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ABSTRACT 

Contact Micromechanics in Granular Media with Clay 

by 

Stacey Leigh Ita 

Doctor of Philosophy in Engineering 

University of California at Berkeley 

Professor Neville G. W. Cook, Chair 

1 

Many granular materials, including sedimentary rocks and soils, contain clay 

particles in the pores, grain contacts, or matrix. The amount and location of the clays and 

fluids can influence the mechanical and hydraulic properties of the granular material. This 

research investigated the mechanical effects of clay at grain-to-grain contacts in the presence 

of different fluids. Laboratory seismic wave propagation tests were conducted at ultrasonic 

frequencies using spherical glass beads coated with Montmorillonite clay (SWy-1) onto 

which different fluids were adsorbed. 

For all bead samples, seismic velocity increased and attenuation decreased as the 

contact stiffnesses increased with increasing stress demonstrating that grain contacts control 

seismic transmission in poorly consolidated and unconsolidated granular material. Coating 

the beads with clay added stiffness and introduced viscosity to the mechanical contact 

properties that increased the velocity and attenuation of the propagating seismic wave . 

Clay-fluid interactions were studied by allowing the clay coating to absorb water, ethyl 

alcohol, and hexadecane. Increasing water amounts initially increased seismic attenuation 

due to clay swelling at the contacts. Attenuation decreased for higher water amounts where 

the clay exceeded the plastic limit and was forced from the contact areas into the 

surrounding open pore space during sample consolidation. The decreased clay thickness at 
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Chapter 1: Introduction 

1.1 Introduction 

Seismology is the study of sound waves in solid media. The velocities of 

propagating sound waves can be used to determine the elastic properties of the material. 

This has allowed the material structure to be delineated. Surveys have been performed on a 

wide-range of scales, from the interior of the earth to laboratory specimens. Practical 

applications have included resource exploration, foundation analysis, and contaminant 

transport surveys. 

Recent improvements in field seismic measurement tools now allow for recording 

of the full seismic waveform. The increased information available has generated renewed 

interest in characterizing geomaterials from their seismic behavior, a process called seismic 

imaging. In particular, many studies have concluded that "attenuation is much more 

sensitive to rock properties than is velocity" (Winkler and Nur, 1982). Rock properties of 

most interest include minearology, porosity, permeability, and pore fluid type. 

Despite extensive research, there is still considerable uncertainty over the 

relationships between rock properties and seismic behavior. This may be partially due to 

the effect of clays. Clays can be located in the pores, contacts, and matrix of granular 

materials (Figure 1.1). Clays have small size, large surface areas, and a negative charge. 

Because of these properties, clays may have important effects on the rock properties. The 

surface charge of clay will cause it to interact with the pore fluid. Clays at contacts may 

control the permeability by clogging critical pore throats in the flowpaths. In addition, clay 

at contacts may control the rock elastic behavior due to their high compressibilities. 



Illustration of Clay Minerals in Granular Media 

Loosely Packed Authigenic Clay in Pores 

Tightly Packed Detrital Clay Matrix Filling Pores 

Detrital Clay Aggregate Grains 

Detrital Clay-Rich Lamination 

Figure 1.1: Illustration of clay types and locations in granular media. Clay can be located 
in pores, at contacts, or as part of the granular matrix (After Pittman and Thomas, 1979). 
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This work investigates how clay located at grain contacts affects the 

micromechanical, particularly seismic, behavior of granular materials. The need for this 

work is shown by a review of the effects of clays on seismic wave propagation, laboratory 

measurements of attenuation in granular media, and proposed mechanisms for attenuation 

in granular media. 

1.2 Effect of Clays 

Laboratory investigations have shown that seismic velocities are dependent on the 

presence of clays. The first studies showed that scatter in the velocity-porosity 

relationships for consolidated rocks could be partially explained by clay content (DeMartini 

et. al., 1976; Tosaya and Nur, 1982; Kowallis et. al., 1984). In general, they found that 

increasing clay content systematically decreases acoustic velocities. Subsequent work has 

attempted to quantify the effect of clay content by measuring samples with a wide-range of 

properties. These studies established empirical relationships between velocities, porosities, 

clay contents, and other factors. The empirical relationships are listed in Figure 1.2. The 

negative coefficient of clay content in the velocity equations shows that an increase in clay 

content decreases the velocity. The majority of the relationships show that the effect of clay 

is on the same order of magnitude, but smaller, than the effect of porosity. The standard 

deviations between the measured data and the mathematical relationships are quite small, 

typically less than five percent. 

