; Mercer and Cohen, 19_90). 

Therefore, N APLs entrapped in soils and aquifers can attain highly irregular 

distributions. 

The objective of this study- is to investigate, how inhomogeneous contami

nant distribution affects the amplitude of ultrasonic waves. Previous laboratory 

measurements showed that velocity and attenuation of seismic waves in liquid

saturated unconsolidated sand are strongly affected by the pore-filling fluids. 

In sand pores saturated with varying fractions of N APL and water, Geller and 

Myer (1995) showed that P-wave velocity reflects the difference in bulk moduli 

between water and NAPL and the fraction of NAPL present, but is insensitive 

to its distribution, whereas the amplitude is sensitive to both the fraction of 

NAPL and its distribution. Seifert et al. (1998) showed that if the amplitude 

decreases monotonically with increasing NAPL saturation, and if a stable prop

agation of the N APL-water front can be assumed, the amplitude and velocity 

change can be explained with a one-dimensional scattering model. However, if 

the fluid distribution is heterogeneous due to unstable displacement mechanisms 

or the pore fluid is very volatile and small changes in pressure or temperature 

produce gas inclusions, the one-dimensional scattering model still gives good ve

locity estimates but underestimates the magnitude of attenuation. Since these 
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effects are two- or three-dimensional, the amplitude (which is sensitive to the 

distribution of the pore-filling fluid) cannot be explained with a one-dimensional 

model, which accounts only for the NAPL fraction. To obtain a qualitative un

derstanding of these additional attenuation effects caused by either gas inclusion 

or N APL fingering, we apply a two-dimensional numerical approach in this pa

per. It should be noted that in this study the word attenuation refers to the 

non-geometrical decrease in the amplitude of elastic waves as they propagate 

and includes the effects of both intrinsic attenuation and scattering. 

3.3 Previous Laboratory Results and Numerical Simula

tion 

Geller and Myer (1995) measured significant. changes in P-wave velocity and 

attenuation as a function of N APL saturation in initially water-saturated quartz 

sand packs. The three N APLs used for their measurements were physical and 

chemical analogs of NAPL contaminants: n-dodecane (an analog of diesel), iso

octane (an analog of gasoline) which are lighter than water an9. Freon 113, which 

. has a higher density than water (a common contaminant and an analog of dense 

halogenated hydrocarbons such as TCE). 

Following the injection of incremental volumes of NAPL, ultrasonic P-wave 

measurements were made with the pulse transmission method. Traveltime, am

plitude and shape of the waveform were recorded as a function of the volume 
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Figure 3.1: Normalized P-wave amplitude as a function of NAPL (non-aqueous 
phase liquid) saturation for a) n-dodecane, b) iso-octane and c) freon. 
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of NAPL in the medium. P-wave measurements were also taken through sand 

samples fully saturated with NAPL. Figure 3.1 shows the measured amplitude 

of the transmitted wave as a function of N APL saturation, normalized by the 

amplitude for the initially water-saturated sample. Error bars for the synthetic 

data show standard deviation of 10 realizations and the ones for the measured 

data show the estimated experimental error. . The saturation, or fraction of 

pore space occupied by the N APL, is determined from a mass balance of the 

volume of NAPL injected and the volume of liquids (water and NAPL) dis-. 

placed in the initially water-saturated sand pack. In general the amplitudes 

decrease monotonically with increasing N APL-saturation, except for the case 

of iso-octane, where the amplitude at residual water saturation is less than the 

amplitude at 100% iso-octane saturation. The data show that the seismic wave 

is strongly affected by the N APL saturation and the physical properties of the 

pore-filling fluids. Figure 3.1 also shows synthetic data (Seifert et al., 1998), 

which were computed with a one-dimensional model based on the propagator 

method (Kennett, 1983). The significant differences between the calculated and 

measured amplitudes for iso-octane and freon experiments may be caused by 

the model assumption of a sharp NAPL-water front during displacement. This 

hypothesis will be scrutinized by looking at the stability of the displacement 

process and the uniformity of the resulting saturation distribution. Measured 

and calculated velocities agree well for all three N APLs and are, therefore, not 
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further considered in this study (Seifert et al., 1998). 

When displacing the water by N APL in the initially water-saturated sam

ple, different fluid distributions can occur depending on the NAPL's physical 

properties. The N APL-water front may remain uniform during displacement 

(Figure 3.2a), or fingering may occur which may result in bypassing patches 

of water-saturated media (Figure 3.2b ). Once a finger extends over the entire 

length of the sample, the N APL has found a fast path through the sample, and 

further increase in N APL saturation is difficult to achieve. Hence the residual 

water saturation is usually higher than in the case of an unstable water-NAPL 

displacement front. Thermal, viscous and gravitational factors can give rise 

to unstable displacement. Fingering can also be initiated by heterogeneities in 

the porous medium (Homsey, 1987). Since our sample is made of clean quartz 

sand, with grains varying only within one mesh size, we assume a homogeneous 

porous medium. The samples were isothermal and the temperature in the lab

oratory was held constant , therefore we assume that the instabilities are driven 

by differences between either densities or viscosites of the fluids. 

For n-dodecane (Figure 3.1a) , the amplitude of the synthetic and the mea

sured data match well, indicating that fingering of N APL-water front is not 

needed to explain the measurements. For the normalized amplitude of iso-octane 

(Figure 3.1 b), the calculated data match the measured data at the endpoints. 

The difference between the intermediate measured and modeled data may be 
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a) b) 

Water Water 

NAPL 

Figure 3.2: Different fluid distributions can occur depending on the physical 
properties of the NAPL. a) shows a stable NAPL-water front that is propagating 
through the sample. In b) the front starts out uniformly but then breaks up 
into fingers. 
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caused by irregular N APL distribution. Another indication of inhomogeneous 

fluid distribution is the fact that the residual saturation of water in the exper

iment with iso-octane (ca. 40%), is considerably greater than the 20% residual 

saturation achieved for n-dodecane and freon. Since iso-octane is less viscous 

than water, it may finger when displacing water. 

Pictures of the displacement of water by N APL in sand packed between par

allel glass plates support the differences in displacement (Seifert et al., 1998). 

Figure 3.3 shows the displacements using n-dodecane (Figure 3.3a), iso-octane 

(Figure 3.3b) and freon (Figure 3.3c), respectively. To avoid the gravity-driven 

instabilities in the displacement of water (white), the NAPLs (black) were in

troduced from the top or the bottom such that the denser liquid was on the 

bottom. n-Dodecane shows a stable NAPL-water front propagating downward, 

whereas the iso-octane distribution shows significant fingering and this fingering 

can even lead to bypassing of large water saturated regions (upper right side of 

Figure 3.3b ). Freon, which was injected from the bottom, also shows a stable 

front propagating upward. These experiments show that it is very likely that the 

distribution of iso-octane is much more irregular than of the other two N APLs, 

which may explain the larger attenuation measured for iso-octane. 

. Our computations for freon also underestimate the attenuation change with 

NAPL saturation (Figure 3.1c). Note that, unlike the case of iso-octane, the 

discrepancy occurs for both partial and 100% N APL saturation. The deviation 



40 

a) b) c) 

Figure 3.3: Sand initally fully saturated with deaired water (white), which is 
displaced by a NAPL (black). a) n-Dodecane: stable NAPL-water front prop
agating downward; b) iso-octane: fingering and bypassing of water saturated 
regions; c) freon (injected from the bottom): stable front propagating upward 
(the angle of the front was caused by clogging in an injection tube). 
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Table 3.1: Physical and chemical properties of NAPL contaminants 

Liquid Densitya) Viscositya) vapor pressureb) Reflection 
(kg m-3) (mPa s) (kPa) Coefficenta 

water 997 0.890 3.17 
n-dodecane 745 1.378 0.016 -0.212 
iso-octane 690 0.504 6.5 -0.314 
freon 113 1560 0.711 44.8 -0.137 

a) Geller and Myer (1995) b) Lide (1995) 

in amplitude may be due to the high vapor pressure of freon (see Table 3.1) 

which produces gas inclusions that cause scattering and further attenuation. 

Since a NAPL-water displacement experiment takes about two to three days, it 

is most likely that the temperature in the laboratory and pressures in the load 

cell may change and small freon vapor inclusions are produced. 

3.3.1 Numerical simulations of fingering and gas inclu-

sions in sand samples and comparison with exper-

iments 

As discussed in the previous section, the results in Seifert et al. (1998) show 

that the dominant loss mechanism in granular media can be explained by P-

wave scattering. Reflections from heterogeneities remove energy from the direct 

seismic wave and redistribute this energy into scattered waves. In granular me-
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dia these heterogeneities can range in scale from pores and grain contacts to 

fractures, faults, and sedimentary layers. Seifert et al. 's (1998) numerical cal

culations simulated wave propagation through a one-dimensional medium and 

computed scattering caused by the granular medium and the different pore flu

ids, but did not account for the two- and three-dimensional effects of the irregular 

pore fluid distribution. In real porous media, irregular liquid distribution and 

gas inclusions can occur, causing further loss in energy. 