These empirical relationships are of limited utility beyond demonstrating the 

dependence of velocity on clay content. Tutuncu et. al. (1994) attempted to apply them to 

data from water-saturated tight gas sandstones with poor correlation. This can partially be 

explained by the differences in rock type. However, a major problem with these equations 



Velocity - Porosity - Clay Content 

Tosaya and Nur (1982), Brine and Water-Saturated Sandstones 

cp = 5.8-8.6cp-2.4Cc 

Han, Nur, and Morgan (1986), Water-Saturated Sandstones 

cp = 5.59- 6.93<1>- 2.18Cc 

Cs = 3.52-4. 91<1> -1.89Cc 

Velocity - Porosity - Clay Content - Permeability 

Klimentos (1991), Water-Saturated Sandstones 

cp = 5.66- 6.11<1>- 3.53Cc +0.0007K 

Velocity - Porosity - Clay Content - Effective Pressure 

Eberhart-Phillips et. al. (1989), Water-Saturated Sandstones 

cp = 5. 77- 6. 94<1> -1. 73~ + 0.446(P e- e -l
6

·
7

Pe) 

Cs = 3. 70- 4.94<1> -1.57~ + 0.361(P e- e-16
·
7pe) 

Attenuation - Porosity - Clay Content 

Klimentos and McCann (1990), Water-Saturated Sandstones 

ap = 0.0315<1> + 0.241Cc- 0.132 

4 

Table 1.1: Empirical relationships between (a) velocity c, porosity cp, clay content Cc, 

effective pressure Pe, and permeability K and (b) attenuation a, porosity, and clay content. 
The negative coefficient of clay content in the velocity equations indicates that it reduces 
velocity. In general, the clay content effect is smaller but of the same order of magnitude as 
the porosity effect. The positive coefficient of clay content in the attenuation equation 
indicates that it increases attenuation. The clay content effect on attenuation is an order of 
magnitude larger than the porosity effect. 

. 
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is the fact that they are insensitive to clay location. Clays can be distributed throughout the 

granular material, including in the large pores or at contacts. 

By consideration of a thin section, Anstey (1991) has discussed the relationship 

between petrophysical properties and seismic velocities. He concludes that an important 

property is the clay location. Clay that is located in the pores will ooth decrease the seismic 

velocity by increasing the density of the pores and concurrently increase the seismic 

velocity by increasing the stiffness or modulus of the pores. Similarly, clay at contacts can 

have contrasting effects. If the clay forms a link between grains, thereby increasing the 

number of contacts, the presence of clay will increase the velocity. However, clay at 

existing contact areas is more compliant than the matrix, decreasing the seismic velocity. 

The effect of clay location on seimic wave propagation has not been thoroughly 

studied. Marion ( 1990) has investigated the acoustic velocity and porosity behavior in a 

full range of clay-sand mixtures. He found that as clay content increased from pure sand, 

the porosity initially decreased to a minimum between 20 to 40% clay content. The 

porosity then incrementally increased to the pure clay sample. The compressional velocity 

had the opposite trend. Velocity initially increased to a maximum at approximately 40% 

clay content, then decreased to 100% clay content. Marion developed a micro-geometrical 

mixture model to explain this behavior. The porosity minima and velocity maxima 

represent the point where the mixture changes from clays dispersed in the pores of a sand 

matrix to sand grains dispersed in a clay matrix. The model reproduces the general trend of 

measured data, but does not make attenuation measurements and does not fully account for 

the scatter in the data, possibly because it does not account for clay rheology effects. It 

confirms the importance of clay location during seismic wave propagation. 