Wave attenuation caused by fingering and gas inclusions can be simulated in 

a two dimensional model. The numerical approach used employs the boundary 

integral equation method as developed by Nihei et al. (1995). Figure 3.4 shows 

the different input models used to represent: 

a) n-dodecane propagating downward as a stable NAPL-front 

b) fingering caused by the viscosity difference between iso-octane and water 

c) a gas inclusion in a freon saturated sand. 

The blue area in Figure 3.4a and 3.4b represents a fully water-saturated sand. 

The orange area is a NAPL saturated sand with residual water. For n-dodecane 

the residual water in the NAPL region is 20% according to the measurements. 

For iso-octane the residual saturation is more difficult to determine, since water 

exists as residual water in the iso-octane region and as entrapped water patches. 

Because the interfacial tension and dielectric constants for the different N APLs 
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Figure 3.4: Models used for distribution of pore-fluid pairs in a unconsolidated 
sand. a) Flat interface as observed in the case of n-dodecane and water; b) 
fingering as in the case of iso-octane and water; c) gas inclusion which could be 
produced from the high volatility of freon. The material properties are listed in 
Table 3.1 
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Table 3.2: Physical and chemical properties of N APL contaminants 

Liquid Interfacial Tensiona) 
(dyne cm-1 ) 

water 
n-dodecane 52.8 
iso-octane 50.1 
freon 113 37 

a) Geller and Myer (1995) 

Dielectric Constanta) 
(mg L - 1 ) 

78.3 
2.014 
1.948 
2.41 

Solubility in watera) 

0.0037 
2.4 
200 

are similar (Table 3.1) , we conclude that without entrapped water regions the 

residual water saturation for iso-octane would be similar to freon and n-dodecane 

and reach 20%. The difference of 20% is attributed to entrapped regions of water 

in iso-octane with residual water. The orange region in Figure 3.4b was therefore 

calculated with the properties of a sand which is 80% saturated with iso-octane 

and 20% saturated with water. For the velocity we have chosen the mean value 

between the 60% and fully iso-octane saturated sample. The dimensions of the 

finger shown in Figure 3.4b (9 mm long and 4 mm wide) were chosen to represent 

the scale of the heterogeneities observed in Figure 3.3b. 

We have used air to model the gas inclusion, whereas in the experiment 

freon vapor was present. Since the compressibilities of gases are comparable 

and about four orders of magnitude larger than those of liquids, the effect of 

this approximation is minimal. We observed that vapor bubbles of the size of 1 
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Table 3.3: Material properties used for the different computations 

Sample 

Sand fully saturated with water 
Sand with residual saturation 
of n-dodecane/water (80%) 
Sand with residual saturation 
of iso-octanejwater (80%) 
Sand saturated with freon 
Sand saturated with air 

bulk P-velocity 
(m/s) 

1830 

1572 

1588 
1080 
663 

bulk modulus 
(MPa) 

6554 

2567 

2361 
2557 
675 

to 3 mm can evolve in a freon-saturated sand when the temperature increases a 

few degrees. Hence, the gas inclusion was modelled as a square of dry sand with 

a diameter of 2 mm in an otherwise fully freon saturated sample (Figure 3.4c). 

The bulk velocity and bulk density of the liquid saturated sand used for our 

computations were measured in the laboratory and are listed in Table 3.3. A 

line of nine sources at the upper boundary and a line of 33 receivers at the 

bottom of the model produced the synthetic data. The source time function 

used in the numerical simulations was a symmetric, three-lobe wavelet with a 

center frequency of 0.5 MHz, which is based on the characteristic frequency of 

the transducers used for the laboratory measurements. 

Figure 3.5 illustrates the traces observed at the 33 receivers for the three 

models shown in Figures 3.4. As the wave progresses through the sample, it ex-

periences scattering caused by the fluid interfacial heterogeneities. Figures 3.6 
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Figure 3.5: Synthetic waveforms for the three models with a) a fiat interface 
with water and n-dodecane, b) a fingered interface with water and iso-octane 
and c) a gas inclusion surrounded by liquid freon. 

I 
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Table 3.3: Material properties used for the different computations 

Sample bulk P-velocity bulk modulus 
(m/s) (MPa) 

Sand fully saturated with water 1830 6554 
Sand with residual saturation 
of n-dodecanejwater (80%) 1572 2567 
Sand with residual saturation 
of iso-octane/water (80%) 1588 2361 
Sand saturated with freon 1080 2557 
Sand saturated with air 663 675 

to 3 mm can evolve in a freon-saturated sand when the temperature increases a 

few degrees. Hence, the gas inclusion was modelled as a square of dry sand with 
\ 

a diameter of 2 mm in an otherwise fully freon saturated sample (Figure 3.4c). 

The bulk velocity and bulk density of the liquid saturated sand used for our 

-
computations were measured in the laboratory and are. listed in Table 3.3. A 

line of nine sources at the upper boundary and a line of 33 receivers at the 

bottom of the model produced the ·synthetic data. The source time function 

used in the numerical simulations was a symmetric, three-lobe wavelet with a 

center frequency of 0.5 MHz, which is based on the characteristic frequency of 

the transducers used for the laboratory measurements. 

Figure 3.5 illustrates the traces observed at the 33 receivers for the three 

models shown in Figures 3.4. As the wave progresses through the sample, it ex-

periences scattering caused by the fluid interfacial heterogeneities. Figures 3.6 
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Figure 3.5: Synthetic waveforms for the three models with a) a flat interface 
with water and n-dodecane, b) a fingered interface with water and iso-octane 
and c) a gas inclusion surrounded by liquid freon. 
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and 3. 7 show the wave field in a sand sample at different times for the irregular 

distribution of iso-octane in water (Figures 3.4b) and for an air inclusion sur

rounded by liquid freon (Figures 3.4c), respectively. The animation shows how 

the wavefront starts out as a plane wave and experiences considerable distortion 

when interacting with the inhomogeneities. This leads to an irregular wavefront 

at the receivers. 

The piezoelectric elements used in the laboratory to transmit and receive 

the seismic signals are approximately 20 mm in diameter. Hence, the measured 

signal represents the mean seismic waveform over this distance. To simulate 

the averaging of the piezoelectric crystals, we stack the 33 traces which extend 

over a total lateral distance of 16 mm. Figure 3.8 shows the stacked traces at 

the receivers for the different models shown in Figure 3.4. To allow an easier 

comparison of the amplitudes, the traces of the model with a finger and with 

a gas inclusion have been shifted to match the arrival time of the model with 

the fiat interface. Relative to the fiat interface, fingering and gas inclusions lead 

to smaller amplitudes. This result is in general agreement with the laboratory · 

observations. The normalized amplitude at the points where the residual water 

saturation is reached (Figure 3.1) is largest for n-dodecane at approximately 0.6, 

followed by freon with a value of about 0.3, and iso-octane at approximately 0.15. 

The synthetic waveforms in Figure 3.5 also help explain why a heterogeneous 

fluid distribution has a greater effect on estimates of attenuation than upon es-



48 

16 16 

14 14 

] 
12 

] 
12 

10 10 
..., 

8 
..., 

8 
~ fo 
Q) 6 "Q) 6 :r: :r: 

4 4 

2 2 

0 0 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 

16 16 
14 14 

] 
12 12 
10 ] 10 ..., 
8 ..., 

8 ~ 
6 i Q) Q) 6 :r: ::r: 
4 4 

2 2 

0 0 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 

16 16 

14 14 

a 12 a 12 

3 10 3 10 

~ 8 1l 8 

6 
.!:'!> 

Q) Q) 6 :r: :r: 
4 4 

2 2 

0 0 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 

Width(=) Width(=) 

Figure 3.6: Sequence showing scattering of a wave propagating though a sand 
saturated with water and iso-octane with a NAPL-water finger in pure water. 
Time increases in the panels as they progress from upper left to lower right . 
(Red represent positive amplitudes and blue negative amplitudes in the wave 
front.) 
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timates of velocity. After averaging these waveforms to simulate the effect of the 

finite dimension of the receiver, it is clear that the first arrival time will be only 

slightly affected by the distortions in waveform caused by the heterogeneities. 

However, as shown in Figure 3.8 the effect upon the peak amplitude of the first 

arrival can be significant. 

3.3.2 Dependence of attenuation on pore scale fluid dis

tribution for identical pore-fluids 

In order to allow a meaningful comparison between observations and calcu

lations, consideration must be given to the fact that the models in Figure 3.4 

and results in Figures 3.5 and 3.8 involve different pore-fluids for the three dif

ferent models. Thus in these models the attenuation is not only caused by the 

irregular fluid distribution but is also partly caused by the different reflection 

coefficients of water-n-dodecane, water-iso-octane and freon-air. A direct com

parison is therefore not possible without taking two attenuation mechanisms 

into account: the different reflection coefficient of the liquid pairs as well as the 

distribution of the pore filling fluids. To obtain the attenuation effect of the 

phase distribution only, we have to compare different spatial distributions for 

identical pore-fluid pairs. 

In comparison to a stable NAPL-water front, a heterogeneous fluid distribu

tion causes additional scattering and therefore further attenuation. As discussed 
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Figure 3.7: Similar to Figure 3.6 for the case of a wave propagating though a 
saturated sand with an air inclusion. 
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Figure 3.8: Average simulated waveforms for the three models shown in Fig
ure 3.4. The 33 synthetic traces shown in Figure-3.5 for each model were stacked 
to obtain these waveforms. To allow for an easier comparison between the differ
ent models, the arrival times have been normalized, relative to the fiat interface. 

before, fingering most likely occurs for iso-octane displacing water due to a vis-

cous instability. To focus only on the attenuation mechanism caused by the fluid 

heterogeneities, we compare the previous calculation of a finger of iso-octane in 

an otherwise water-saturated sand with the results obtained for a fiat interface 

of water and iso-octane. The change in amplitude caused by the presence of a 

finger can be seen in Figure 3.9a, where the solid line represents the fiat interface 

and the dotted line the uneven interface. The reduction in amplitude is 40% 

and is caused by the fluid distribution only. We also calculated the amplitude in 

a freon-saturated sand with and without an enclosed air bubble. The single gas 

inclusion results in an amplitude change of approximately 15% (Figure 3.9b ). 

The result suggest that a very small amount of gas in an unconsolidated media, 
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significantly attenuates the elastic wave. The change in amplitude of approx

imately 40% for fingering and 15% for a gas inclusion are comparable to the 

differences between the measured and the synthetic data computed from a one

dimensional model in Figure 3.lb and c. In real media, it is most likely that 

multiple fingers and gas inclusions develop, which would further enhance atten

uation resulting from scattering. 

These si:rimlations demonstrate that scattering from inhomogeneous pore

fluid distributions or from gas inclusions are important attenuation mechanisms 

for immiscible liquids in porous media. Attenuation effects are therefore depen

dent on the properties of the pore-fluids as well as their distributions. 

3.4 Conclusion 

This study shows that the amplitude of P-waves propagating through satu

rated sands is a function of N APL fraction as well as its distribution. Because 

spatial resolution is limited to the size of the receiver, the resolution of het

erogeneities smaller than the piezoelectric crystal is not possible, but the dif

ference between the measured and the modeled data suggests that the fluid is 

not propagating through the sample as a stable NAPL-water front. Thus the 

measurement of both velocity and amplitude and comparison with model cal

culations may serve as a diagnostic tool for heterogeneous fluid distribution. If 

the velocity data fit the one-dimensional model but the amplitudes deviate from 
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Figure 3.9: The normalized stacked amplitude of a wave propagating through a 
sandpack a) fully saturated with iso-octane and water. The solid line represents 
a fiat and the dotted line a fingering interface between the two fluids. b) Similar 
results for a sandpack fully saturated with freon except for a single gas inclusion. 
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the data with increasing NAPL saturation, this may indicate that fingering or 

gas inclusions are present. In the real world inhomogeneous fluid distribution is 

most likely the norm, therefore ultrasonic attenuation measurements which are 

sensitive to the N APL distribution, could be potential tool to delineate contam

inants. 
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Chapter 4 

Effects of Viscous Pore Fluids on 

Ultrasonic Waves in Unconsolidated 

Sand 
/ \ 

I 

4.1 Abstract 

Ultrasonic attenuation measurements in unconsolidated sand with pore flu-

ids of different viscosities were compared with three theoretical models. The 

comparison allows an evaluation of the main loss mechanisms, caused by the 

' I 
different pore fluids ranging in viscosity from 0.001 to 1 Pa/sec. In the labo-

ratory, P-wave measurements were taken through sand samples saturated with 

water, castor oil and two different silicone oils. The attenuation shows a fre-

quency squared dependence for all measurements regardless of viscosity. The 

results show that for unconsolidated sand the Local Flow Model (LFM) and 

the unified Biot and Squirt model (BISQ), which imply significant effects of the 

viscous pore fluids on ultrasonic waves, cannot explain the laboratory measure-
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ments. The main attenuation effect observed in the laboratory can be simulated 

with a three-dimensional generalized Dynamic Composite Elastic Medium model 

(DYCEM), which includes scattering from the pores and grains as well as intrin

sic attenuatio11 caused by the viscous pore fluids. For the studied sand samples, 

scattering is the main attenuation effect for ultrasonic P-waves. 

4.2 Introduction 

The change of wave attenuation from dry to fluid-saturated rocks shows 

that the fluid content is crucial to understanding the loss mechanisms (e.g.,Vo

Thanh, 1991; Winkler and Murphy III, 1995; Murphy et al., 1986). Hence, the 

dependence of attenuation on material properties of different fluids and their 

interaction with the matrix have been the topic of various studies (Biot, 1956a; 

Biot, 1956b; Burridge and Keller, 1981; Mavko, 1979; Murphy et al., 1986; Gist, 

1997). 

In this study we focus on the importance of pore fluids in determining at

tenuation at ultrasonic frequencies by comparing experimental laboratory data 

with different theories. Three different attenuation mechanisms were examined 

to predict compressional wave attenuation in a quartz sand saturated with :flu

ids of different viscosities. The first theory is the Local Flow Model (LFM) 

by O'Connell and Budiansky (1977), which is based on local :flow losses due to 

fluid movement between pores and cracks and within cracks. The second model 
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by Dvorkin and Nur (1993) combines Biot's theory and squirt flow (BISQ). 

The third theory examined is the three-dimensional dynamic composite elastic 

medium theory by Kaelin and Johnson (1998), which combines the scattering 

-
attenuation of pores and grains and the intrinsic attenuation of the viscous flu-

ids. 

4.3 Experimental Procedure and Results 

We have measured the P-wave attenuation of ultrasonic waves through an 

unconsolidated quartz sand in order to calculate the effect of different fluid 

viscosities. For the laboratory measurements, a sub-rounded quartz sand1 sieved 

between 60 and 70 mesh (212 p,m and 250 p,m openings, respectively) was chosen. 

The different pore fluids were water, two different silicone oils and castor 

oil, which had- a three-decade variation in viscosity ranging from 0.001 to 1 

Pa/s (Table 4.1). To saturate the specimens, the fluids were poured onto the 

transducer, which was jacketed by a flexible sleeve. A vacuum was applied to 

the fluids so that no air was retained. Then, the washed and dried sand was 

carefully poured into the fluid to avoid traped air in the sample. The specimens 

were packed to a porosity of about 35%. The sand samples were cylindrical 

with a diameter of 50.5 mm and an average length of 36.5 mm. During the 

measurements an axial pressure of 0.69 MPa was maintained. We used the 

1Silica 60, Pyrominerals, Oakland, California, U.S.A. 
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and Toks'Oz,.1974). The obtained phase velocities in the low frequency limit for 

different samples are listed in Table 4.2; 

At low frequencies; the attenuation shows a frequency squ:ared dependence, 

regardless of the pore filling fluids (Figure 4.1b). At higherf~equencies, the sig-

nals are highly attenuated, and we found that the signal-to-noise ratio becomes 

too small for reli~ble amplitude me~surements if the amplitudes are ~mailer than 
. . ·. . . \ ' 

about ·5% of th~ reference- signaL With an averag~ sample length of 36.5 mm, 

tlie mea.Sured attenuations are therefore significant only if a< .0.08 mm-1 (Fig-

ure-4;1b) .. 

4.-4 E.valuation of'diffe:rent .theories~ of attenuation-caused 

by pore fluids 

4.4.1 Loc~ Fl~w Model, (LFM). 

O'Connell and Budiansky (1977) identified two different mechanisms which 

cause attenuation of seismic waves in fluid saturated porous media. The first 

mechanism is the relaxation of shear stresses in individual cracks and becomes 

important only for frequencies greater than about 10 MHz. The critical angular 

frequency is 

pc 
WI=,..--, na (4.7) 

whe:re p is the shear modulus of the matrix, TJ is the fluid viscosity and. (c/a) 

is the aspect ratio of the cracks. Between 10 and 1000 kHz, .the dominant 
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Figure 4.1: a) shows the measured P-wave traces for sand samples saturated 
with the pore fluids water, cslO, cs100 and castor oil. The time windows used 
to calculate the frequency dependent attenuation in b) have been marked. At
tenuation are significant only if a < 0.08 mm-I, which is shown as a grey 
line. 



\ ' 

62 

dissipation mechanism is caused by fluid flow between cracks. In this case, the 

maximum attenuation occurs at 

(4.8) 

wher~ K is the bulk modulus of the matrix. O'Connell and Budiansky (1977) 

have shown that their model is applicable for solids containing fluid phases 

distributed as thin films and that the Local Flow Model (LFM) is applicable to 

laboratory data for water saturated rocks. 