Few studies have examined the relationship between clay content and seismic 

attenuation. Clark et. al. (1980) observed that as water content increased attenuation 

decreases were larger in sandstones with clays than clay-free sandstones. Klimentos and 

McCann ( 1990) measured attenuation as a function of porosity, clay content, and 

permeability for 42 water-saturated sandstones. They calculated an empirical dependence, 

given in Table 1~ 1. According to the equation, as clay content increases the attenuation 

increases. The coefficients show that the clay content effect on attenuation is an order of 

magnitude larger than the porosity effect. 

6 

Seismic attenuation by thin layers of clay located at planar contacts has been 

investigated by Suarez-Rivera (1992). Compressional waves were insensitive to the 

presence of thin clay layers. Shear wave peak-to-peak amplitudes, an indicator of 

attenuation, were sensitive to the addition of polar fluids as shown in Figure 1.2. The 

effects were attributed to clay swelling. This study shows that clay located at planar 

contacts can have large effect on seismic wave propagation. These studies suggest that clay 

located at granular contacts may also have significant effects. 

1.3 Laboratory Measurements of Attenuation 

Seismic attenuation in sedimentary rock has been the subject of considerable 

laboratory research. Comprehensive reviews of the research can be found in Toksoz and 

Johnston (1981), White (1983), Vassiliou et. al. (1984), Yale (1985), Bourbie et. al. 

(1987). The results are summarized here. 

A number of different techniques have been used to measure attenuation in the field 

(in situ) and laboratory. Table 1.2 details the frequency ranges and typical wavelengths for 

the various techniques. Laboratory techniques include stress-strain, resonant bar, and 
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Figure 1.2: Peak-to-peak amplitudes across a single, sodium-montmorillonite coated 
planar contact under uniaxial stress. Peak-to-peak amplitudes are an indicator of 
attenuation. The percentages are measures of water content (weight water/weight clay). 
(After Suarez-Rivera, 1992). 
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Seismological Frequency Spectrum 

Frequency Wavelength (m) Frequency In Situ Technique Laboratory 
for V =4000 rnls Range Measurement 

Technique 

10-1 4 X 104 Seismic 

Earthquakes 

100 4 X 103 

101 4x 102 

Surface Reflection Stress-Strain Curve 

102 40 Acoustic 

Cross-Borehole Resonant Bar 

103 4 

Echo Sounders 

104 0.4 Ultrasonic 

Borehole Logging Waveform Inversion 

105 4 x 10-2 

Pulse Transmission 

106 4x 10-3 

Table 1.2: Frequency spectrum and associated wavelengths for seismological 
investigations of rocks. The in situ and laboratory techniques are in the indicated ranges. 
Based on Bourbie et. al. ( 1987) and Nihei ( 1992). 
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pulse transmission and echo measurements. Studies have shown that the measurement of 

attenuation will depend on the testing conditions, including compaction, confining stress, 

frequency, and strain amplitude. Most studies have shown that in the hertz to kilohertz 

range attenuation is approximately independent of frequency for dry rocks, but depends on 

frequency for saturated rocks. Attenuation varies with saturation. It is lowest for 

completely dry rocks, and increases as the first few layers of fluid are adsorbed. For 

compressional waves, attenuation is lower for fully saturated than partially saturated 

conditions. The opposite is true for shear waves. Attenuation will depend on the pore 

fluid properties of dipole moment, surface tension, and viscosity. Microgeometrical 

properties can also affect attenuation, including grain size, grain shape, and grain packing. 

Recent studies have emphasized the importance of gra!n contacts and cementation 

(Nihei, 1992; Dvorkin et. al.1994). The seismic attenuation in unconsolidated and fused 

glass bead samples were compared by Winkler (1983). Fused bead attenuation was found 

to be independent of saturation while unconsolidated attenuation depended on saturation. 

The differences were attributed to the differences in crack geometry, with unconsolidated 

samples having more low aspect ratio "cracks" near contacts. Bourbie and Zinszner (1985) 

determined that the the differences in seismic velocities and attenuations for Fontainbleau 

sandstones at the same porosities could be explained by different microstructures. The 

sample with the porosity at grain contacts had a higher attenuation. Remy et. al. ( 1994) 

have measured attenuation during repeated freeze-thaw cycles .. They attributed the 

increases in seismic attenuation to creation of microcracks. 