We calculated the frequency dependent attenuation by applying the LFM 

with the bulk and shear modulus of quartz (37.9 GPa and 44.3 GPa), respec-

tively, Carmichael (1989), and the viscosity for the different fluids (Table 4.1). 

The only two unknowns are the aspect ratio and the crack density t:, 

2N A2 

t:=--, 
7r p 

(4.9) 

where A is the area, P the perimeter and N the number of cracks per unit vol-

ume. We have varied the aspect ratio and the crack density to obtain the best 

fit to the measured water-saturated sample. With t: = 0.33 and c/a = 0.01, the 

LFM fits the attenuation of the water-saturated sample very well (Figure 4.2a). 

Figure 4.2b, 4.2c and 4.2d show the P-wave attenuation as a function of fre-

quency for the pore fluids silicone oil cs10, cs100 and castor oil, respectively. 

Each fluid has a viscosity ten times larger than the previous one. Equation ( 4. 7) \ I 

shows that the critical frequency is inversely proportional to the fluid viscosity. ! \ 

I ' 
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' i Hence, the critical frequency is shifted by three orders of magnitude from water 

to castor oil. This feature is not observed in the measurements and, therefore, 

the misfit between measurements and LFM becomes large for the more viscous 

fluids. 

4.4.2 Biot's theory and squirt flow (BISQ) 

Dvorkin and Nur (1993) presented an unified dynamic poroelasticity model 

for the propagation of P-waves in poroelastic solids containing compressible 

viscous fluids. Their model takes into account two mechanisms of fluid-solid 

interaction: 

1. The Biot mechanism, where the fluid is forced to participate in the solid's 

motion by viscous friction and inertial coupling. 

. t 

2. The squirt mechanism, where the fluid is squeezed out of thin pores or 

cracks due to the solid's compressibility. 

To compute the attenuation with the BISQ model, we have used the same 

fluid and solid properties as for the LFM model. The additional parameters 

needed are 35% porosity, 9.5 · 10-12m2 permeability and 0.25 Poisson's ratio 

of the water saturated sample, which were all obtained from laboratory mea-

surements. The characteristic squirt flow length was set to 0.25 mm and the 

additional coupling density is zero, according to Berryman's (1980a) formula. 
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Figure 4.2: Frequency dependent attenuation for measured and synthetic data 
for a) water and b) 10cs silicone oil. For calculating attenuation with the Local 
Flow Model (LFM) by O'Connell and Budiansky (1997), we have used an aspect 
ratio 0.01 and a crack density of 0.35. 
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Figure 4.2: Attenuation as a function of frequency for measured and synthetic 
data for c) lOOcs silicone oil and d) castor oil. For calculating the attenuation 
with the Local Flow Model (LFM) by O'Connell and Budiansky (1997), we have 
used an aspect ratio 0.01 and a crack density of 0.35. 
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Figure 4.3a shows the attenuation calculated with the BISQ model and the pa

rameters above. Comparing the measurements in Figure 4.3b with the synthetic 

results in Figure 4.3a, we find that the measured attenuation is about one or

der of magnitude smaller than predicted by the BISQ model. Furthermore, the 

BISQ model shows the frequency squared dependance only for the case of the 

silicone oil cslOO. Similar to the LFM, the BISQ model predicts a much stronger 

dependence on fluid viscosity, than is not observed in the measurements. 

4.4.3 Dynamic composite elastic medium theory 

The dynamic composite elastic medium theory includes multiple forward 

scattering from spherical pores and grains as well as intrinsic attenuation of 

viscous fluids (Kaelin and Johnson, 1998). The elastic P-waves and S-waves 

experience multiple scattering from grains and pores. Depending on the ratio of 

wavelength to grain size, different scattering regimes can be observed. Hence, it 

is important to know grain size and pore size distributions. Before the waveforms 

for the different samples can be calculated, we have to first determine the P

velocities and S-velocities of the matrix. In unconsolidated porous media, the 

velocities of elastic waves are generally smaller than those of the single crystals 

(e.g.,Gassmann, 1951; White, 1965). It has been generally accepted that this 

effect is caused by cracks within the grains and grain contacts. 

In the low frequency limit, the dynamic composite elastic medium theory is 
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Figure 4.3: Frequency dependent attenuation for for a) synthetic data and b) 
measured data for different fluid viscosities. The synthetic data have been cal
culated with Biot's theory and the squirt flow model (BISQ) (Dvorkin and Nur, 
1993) for the different pore fluids. 
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equivalent to Berryman's theory (Berryman, 1980b ). Thus, with the porosities 

and phase velocities in Table 4.2 and the fluid properties in Table 4.1, the P- and 

S-velocities of the matrix can be calculated after Berryman (Berryman, 1980b ). 

KMa - [ 1 ¢ r 
(1 - ¢>) K + 4p/3 - K1 + 4p/3 - 411-/3 

[ 1 ¢r ' . 
/l-Ma (1- ¢>) -- - F 

p+F F I_ 
F 

p 9K +8p 
(4.10) - 6 K+2p 

p - (1- ¢>)PMa + rPPJ 

p - pv; 

K - pv;- 4p/3 

where Kf is the bulk modulus and Pi the density of the fluid. KMa, Jl-Ma, PMa 

and K, p, p are the bulk modulus, shear modulus and density of the matrix and 

the saturated sample, respectively. The calculated matrix velocities in Table 4.3 

vary significantly for the different samples, even though we have used the same 

quartz sand. We suspect that differences in the physical fluid properties have 

caused changes in the elastic matrix properties. 

Table 4.3 also shows that the variation correlates strongly with the adhesion I ! 
' ' 

tension between the different fluids and the quartz grains. Adhesion tension· 

was calculated for the different fluids from the measured surface tension and the 

capillary rise in a glass tube of 1 mm diameter. We suspect that during the 

sample preparation fluids remain as thin films between the quartz grains and 
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Table 4.2: Saturated sand: sample length, porosity and measured low frequency 
P- and S-wave velocities of the different samples. All samples were 50.5 mm in 
diameter. 

Saturated Sand length (mm) porosity (%) vp (m/s) vs (m/s) 

water 37.0 36 1810 1029 
cs10 oil 36.5 35 1289 742 
cs100 oil 36.5 35 1326 725 
castor oil 35.5 34 1747 1012 

fluids with high adhesion tension provide better contact between the grains. 

However, a detailed study of the adhesion tension effect on the ultrasonic waves 

is beyond the scope of this study. 

The pore size distribution was determined from a fully water-saturated sand 

sample by progressively desaturating it by increasing the capillary pressure. By 

using the capillary bundle model (Childs and Collis-George, 1950), we can relate 

the pore radius to the cummulative relative frequency (Figure 4.4). Since the 

capillary bundle model is an idealization of the pore geometry represented by a 

collection of capillary tubes of different radii, we have used the obtained pore 

size distribution only and left the mean pore radius as an adjustable param-

eter. We found that the sum of two log-normal distributions can explain the 

measured pore size distribution reasonably well (Figure 4.5). Both log-normal 

distributions had a mean of 26.3 pm and standard deviations of 2.63 1-lm and 

38.2 /-lm, respectively. The weight of the distributions. was 47% and 53%. The 

grain size was determined from the sieve openings between 212 1-lm and 250 /-lm, 
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Figure 4.4: Pore size distribution from capillary pressure measurements on the 
primary drainage curve, assuming the pores can be represented by the capillary 
bundle model. To fit the measurements, we have used two log-normal distribu
tions with a mean pore radius of 26.3 p,m and standard deviations of 2.63 p,m 

and 38.2 p,m, respectively. 

which corresponds to 230±20 p,m grain diameter or 115±10 p,m grain radius. 

To obtain the mean pore radius of spherical pores, we have computed the 

frequency dependent attenuation with the dynamic composite elastic medium 

theory and the material pr.operties inTable 4.1, the matrix velocities in Table 4.3 

and the pore size distribution in Figure 4.5. By minimizing the difference be-

tween the calculated and the measured attenuation (Figure 4.1b ), the mean pore 
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Figure 4.5: Two log-normal distributions representing the measured pore radii 
distribution (Figure 4.4). The first distribution takes up 47% and the second of 
53% of the summed distribution. 

radius for each sample was obtained (Table 4.3). Since each sample represents 

one realization of the grain and pore size distribution only, we have computed 

the average pore radius and its standard deviation of the four samples, which is 

136±29 p,m: 

For comparison of the synthetic data and the laboratory measurements we 

convolved the obtained Green's functions with the reference spectrum. Fig-
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Table 4.3: Calculated P- and S-wave velocities of the matrix after Berryman 
(1980), for different samples. The adhesion tension between pore fluids and 
quartz grains has been calculated with the measured surface tension and the 
capillary rise in a glass tube with 1 mm diameter. The mean spherical pore 
radius has been calculated with the dynamic composite elastic medium theory. 

Saturated 
Sand 

Matrix Matrix 
vp* vs* 

Spherical 
Pore 

Radius* 

Surface 
Tension** 

(m/s) (m/s) . (JLm) (dyne/em) 

Water 2390 1670 140 70.5 
cs10 oil 1720 1180 94 23.1 
cs100 oil 1750 1130 155 23.8 
Castor oil 2150 1480 155 40.7 

• calculated properties, .... measured properties 

Capillary 
Rise** 

(mm) 

13 
6 
6 
13 

Adhesion 
Tension* 

(dyne/em) 

33.1 
14.5 
14.5 
31 

ure 4.6a shows the calculated and ·~igure 4.6b the measured P-waves which 

propagated through sand samples saturated with fluids of different viscosity. 

The amplitudes have been normalized by the first arrival. The frequency de-

pendent attenuation has been computed with half a cycle of the first arrival, 

analogous to the measured traces. Figure 4. 7 shows the attenuation as a func-

tion of frequency for calculated and measured data for a) water, b) lOcs silicone 

oil, c) lOOcs silicone oil and d) castor oil. The mean synthetic attenuation and 

the limits shown in Figure 4. 7 were obtained from the average pore radius of 

136 JLm and two standard deviations of 58 JLm, respectively. 

The measurements lie within the limits for all fluids and the attenuation 

always shows a frequency squared dependence with an insignificant dependence 

on viscosity. The differences between the different samples are mainly caused 
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Figure 4.6: a) Synthetic and b) measured ultrasonic waves through a sand sam
ple fully saturated with fluids of different viscosity. The synthetic traces have 
been calculated with the dynamic composite elastic medium theory. 
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by weaker or stronger scattering due to the velocity differences between matrix 

and fluids. Geometric spreading effects due to the velocity differences are much 

smaller and do not significantly add to the attenuation. Since the dynamic 

composite elastic medium theory accounts for scattering and viscous intrinsic 

attenuation, we can conclude that the viscous attenuation is much weaker than 

the scattering attenuation at the studied ultrasonic frequencies. Hence, the 

viscosity effect is negligible for unconsolidated sand with grain diameters of 

230 J.tm or larger in the ultrasonic frequency range. 

4.5 Conclusions 

The P-wave attenuation of an unconsolidated sand with different viscous 

fluids shows a frequency squared dependence for frequencies between 100 and 

1000 kHz. We have examined three different theories to explain the labora

tory measurements. The Local Flow Model (LFM) is based on fluid movement 

between and within cracks. This model can explain the measurements for the 

water saturated sand well, but fails for fluids with larger viscosities. The combi

nation of Biot's theory and squirt flow (BISQ) fails to adequately simulate the 

experimental data for all viscous fluids tested. The calculated P-wave attenu

ation is unrealistically high and only in the case of silicone oil cslOO does the 

attenuation show the correct frequency dependence. The last theory examined 

is the dynamic composite elastic medium theory, which is based on scattering 
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Figure 4. 7: Attenuation as a function of frequency for measured data (Fig
ure 4.6b) and synthetic data (Figure 4.6a) for a) water and b) 10cs silicone oil. 
Significant attenuation values are smaller then 0.08mm-I, marked by the dashed 
lines. 
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and intrinsic attenuation. This theory yields the correct frequency dependence 

and the measurements lie within the uncertainty due to the different sample 

realizations. After examining the laboratory data and three different physical 

models, we conclude that for grain diameters larger than 230 p,m the P-wave 

attenuation in the studied ultrasonic frequency range is mainly caused by scat

tering attenuation. The viscosity of the pore fluid causes only a small amou~t of 

attenuation in the examined frequency range. At lower frequencies, scattering 

attenuation becomes weaker and viscous fluids may become important, which 

could explain some of the differences observed when comparing laboratory and 

field measurements. • 

4.6 Appendix: Measurement of capillary rise and surface 

tension to calculate adhesion tension 

Adhesion tension is the quantity that determines how strongly a liquid will 

be drawn into spaces of small cross-section in the solid. Adhesion tension AT 

can not be measured directly, but can be calculated from the capillary rise he 

and the surface tension u1a, both of which can be easily measured (Adam, 1941; 

. Feather and Shoenberg, 1949). 

AT= Ufa cosO, (4.11) 
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Here f refers to the liquid and a to the air. The contact angle 0 is given by 

n r Pi 9 he cosu= 
2 

, 
Uia , 

(4.12) 

where r is the radius of the ca~illary tube, Pi is the density of the fluid and g 

is standard gravity. 

The surface tension is commonly determined by the ring method. A ring 

made of a combination of platinum and iridium is immersed in the liquid whose 

surface tension is to be measured. The tension of the wire is increased by pulling 

the ring upward until the breaking point of the film is reached. The force of 

the pull exerted on the ring is the apparent surface tension. This value has 
" 

to be modified with certain correction factors depending upon the density of 

the fluid, the maximum pull on the ring and the dimensions of the ring. For 

our measurements (Table 4.3), a DuNouy Tensiometer was used with ring #1 

(r=9.5366mm). 

Knowing the capillary rise, equation ( 4.12) allows the calculation of the con-

tact angle. The rise of a liquid in a capillary tube is simply caused by adhesive 

forces between the water and tube. The height to which the meniscus rises 

depends upon the radius of the tube and its material. For our measurements ' ! 

(Table 4.3), a clean glass tube of 1 mm diameter was used. 



Chapter 5 

Wettability Effects on Ultrasonic and 

Electrical Resistivity Measurements 

5.1 Abstract 

79 

Ultrasonic P-wave and S-wave as well as electric resistivity measurements 

were taken in a water-wetting and NAPL-wetting unconsolidated saturated 

sand. For our laboratory experiments the samples were initally saturated with 

one liquid, either water or n-dodecane, which was then displaced by the second 

liquid while measurements were made as a function of the volume of displaced 

liquid. The value of the residual saturation at the endpoints is mainly a func

tion of the wettability. As expected, in hydrophilic media, lower residual N APL 

saturations can be reached than in hydrophobic media. Normalized amplitude 

and velocity of seismic P-wave measurments show no signficant differences for 

water-wetting or n-dodecane-wetting sand, which could not be explained within 

the error of the measurements. But we hypothesized that since a change in 
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wettability is accompanied by a change in the amplitude of transmitted waves, 

the intergranular contact is a function of wettability. This idea is also supported 

by the observation that S-waves can be observed for n-dodecane-wet sand but 

not for water-wet sand. 

Since the electric current prefers to :flow within the conductor, which is water, 

the electric resistivity measurements as a function of N APL-saturation showed 

some dependence on wettability. For initally water saturated samples no high 

resistivity values could be measured in the water-wet sample, since the grains 

were preferentally water wetting, whereas high resistivity measurements could 

be measured for the n-dodecane wetting sand. For the case were N APL was 

displaced by water, the same behaviour could be observed in the hydrophilic 

and hydrophopic media; as soon as the water extended over the entire length of 

the sample the resistivity decreased instantly. 

5.2 Introduction 

Understanding and being able to measure the wettability of a polluted site is 

critical for remediation predictions. Wettability describes thetendency of a fluid 

to spread on a solid surface in the presence of another immiscible fluid. In general 

natural aquifer sands are water wetting, but they can change their wettability if 

exposed to certain NAPLs (nonaqueous phase liquid). Therefore a wide range of 

wetting conditions can be expected following spills of complex N APL mixtures 
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to the subsurface (Powers et al., 1997). Since the wettability affects the capillary 

pressure at which the organic phase is displaced, it will impact the efficiency of 

many in situ remediation technologies. The more NAPL-wetting a polluted site 

is, the lower is the potential recovery of N APL from the subsurface; hence it is 

critical to know as much as possible about the wettability of a site before its 

remediation. 

To date, seismic wave propagation experiments have been performed only in 

water-wetting sand or it was assumed that the media was hydrophilic. Given 

that contaminated sites have mixed wettability, it is of interest if the wettability 

has an effect on the detection of N APL by ultrasonic wave propagation. 

5.3 Laboratory Experiments 

Measurements of P-wave and S-wave transmission and electrical resistivity 

were made in quartz sand samples fully saturated with varying fractions of 

water and NAPL. These measurements were made in water-wetting and NAPL-

wetting sand to determine if the type of wettability could affect the response. 

The N APL used for our experiments was n-dodecane, which is an analog for the 

common groundwater contaminant, diesel fuel. 
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5.3.1 Wettability 

Water-wet porous media have the potential of altering their wettability when 

exposed to N APLs. We obtained hydrophobic media by adding coarse quartz 

sand to n-dodecane and letting is sit for 2 days, after which the sand was air 

or oven dried. Even though it was exposed to room temperature for two weeks, 

the air dried sand never really dried and kept its oily consistency, whereas the 

sand dried in the oven showed no sign of n-dodecane residue. 