The importance of contacts was confirmed by pore isolation studies conducted by 

Nihei (1992). Molten sulfur and Wood's metal were introduced into the pore space of 

Berea Sandstone samples and then allowed to solidify in pace to isolate the effects of pores 
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and grain contacts. Sulfur is a wetting fluid, and will move into the grain contacts. Once 

solid, it should lessen the effects of grain contacts on seismic wave propagation by partially 

welding the contacts. Wood's metal is a non-wetting fluid that remains in the larger pores. 

When solidifed, it reduces the influence of the large pores on seismic wave propagation. 

Attenuation data measured in these altered samples and a dry reference sample are shown in 

Figure 1.3. It can be seen that the introduction of both low melting point solids 

significantly reduces attenuation. This confirms that grain contacts are at least as important 

as pores for attenuation. The importance of grain contacts on seismic wave attenuation was 

also noted by Palmer and Traviolia (1980). They found that the introduction of a fluid 

layer between simulated grain contacts increased attenuation by two to three orders of 

magnitude over direct contacts. 

1.4 Attenuation Models for Granular Media 

Propagating seismic waves lose some of their energy due to attenuation. Recent 

studies have shown that attenuation depends on the petrophysical properties of the granular 

material, including permeability, porosity, grain size, grain shape, clay content, clay 

location, pore fluid type and pore fluid amount (Vassiliou et. al., 1984; Han et. al., 1986; 

Klimentos and McCann, 1990; Marks et. al., 1992; Prasad and Meissner, 1992). Winkler 

and Nur (1982) found that attenuation was significantly more sensitive to changes in these 

rock properties than were velocities. Measurements of attenuation therefore can provide a 

potential means of estimating these parameters in situ. 

Petrophysical properties are interpreted from measurements of seismic attenuation 

by using theoretical models. A list of proposed models based on different mechanisms is 

given in Table 1.3. The application of a particular model will depend on the given 

conditions. In particular, surface energy, squirt fluid flow, bubble resonance frequency, 
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Attenuation in Altered Berea Sandstone Cores 
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Figure 1.3: P-wave and S-wave attenuation coefficients for dry Berea Sandstone samples 
with and without isolated pore spaces. Sulfur solidified in the contacts; Wood's metal in 
the pores. Measurements were made under uniaxial stress. The attenuation coefficients 
were calculated for f = 635 kHz. From Nihei ( 1992). 



Proposed Attenuation Mechanisms in Granular Media 
and Associated References 

Bubble Resonance Frequency 
Dutta and Odi ( 1979a), Dutta and Odi (1979b), Anderson and Hampton 
( 1980a), Anderson and Hampton ( 1980b), Bedford and Stern ( 1983) 

Crystal Imperfections/Dislocation Excitation 
Mason et. al. ( 1970), Mason ( 1976), Karato and Spetzler ( 1990) 

Global Fluid Flow (Biot Theory) 
Biot ( 1956a), Biot ( 1956b), Biot ( 1962), Plana (1980), McCann and 
McCann ( 1985), Winkler ( 1985), Berryman ( 1988) 

Grain Boundary Friction 
Born (1941), Walsh (1966), Johnston et. al. (1979), Brennan (1981), 
Winkler and Nur ( 1982 ), Remy et. al. ( 1994) 

Scattering Off Boundaries 
Kuster and Toksoz ( 1974a), Kuster and Toksoz ( 1974b ), Plana and 
Johnston ( 1981 ), Winkler ( 1983 ), Winkler and Murphy ( 1984 ), Blair 
( 1990), Lucet and Zinszner ( 1992) 

Squirt Fluid Flow 
Mavko and Nur ( 1979), Palmer and Traviolia ( 1981), Bulau et. al. 
( 1984), Dvorkin et. al. ( 1994), Mavko and Jizba ( 1994) 

Surface Energy 
Clark et. al. (1980), Tittman et. al. (1980), Spencer (1981), Bulau et. 
al. ( 1984), Murphy et. al. ( 1984), Parks ( 1984), Bourbie et. al. 
(1987),Tutuncu and Sharma (1992) 