Since the wettability is a function of the adhesive forces existing between a 

fluid and a solid surface, the height (h) to which a fluid rises in a glass capillary 

tube is a function of its wettability. Ifthe contact angle 0 measured between 

the solid surface ( s) and the tangent to the fluid (/) is smaller than 90°, the 

fluid is called wetting. The contact angle can be related to the interfacial energy 

between two media ( 'Y) through the equation 

'Yes- 'Yfs = 'YJcCOs(O), (5.1) 

where, (c) stands for a second fluid or gas. The measured height of capillary 

rise is then given by 

h = 2/jcCos(O)' 
pgR 

(5.2) 

where p is fluid density, g is acceleration due to gravity and R is the radius of 

1Granusil #4075, North Kato Supply, Mankato, Minesota, U.S.A. 
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the capillary tube. 

Equation 5.2 implies that the height of the capillary rise will decrease if the 

conditions change to reduce the wettability of the solid to the imbibed liquid. 

An easy way to compare the wettability of two porous media with the same pore 

radius and similar densities (Table 5.1) is therefore to measure their capillary 

rise. The experimental setup consisted of a plexiglas tube filled with sand and 

sealed on the bottom by an steel mesh. The bottom of this tube was immersed 

appoximately 5mm into a reservoir of blue dyed water. The sand sample was 

elevated from the bottom of the water contain~r on a plastic rack to provide 

a good contact between the sand and the water. The porous medium was a 

sub-rounded quartz sand sieved between 18 and 20 mesh (840- and 1000 11m 

openings, respectively) . For each experiment 200 gm of sand were used, and the 

diameter of the plexiglas tube was 44 mm; therefore hundreds of grains were 

in direct contact with the water, which allows the assumption that the average 

pore size for two compared samples was the same. 

In a first experiment we compared the wettability of the oven dired and 

air dried NAPL-wetting sand, by placing the two samples into the same water 

reservoir (Figure 5.1 ). No spontaneous imbibition of the aqueous phase into the 

porous media took place; even after waiting for 4 and 5 days, no change in the 

water level could be observed. This implies that the wettability is not sensitive 

to the way the sand was dried. 
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Figure 5.1: Plexiglas tubes filled with sand which were exposed to n-dodecane 
for a few of days. Sample at the right was air-dried where the sample on the right 
was oven-dried. Even though the samples were dried in different ways, there 
was no imbibition of water (dyed blue fluid) in either case. 
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Table 5.1: Physical and chemical properties of NAPL contaminants 

Parameters 

Densitya) (kg m-3 ) 

Viscositya) (mPa s) 
Vapor Pressureb) (kP a) 
Reflection Coefficenta 
Interfacial Tensiona) 
Dielectric Constanta) 
Solubility in watera) 

a) Geller and Myer 1995 b) Lide 1995 

Water 

997 
0.890 
3.17 

78.3 

n-Dodecane 

745 
1.378 
0.016 
0.19 
52.8 

2.014 
0.0037 

In a second experiment we compared the oven dried (Figure 5.2 a) and air 

dried (Figure 5.2 b) samples with untreated (water-wetting) samples and ob-

served differences in capillary rise. Figure 5.2 shows that water imbibes spon-

taneously into samples which were not treated with n-dodecane. This method 

gives us a qualitative means of assessing wettability and proof that we could 

prepare the sand to be non-water-wetting. 

Following our seismic and resistivity measurements, where the N APL-wet 

sand was fully water saturated for at least two days, we compared this sand 

again with water-wetting sand. Figure 5.3 shows that the water preferentially 

wants to coat the solid surface of the untreated sand and that n-dodecane-

wetting sand did not change its wettability. 



86 

a) 

b) 

Figure 5. 2: a) shows the air dried sand (left) and b) the oven dried sand (right) 
which were exposed to n-dodecane in comparison with the untreated sand. The 
untreated sand is highly water-wetting. 
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Figure 5.3: The sand on the left side had been used for our seismic and electric 
resistivity measurement, during which the sample was fully saturated with water 
for at least two days. As can be seen, this did not affect the wettability of the 
sand. The sand was dyed red by the coloured N APL which we injected into 
the initally fully water saturated sample, to take measurements as a function 
of N APL-saturation. On the right side for comparison is a sample of untreated 
sand. 
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5.3.2 Seismic and Electric Resistivity Measurments 

P-wave and S-wave as well as electrical resistivity measurement were made 

simultaneously on 7 em diameter by 4 em long samples in a triaxial cell. Low 

axial and confining stresses, characteristic of the shallow subsurface (tenths of 

MPa), were applied. Experiments were conducted with media that were initially 

saturated with water and initially saturated with N APL. The measurements 

were made in fully saturated samples while the ratio of N APL to water in the 

saturating fluid was slowly changed. 

Ultrasonic wave propagation was measured with the pulse-transmission tech

nique in sand columns saturated with water and N APL. Pulses were generated 

from a high-voltage source operating at 800 V with a pulse width of 600 ns . 

The transmitting and receiving elements were identical and had a central fre

quency of 500 kHz. The received traces were digitally recorded by a 20 MHz 

data acquisition system and stacked 100 times to reduce the noise. (For further 

details on instrumentation and set-up see Geller and Myer, 1995). We measured 

the change in travel time (from which velocity was computed) and zero-to-peak 

amplitude normalized by the amplitude for the initally water-saturated sample 

of the arriving wave as a function of NAPL saturation. Liquid saturation was 

changed by injecting incremental volumes of the displacing liquid with a syringe 

pump, and computed by mass balance on the displaced and displacing liquids. 

Electrical resistivity at 90 Hz was measured with the four-electrode technique, 
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using stainless-steel disks at the sample ends for current drivers; the potential 

electrodes were stainless steel rings embedded in the sand one third the total 

sample length from the sample ends. 

Two series of measurements were made on each sample. Initally the sample 

was saturated with water and then n-dodecane was slowly injected from the top 

to displace water which was extracted from the bottom. This process continued 

until the injected n-dodecane began to appear at the bottom of the sample, 
i 

indicating that n-dodecane was flowing through the sample without displacing 

water. The amount of water left in the sample at this point was called the 

residual water saturation. Once this saturation was attained, water was injected 

into the sample to displace n-dodecane. Most of the data indicate a hysteretic 

behavior, which may be due to the different liquid distribution during drainage 

compared to imbibition. The second series of measurements was similar to the 

first except that water was injected into a sample initially saturated with n-

dodecane. 

5.4 Interpretation 

Let us first compare the seismic measurements of the NAPL-wet and the 

untreated sand which was strongly water wet. Figure 5.4 and Figure 5.5 show 

P-wave velocity and normalized amplitude as a function of n-dodecane satura-

( 

tion, for water-wetting and ·n-dodecane-wetting sand, respectively. The most 
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obvious difference between the two figures is the residual saturation. The black 

lines represent initally water saturated samples, where the water was displaced 

by NAPL. The saturation at which the injection of more NAPL did not displace 

any more water represents a saturation endpoint. In the case of the water-wet 

sands this endpoint is at appro'ximately 57% NAPL (43% water). (Figure 5.4), 

whereas for n-dodecane-wetting sand (Figure 5.5) the endpoint reaches 93% 

NAPL (7% water). Starting out with an initally NAPL-wet sand (red lines) and 

displacing the NAPL by water, the opposite holds true. 85% of the inital n

dodecane can be displaced by water (Figure 5.4~, whereas for the water-wetting 

sand only 55% can be displaced (Figure 5.5). These results make sense in terms 

of the wettability and capillary rise discussed earlier. NAPL injected into an 

intially water saturated sample can not occupy the smaller pore spaces, leading 

to a higher residual saturation of the water. If the sample is initally n-dodecane 

saturated, th~ water reaches the small pores, resulting in a lower saturation of 

N APL. In a N APL-wet system the opposite happens, as the organic phase will 

wet the sand grains and occupy the smallest pore spaces. Figure 5.6 compares 

the seismic pulse in fully water saturated and n-dodecane saturated samples 

for water-wetting and n-dodecane-wetting sand. Independent of the pore filling 

fluid, we observe that the N APL-wetting sand always shows higher absolute 

amplitudes. This could imply that the intergranular contact of the sand was 

somehow improved by the change from water-wetting to n-dodecane wetting, 



a) 
2100 

2050 

2000 

1950 
u 
Q) i 1900 

-~ 1850 
(.) 
0 
a.; 
> 1800 

1750 

1700 

1650 

b) 

0.9 

Q) 

"0 0.8 :::J -0.. 
E 
tU 

0.7 "0 
Q) 

~ 
tU 
E 0.6 0 
c 

0.5 

0.4 

91 

~- . · .. .... ...... . . 1· · • · · initally water saturated ~ I--
~ - - 1- e- initally n-dodecane saturated .. .. , 

~ · . 
t.. 

. . 
0111.. -~ •. 

' . 
' ' .. 

~- -· ~ ... ·- ... , -" • ' 
'• ' 

' . -.. -.. 
' ' ·- • 

I 
I 

. ~ 
I ' I 

-5 0 5 1 0 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 1 00 

n-dodecane saturation(%) 

.. .. 

~ -
· · • · · initally water saturated I . - •- initally n-dodecane saturated . 

•• . . 

l \;~-r-. .. .. .. .. •·· .. 
• i- . -\ .. •• •• -" .. ~".:.. .. -· - • ;- ~ --· .... , •• ,; ' .. _ 

,...A ' -. ' --- ... - .,. 
~ 

' ' 

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

n-dodecane saturation (%) 

Figure 5.4: P-wave velocity a) and normalized amplitude b) as a function of 
n-dodecane saturation for water-wet t ing sand. Black line represents the initally 
water-saturated sample, where the water has been displaced by N APL. The red 
line is the opposite , the sample was initally fully n-dodecane saturated and then 
displaced by water. 
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Figure 5.5: P-wave velocity a) and normalized amplitude b) as a function of 
n-dodecane saturation for n-dodecane-wetting sand. Black line represents the 
initally water-saturated sample, where the water has been displaced by N APL. 
The red line is the opposite, the sample was initally fully n-dodecane saturated 
and then displaced by water. 
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Figure 5.6: Measured first arrival of the P -waves for water-wetting sand (green 
lines) and n-dodecane-wetting sand (black lines). The amplitude for n-dodecane 
wetting sand is always larger than for water-wetting sand, independent of the 
pore-filling :fluid, water (solid lines) or n-dodecane (dotted lines). 

leading to less absolute attenuation. Another indication for this change, is that 

S-waves as a function of NAPL-saturation (Figure 5.7) can be observed and 

measured in the case of n-dodecane wetting sand, whereas S-waves could not be 

reliably measured for the water-wetting sample. S-waves are rather difficult to 

measure in unconsolidated material, since their amplitudes decrease much faster 

than those of P-waves . Furthermore, the converted S- to P-waves arrive before 

the main S-pulse, which can distort the first non-converted S-wave, making it 

hard to measure. Figure 5.8 shows the traces for a n-dodecane-wetting and 

water-wetting fully water saturated sample. The velocity was measured by ex-

tending the amplitude baseline until it intersected the trace of the first arriving 
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F igure 5.7: S-wave velocity a) and normalized amplitude b) as a function of 
n-dodecane saturation for n-dodecane-wetting sand. 
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Figure 5.8: S-waves traces for a n-dodecane-wetting (solid line) and water
wetting (dotted line) sand, which was fully water saturated. In the case of the 
n-dodecane wetting sand the S-wave amplitude could be measure by extending 
the amplitude base line (red line) until it intersects with the first non-converted 
pulse. For the water-wetting sand samples the S-wave could not be reliably 
measured. 

S-wave (red line in Figure 5.8) and the amplitude was taken from intersection 

point to the first peak. 

The electric resistivity measurements as a function of NAPL-saturation are 

plotted in Figure 5.9a for water-wetting and in Figure 5.9b for n-dodecane wet-

t ing sand. Electric current flows through dissolved ions in the water and there-

fore water acts as a conductor. Since resistivity increases in the presence of 

a nonpolar organic liquids , electric resistivity is sensitive to the fraction of n-

dodecane present. The initally fully water saturated hydrophilic sand shows only 

a small increase in resistivity with increasing NAPL-saturation (Figure 5.9a, 

black line). The electric current can flow through the water clinging to the 
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water-wetting grains in the NAPL-saturated part of the sample and hence the 

resistivity increases only slightly. When displacing the N APL by water, a point 

is reached where the resistivity drops rapidly from 20 kO to 1 kO, suggesting 

that the electric current has found a fast path and water extends over the entire 

length of the sample (Figure 5.9a), red line). 

In case of the NAPL-wetting sand the water can not travel along the layer of 

water attached to the grains. Because the grains are hydrophobic, an increase in 

N APL-saturation leads to higher resistivity measurements (Figure 5.9b, black 

line). For the initally n-dodecane saturated sample, behavior similar to the 

water-wet sand can be observed, as the resistivity drops as soon as water extends 

over the entire length of the sample (Figure 5.9b ), red line). 

5.5 Conclusion 

An experiment with n-dodecane and water saturated sands has shown that 

quartz grains change irreversibly from water-wetting to n-dodecane-wetting if 

the grains are exposed to n-dodecane for several days. Phase velocity and at

tenuation of ultrasonic waves are functions of NAPL concentration, whereas 

S-waves can be observed only if the sand grains are n-dodecane-wetting. Chang

ing the wettability of a NAPL-water-mineral system is also accompanied with 

a change of the effective P-wave amplitude, with the NAPL-wet sand showing 

higher amplitudes than the water-wet sand. Hence, the wettability seems to 
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Figure 5.9: Resistivity measurements as a function of n-dodecane saturation for 
a) water-wetting sand and b) n-dodecane wet t ing sand. 
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affect the elastic properties of the grain contacts. 

Resistivity measurements were also affected by the wettability of the sand

grains. An initially water saturated sample showed high resistivity only if the 

sand was n-dodecane wetting. Small resistivity can be observed if the grains are 

hydrophilic, because the grains are always covered by a thin film of water, which 

serves as an electric conductor that can not be displaced by n-dodecane. If n

dodecane was displaced by water, the sand sample showed high resistivity until 

water extended over the entire sample length and resistivity instantly decreased. 

We conclude that in contaminated sites with mixed wettabilities, the ob

served behavior of S-waves and electric resistivity can help to distinguish· be

tween regions of different wettabilities. 
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Chapter 6 

Outlook 

This study shows that the attenuation and velocity in ultrasonic elastic wave 

propagation can mainly be explained by scatte:ing. The agreement found in 

this study between laboratory measurements and numerical calculations sug

gests several topics for additional research. The results presented in this study 

focus on clean quartz sand sieved within certain meshsizes, which is a good 

representation of beaches, but has to be generalized for practical use. 

Thus, to do justice to the real earth, it is important to look at heterogeneous 

grain-size distribution as well as varying clay and silt fractions mixed with sands. 

Poorly sorted sands and silts are going to affect wave propagation as well as 

liquid distributions. N APL fraction and media characteristics will indicate the 

sensitivity of amplitude and velocity and maybe show how they can be jointly 

used to constrain their response to the presence of N APL in heterogeneous 

media. 

Further investigation should also concentrate on the extrapolation of lab-
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oratory data to field scale. An experiment is currently beeing conducted at 

the Lawrence Berkeley National Laboratory to test the effect of scale on the 

response of seismic signals to the presence of N APL contaminants in a 0.6 m-

scale tank of sand. This will provide an upscaling of approximately one order of 

' magnitude over the column experiments. The tomograms from this study might 

indicate how well the geophysical signals resolve the presence of N APLs in a 

three-dimensional setting, which is also more representative of field conditions. 



101 

References 

Adam, N. K., 1941, The physics and chemistry of surfaces: Lowe & Brydone, 

Printers, Ltd., London. 

Akbar, N., Mavko, G., Amos, N., and Dvorkin, J., 1994, Seismic signatures 

of reservoir·transport properties and pore fluid distribution: J. Acoust. Soc. 

Am., 59, 1222-1236. 

Berryman, J. G., 1980a, Confirmation of Biot's theory: Appl. Phys. Lett., 12, 

382-384. 

-- 1980b, Long-wavelength propagation in composite elastic media I. spher

ical inclusions: J. Acoust. Soc. Am., 68, no. 6, 1809 -1819. 

Biot, M.· A., 1956a, Theory of propagation of elastic waves in a fluid-saturated 

porous solid I. lower frequency range: J. Acoust. Soc. Am., 28, 168-178. 

-- 1956b, Theory of propagation of elastic waves in a fluid-saturated porous 

solid; II. higher frequency range: J. Acoust. Soc. Am., 28, 179-191. 

r 



102 

Biot, M.A., 1962, Mechanics of deformation and acoustic propagation in porous 

media: J. Appl. Phys., 33, 1482-1498. 

Bryant, S., arid Raikes, S., 1995, Prediction of elastic-wave velocities in sand

stones using structural models: Geophysics, 60, 437-446. 

Blirridge, R., and K~ller, J., 1981, Poroelasticity equations deri~ed from mi

crostructure: J. Acoust. Soc. Am., 70, no. 4, 1140-1146. 

CarmiChael, R. S. N., 1989, Practical handbook of physical properties of rocks 

and minerals: CRC Press, Inc. 

Childs, E. C., and Collis-George, N .,_1950, The permeability of porous materials: 

Proc., Roy. Soc. London, Ser. A, 201, 392~405. 