Thermo-Relaxation 
Savage ( 1966 ), Kjartansson ( 1979 ), Armstrong ( 1980) 

Viscous Relaxation 
Walsh ( 1968), Walsh ( 1969), O'Connell and Budiansky ( 1977) 

Table 1.3: Proposed mechanisms for seismic attenuation in granular media. Contacts 
contribute to the grain boundary friction, scattering, squirt fluid flow,.and surface energy 
models. 
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and global fluid flow (Biot) models span the range of saturation states, from low to full 

saturations, respectively. Mechanical processes at grain contacts are important in five of 

these models: grain boundary friction, scattering, squirt fluid flow, surface energy, and 

viscous relaxation. 

1.4.1 Scattering Attenuation 

Attenuation in dry granular media is due to scattering losses. Reflections from 

heterogeneities remove energy from the direct seismic wave and redistribute this energy 

into scattered waves that appear in the coda (Nihei, 1992). In granular media, these 

heterogeneities can range in scale from pores, grain contacts, and microcracks to vugs, 

joints, fractures, faults, and sedimentary layers. 

Scattering depends on the the product of the wavenumber, k, and the size of the 

scatterer, a for spherical particles. There are four types of scattering with different ka 

ranges, as shown in Figure 1.4. The wavenumber is inversely related to the wavelength. 

For spherical particles, the size of the scatterer is defined as the diameter. There is no 

direct, geometrical measurement of a for planar interfaces. Non-welded interfaces can 

produce signficant scattering losses despite having negligible thickness. 

For wavelengths significantly larger than the scatterer size, k <<<a, scattering is 

described as point scattering. The scatterers can be any heterogeneity in material 

13 

properties. Recent studies have suggested that these heterogeneities can be centimeter-scale 

density variations and grain clusters in addition to the millimeter-scale grains (Blair,1990; 

Lucet and Zinszner, 1992). It may be that the discontinuities are fractal and exist at all 

scales. At larger scales the discontinuities could include bedding variations and regional 



Frequency-dependent Scattering in Rocks 
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Figure 1.4: Frequency-dependent scattering in rocks. (a) The type of scattering is 
controlled by the product of the wavenumber k and size of scatterer a for spherical 
inclusions. (b) Scattering regimes in granular rocks. 
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faults. Existence of a fractal size distribution of scatterers would explain the frequency 

independent quality factor trend seen for a range of field and laboratory measurements. 

15 

Models have been developed to relate seismic velocities to scattering. These 

effective medium models idealize scatterers as isolated, interacting pores and cracks in a 

solid matrix (Kuster and Toksoz, 1974; O'Connell and Budiansky, 1974; Korringa et. al., 

1979; Toksoz and Cheng, 1980; Hudson, 1981; Crampin, 1984). By definition effective 

media theories are applied at zero frequency and therefore account only for viscous type 

attenuation and not scattering type attenuation. 

Rayleigh scattering occurs as the wavelength ')... approaches, but is still much larger 

than the size of the scatterer, ll >a. For spherical particles, Rayleigh scattering predicts a 

fourth order dependence between frequency (f) and attenuation (a), i.e. a= xf+ where X 

is a constant. Laboratory studies on dry low porosity sandstones, fused glass bead 

samples, and unconsolidated glass bead samples have measured this fourth-order 

frequency dependence at ultrasonic frequencies (Winkler, 1983; Winkler and Murphy, 

1984; Winkler, 1985). However, the measured attenuation magnitudes were an order of 

magnitude higher than predicted by a model developed by Sayers (1981) for spherical 

pores embedded in a matrix (Winkler, 1983). Winkler and Nur (1984) conclude that the 

pore/crack models are not applicable to granular media since "they do not consider the 

interaction between grains". 

When the wavelength approaches the scatterer, i.e. ka "" 1, the wave can become 

trapped and resonant in the scatterer. This strong scattering is known as Mie or resonance 

scattering. The direct wave is almost completely transformed into standing waves. 

Geometrical optics governs scattering when wavelengths are signficantly smaller than the 
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scatterer size. The last two situations are of little interest in seismic studies, since 

wavelengths of this order are rarely used to due thier large attenuations at high frequencies. 