Clark, V. A., 1992; The dfect of oil under in-situ conditions on the seismic 

properties of rocks: Geophysics, 57, 894-901. 

de Hulst, H. C. V., 1957, Light scattering by small particles: Wiley Interscience. 

Dvorkin, J~, and Nur, A., 1993, Dynamic poroelasticity: A unified model with 

the squirt and the Biot mechansisms: Geophysics, 58, no. 4, 525-533. 

Dvorkin, J., and Nur, A., 1996, Elasticity of high-porosity sandstones: Theory 

for two north sea data sets: Geophysics, 61, 1363-.1370. 

Endres, A. L., and Knight, R., 1989, The effect of microscopic fluid distribution 

on elastic wave velocities: The Log Analyst, pages 437~445. 



103 

Feather, N., and Shoenberg, D., 1949, Surface tension and the spreading of 

liquids: University Press, Cambridge. 

Feustel, A. J., and Young, R. P., 1994, q13 estimates from spectral ratios and 

multiple lapse time window analysis: Results from an underground research 

laboratory in granite: Geophys. Res. Lett., 21, 1503-1506. 

Gassmann, F., 1951, Uber die elastizitat elastischer medien: Vierteljahresschrift 

der Naturforschenden Gesellschaft Ziirich, 96, 1-21. 

Geller, J. T., and Myer, L. R., 1995, Ultrasonic imaging of organic contaminants 

in unconsolidated porous media: Journal of Contaminant Hydrology, 19, no. 

2, 85-104. 

Gist, G. A., 1997, Fluid effects on velocity and attenuation in sandstones: J. 

Acoust. Soc. Am., 96, no. 2, 1158-1173. 

Greenhouse, J., Brewster, M., Schneider, G., Redman, D., Annan, P., Olhoeft, 

G., Lucius, J., Sander, K., and Mazzella, A., 1993, Geophysics and solvents: 

The borden experiment: The Leading Edge, 12, 261-267. 

Guard, U. S. C., 1984, Chemical hazard response information system ( chris),2., 

hazardous chemical data: U.S. Departement of transport, Washington, D.C. 

Harr, J., 1995, A civil action: Vintage Books, A Division of Random House, 

Inc., New York. 



104 

Homsey, G. M., 1987, Viscous fingering in porous media, annual review of fluid 

mechanics: Annual Review of Fluid Mechanics, 19, 271-311. 

Johnston, B. I., and Toksoz, M. N., 1979, Attenuation of seismic waves in dry 

and saturated rocks, ii, mechanisms: Geophysics, 44, 691-710. 

Kaelin, B., and Johnson, L. R., 1998, Dynamic composite elastic medium theory. 

part II. three dimensional media: Applied Physics, submitted. 

Kaelin, B., 1998, Seismic imaging of the shallow subsurface: Ph.D. thesis, Uni

versity of California, Berkeley. 

Kennett, B. L. N., 1983, Seismic wave propagation in stratified media: Cam

bridge Univ. Press. 

Knight, R., and Nolen-Hoeksema, R., 1990, A laboratory study of dependence 

of elastic wave veloCities on pore scale fluid distribution: Geophys. Res. Lett., 

17, 1529-1532. 

Kuster, G., and Toksoz, M., 1974, Velocity and attenuation of seismic waves in 

two-phase media: Part I. theoretical formulations: Geophysics, 39, 587-606. 

Lide, D. R., 1995, Handbook of chemistry and physics, 1913-1995: CRC Press, 

Inc. 



105 

Majer, E. L., Peterson, J. E., Daley, T. M., Kaelin, B., Myer, L. R., Queen, 

J., D'Onfro, J., and Rizer, P. S., 1997, Fracture detection using crosswell and 

single well surveys: Geophysics, 62, 495-504. 

Marion, D., Mukerji, T., and Mavko, G., 1994, Scale effects on velocity disper

sion: From ray to effective medium theories in stratified media: Geophysics, 

59, 1613-1619. 

Mavko, G. M., 1979, Frictional attenuation: an inherent amplitude dependence: 

J. Geophys. Res., 84, 4769-4775. 

McKee, J. E., Laverty, F. B., and Hertel, R. M., 1972, Gasoline in groundwater: 

J. Water Pollut. Control Fed., 44, no. 2, 293-302. 

Mercer, J. W., and Cohen, R. M., 1990, A review of immiscible fluids in the 

subsurface: Properties, models characterization and remediation: J. Con tam. 

Hydrol., 6, 107-163. 

Murphy, W. F., Winkler, K. W., and Kleinberg, R. 1., 1986, Acoustic relaxation 

in sedimentary rocks: Dependence on grain contacts and fluid saturation: 

Geophysics, 51, 757-766. 

Nihei, K. T., Myer, L. R., and Cook, N. G., 1995, Numerical simulation of 

elastic wave propagation in granular rock with the boundary integral equation 

method: Journal Acoust. Soc. Am., 95, 1423-1434. 



106 

O'Connell, R. J., and Budiansky, B., 1974, Seismic velocities in dry and satu

rated cracked solids: J. Geophys. Res., 79, no. 35, 5412-5426. 

O'Connell, R. J., and Budiansky, B., 1977, Viscoelastic properties of fluid

saturated cracked solids: J. Geophys. Res., 82, no. 36, 5719-5735. 

Powers, S. E., Anckner, W. H., and Seacord, T. F., 1997, The wettability of 

napl-contaminated sands: Journal of Environmental Engineering, 122, 889-

896. 

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P., 1992, 

Numerical recipes in fortran: Cambridge Univ. Press. 

Remi, J., Bellanger, M., and Homand-Etienne, F., 1994, Laboratory velocity and 

attenuation of p-waves in limestones during freeze-thaw cycles: Geophysics, 

59, 245-251. 

Riddick, J. A., and Bunger, W. B., 1970, Organic solvents: Physical properties 

and methods of purification: Wiley Interscience. 

Schwille, F., 1967, The joint problems of the oil and water industries: Institute 

of Petroleum, London. 

Schwille, F., 1981, Groundwater pollution in porous media by fluids immiscible 

with water: Sci. Total Environ., 21, 173-185. 



107 

Schwille, F., 1984, Migration of organic fluids immiscible with water:, in Pollu

tants in porous media: The unsaturated zone between soil surface and ground

water Springer-Verlag, New York, Ecological Studies, 47, 27-48. 

Seifert, P. K., Geller, J. T., and Johnson, L. R., 1998, Effect of p-wave scattering 

on velocity and attenuation in unconsolidated sand saturated with immiscible 

liquids: Geophysics, pages 161-170. 

Selfridge, A. R., 1985, Approximate material properties in isotropic material: 

IEEE transaction on sonics and ultrasonics, SU-32, no. 3, 381-394. 

Shapiro, S. A., and Zien, H., 1993, The o'doherty-anstey formula and localization 

of seismic waves: Geophysics, 58, 736-7 40. 

Shapiro, S. A., Zien, H., and Hubral, P., 1994, A generalized o'doherty-anstey 

formula for waves in finely-layered media: Geophysics, 59, 1750-1762. 

Tang, X. M., Toksoz, M. N., Tarif, P., and Wilkens, R. H., 1988, A method for 

measuring acoustic wave attenuation in the laboratory: J. Acoust. Soc. Am., 

83, 453-462. 

Toksoz, M. N., and Johnston, D. H., 1981, Seismic wave attenuation: Soc. Expl. 

Geophys. 



108 

Toksoz, M. N., Johnston, D. H., and Timur, A., 1979, Attenuation of seismic 

waves in dry and saturated rocks: I. laboratory measurements: Geophysics, 

44, 681-{)90. 

Tutuncu, A. N., and Sharma, M .. M., 1992, The influence of fluids on grain 

contact stiffness and frame moduli in sedimentary rocks: Geophysics, 57, 

1571-1582. 

Vo-Thanh, D., 1991, Effects of fluid viscosity on shear wave attenuation in par

tially saturated sandstones: Geophysics, 56, no. 8, 1252-1258. 

Wang, Z., and Nur, A., 1991, Ultrasonic velocities in pure hydrocarbons .and 

mixtures: J. Acoust. Soc. Am., 89, no. 6, 2725-2730. 

White, J. E., 1965, Seismic waves: radiation transmission and attenuation: 

McGraw-Hill, New York. 

Winkler, K. W., and Murphy III, W. F., 1995, Acoustic velocity and attenuation 

in porous rocks:, in Rock Physics and Phase Relations American Geophysical 

Union, AGU reference shelf, 3, 2Q-34. 

Yamamoto, T., Nye, T., and Kuru, M., 1994, Porosity, permeability, shear 

strength: Crosswell tomography below an iron foundry: Geophysics, 59, 

1530-1541. 



.. 

@:u!l~ ~ C!:cM!A>J=-~•'B# @hi•J:ti¥11L€N'/ ~ ~ 

=~~~ ~ ~o~~'fJm 

0 

0 

0 

0 

. ' 

0 

. ' 

" 