1.4.2 Squirt Fluid Flow Attenuation 

Attenuation due to local fluid flow is called squirt flow. This mechanism is initiated 

by the wave propagation. The stresses of the propagating seismic wave generate high 

pressures in the fluids in cracks or near contacts. This induces pressure differentials in the 

pore fluid. The pore fluid flows in response to the pressure differential, as governed by 

Darcy's law, causing viscous losses in the material. The flow is expected to be between 

pores (interpore flow) in saturated granular media, and within pores (intracrack flow) in 

partially saturated media. 

Fluid flow attenuation will be maximum at a particular frequency. When the pore 

space is modeled as a set of interconnected regular tubes, this critical frequency ,Jc, is 

defined as (Johnston and Plona, 1982): 

(1.1) 

where llJ is the fluid viscosity, pjthe fluid density, and b the diameter of the tubes. This 

frequency corresponds to the onset of Poiseuille flow as shear stresses just couple across 

the tubes. It ranges from 1 to 10kHz for a range of fluids (Bulau et. al. 1984). 

Many different idealized geometries have been used to quantify squirt flow 

(O'Connell and Budiansky, 1977; Mavko and Nur, 1979; Palmer and Traviolia, 1980; 
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Murphy et. al., 1984 ). Mavko and Nur ( 1979) developed an analytical solution for squirt 

flow attenuation in parrallel-walled pores. Whenf>>fc, 

(1.2) 

where B local is a constant depending on fluid properties, pore geometry, and matrix shear 

modulus, 'llf is fluid viscosity, and cp the phase velocity. Attenuation is highly sensitive 

to aspect ratios of the pores, with the distribution of small aspect ratios dominating losses. 

Palmer and Traviolia ( 1980) formulated a solution for attenuation due to squirt flow in a 

simple cubic packing of elastic spheres in Hertzian contact. Packs of equal-size spheres 

resulted in negligible attenuation. When spheres ranged in diameter, the attenuation was 

sensitive to the aspect ratio of the near-contact pores. 

Both the Mavko and Nur ( 1979) and Palmer and Traviolia ( 1980) squirt flow 

formulations have been found to underestimate attenuation by more than an order of 

magnitude. The concept, however, has been used to successfully interpret laboratory 

results (Spencer, 1981; Winkler and Nur, 1979; Murphy, 1982; Winkler, 1983; Winkler, 

1985; Mavko and Jizba, 1991). Recent work by Tutuncu and Sharma (1992) has 

suggested that inclusion of fluid surface forces improves the estimation of attenuation. 

Also, Mavko and Jizba ( 1994) have proposed using dry rock properties as a base, instead 

of an idealized geometries. This has yielded good agreement for velocity dispersion. 

1.4.3 Surface Energy Attenuation 

Large attenuation decreases have been observed in rocks as small amounts of 

volatiles are added (Spencer, 1981; Tittman et. al., 1980; Murphy, 1982; Bulau et. al., 
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1984; Murphy et. al., 1984; Tutuncu and Sharma, 1992). Studies have shown that 

chemical forces strongly affect rock strength at low water saturations (Parks, 1984; Lasaga, 

1984; Dietrich and Conrad, 1984). This is attributed to physico-chemical interactions 

between the water and the mineral surfaces that lower the mineral surface energy. These 

same interations may affect seismic wave propagation. 

When water is introduced into a granular material, it will preferentially saturate 

grain contacts and microcracks due to capillary suction. There it can have two effects on 

seismic wave propagation. First, its presence alone can affect the stiffness of these 

boundaries. Water can also interact with the grain surfaces. Minerals, such as quartz, have 

a sufficient negative charge to "ionize" the water film. Hydrogen bonds are formed 

between the mineral surface and the water film, decreasing the surface energy of the 

mineral. The extent of surface energy reduction by other fluids will depend on their 

polarity and activity. A decrease in surface energy decreases the stiffness of the contact. 

Tittman et. al. (1980) investigated the effects of surface energy by studying 

attenuation as small amounts of volatiles were removed from sandstones. Boundary 

lubrication and water-assisted crack growth were rejected as possible mechanisms because 

the time frames needed are much longer than the seismic period. They found that a surface 

energy model based on thermally activiated motion of absorbed fluids explained their data. 

Attenuation was driven by both inertial and defomational forces. Interial forces involve the 

desorption and resorption of the volatiles as the stress wave propagates through the 

granular material. The propagating stress wave may also cause deformation by shear 

displacement and diffusion of the adsorbed fluid. The extent of attenuation was controlled 

by the bonding energies. 
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Similar effects were observed in sandstones, limestones, and granites by Spencer 

(1981). Murphy (1982) found that a combination of capillary and chemical effects 

qualitatively accounted for attenuation in Massilon sandstones and Vycor ® porous glass. 

Murphy et. al. ( 1984) compared the surface energy effects to elastic contact stiffness. They 

determined that surface energy effects will be most significant at tlow effective pressures. 

1.4.4 Other Contact Attenuation Models 

Grain boundary friction was one of the earliest proposed mechanisms for 

attenuation (Born, 1941). Coulomb friction is a well understood process: for a body on a 

flat surface, the frictional force is equal to the normal force times a coefficient of friction. A 

frictional attenuation model yields frequency independent attenuation, since friction does 

not depend on loading rate. However, later studies have identified two potential problems 

with the friction model. Savage (1966) found that for typical seismic strain amplitudes and 

reasonable microcrack dimensions, the computed slip at contacts was less than the 

interatomic spacing. Winkler et. al. ( 1979) invetigated friction both theoretically and 

experimentally and determined that frictional attenuation is significant only at strains above 

I0-6, a value greater than the strains encountered in most seismological studies. 

If the fluids in a crack have significant viscosity, they can resist applied stress. 

This resistance causes a viscous relaxation in the propagating seismic wave. O'Connell 

and Budiansky ( 1977) theoretically compared this mechanism to squirt flow and found that 

it will occur at frequencies four order of magnitude larger than squirt flow. Winkler and 

Nur (1982) estimate that viscous relaxation in rocks filled with water or light oils will occur 

at frequencies of 109 to 1012 hertz. This is significantly larger than typical frequencies in 

both field and laboratory measurements (100 to 107 hertz). 
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Because their ranges of significance are oustide normal parameters, grain boundary 

friction and viscous relaxation are not considered to be important attenuation mechanisms 

for seismic wave propagation in granular media. 

1.4.5 Non-Contact Attenuation Models 

Crystal dislocations have been shown to affect the acoustic behavior of 

polycrystalline minerals (Mason et. al., 1970). Since granular materials are composed of 

grains of mineral crystals, it is possible that dislocations have an effect on wave 

propagation in granular materials. However, Bourbie et. al. ( 1987) have pointed out that 

the length of dislocations and the forces resisting dislocation require strains above I0-4 to 

have significant dislocation movement. This is beyond the range of most seismic and 

acoustic waves, which have strains below w-6 (Winkler and Nur, 1982). 

The thermo-relaxation model accounts for thermal dissipation during seismic 

propagation. Seismic waves apply stress to the material in a short time period, suggesting 

that the adiabatic properties will control the response. Each grain will respond in 

accordance with its particular properties, leading to temperature variations in the overall 

sample. These variations will attempt to equilibrate through thermal conduction, leading to 

a thermo-relaxation in the propagating seismic wave. Kjartansson (1979) found that this 

model can correctly predict the peak attenuation frequencies, but does not accurately 

represent attenuation variations with frequency or with saturation. Bourbie et. al. ( 1987) 

suggest that thermo-relaxation is likely to be negligible below temperatures of wo·c. 

The remaining non-contact models have been widely applied. The global fluid flow 

model, also known as Biot theory, was derived for fully saturated granular materials. 

Attenuation is attributed to viscous losses caused by the "global" relative motion between a 
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compressible pore fluid and solid matrix. Attenuation can be calculated from the elastic 

constants, permeability, and porosity of the granular material. Burridge and Keller ( 1981) 

provided theoretical justification for the model by considering the microstructure of 

granular material. The model was shown to be robust by the detection of a predicted slow 

compressional wave (Berryman, 1980; Johnston andPlona, 1982; Klimentos and McCann, 

1988). Many authors have proposed refinements to the basic model. Stoll and Bryan 

(1970) incorporated complex elastic moduli into the theory to include the frame losses. 

McCann and McCann ( 1985) removed the constraints on single pore size. By using a 

realistic distribution of pore sizes the model correctly predicted the variation of attenuation 

with frequency. Berryman (1988) found that the use of mean permeability, rather than the 

harmonic mean, correctly predicts the magnitude of seismic attenuation. Various forms of 

this model have been applied successfully to many results (Hovem, 1980; Ogushwitz, 

1985; Winkler, 1985; Yamamoto and Turgut, 1988; Keller, 1989; Winkler et. al., 1989; 

Klimentos and McCann, 1990; Mavko and Jizba, 1994). Biot model has been used to 

explain velocity data, but it typically underestimates attenuation (Mochizuki 1982). 

The bubble resonance frequency attenuation model simulates granular materials at 

relatively high fluid saturations. The fluid phase must be continuous, with the gas phase 

discontinuous. Energy losses are due to the relative motion between the entrapped air 

bubbles and the pore fluid and solid matrix. By assuming that the acoustic wavelength is 

long with respect to the bubble size and distance between bubbles, and by assuming that 

the gas bubbles do not interact, Dutta and Ode (1979a) were able to generate corrections to 

Biot's model for gassy sediments. This model has been applied to marine sediments with 

good success (Dutta and Ode, 1979b; Anderson and Hampton, 1980b ). 
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1.5 Dissertation Objectives 

The primary objective of this research is to analyze the micromechanical effects of 

clay at grain contacts. A detailed study of clay at a controlled location can help to resolve 

some of the uncertainties over attenuation in granular materials. It may also have important 

practical applications in imaging the properties of poorly consolidated and unconsolidated 

sediments. Both experimental and numerical techniques will be used. 

This chapter has reviewed recent studies on clay effects and attenuation mechanisms 

in granular materials. Seismic wave propagation has been empirically shown to depend on 

clay content, but no detailed work has been performed on the effect of clay location. 

Recent studies have also demonstrated the significant effects that grain contacts can have on 

seismic wave propagation. Scattering and squirt fluid flow attenuation models incorporate 

grain contact losses and have been shown to be relevant for a range of conditions. 

However, they do not account for clay at the contacts. 

The theories of seismic wave propagation, contact stiffness, and clay swelling are 

given in Chapter 2. They provide the basis for the interpretation of the experimental 

results. Chapter 3 presents the laboratory procedures used in the experiments. Significant 

effort was invested to produce repeatable specimens, to insure comparability. Laboratory 

measurements of glass bead specimens with and without clay coatings ar€? detailed in 
' 

Chapter 4. Different fluid amounts and types are absorbed into the clay to analyze the 

importance of clay-fluid interactions. Two numerical analysis techniques are utilized in 

Chapter 5 to assess contact stiffness effects. Low pass filtering evaluates the general 

efficacy of non-welded contact models. Also, rheologic models and a boundary element 

technique together assess the proposed attenuation mechanism at clay-filled contacts. 



Chapter 2: Theory of Seismic Wave Propagation, Interface 

Mechanics and Clay Swelling 

2.1 Introduction 

This chapter describes the theories that will be used throughout this dissertation. 
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The theory of seismic wave propagation in an elastic, isotropic medium is presented. This 

provides an introduction to the parameters that will be measured and calculations that will 

be peformed in chapters 4 and 5. Models for discontinuous interfaces are also discussed. 

The contact stiffness models will be used to investigate the effects of stress in section 4.3. 

The rheologic models will be used as boundary conditions in the numerical modeling in 

chapter 5. Finally, a basic description of clay swelling is provided to aid the interpretation 

of the experimental results in section 4.5. 

2.2 Theory of Seismic Wave Propagation in Elastic, Homogeneous, 

Isotropic Media 

The theory of seismic wave propagation has been presented in detail by many 

authors (Aki and Richards, 1980; White, 1983; Bourbie et. al., 1987). This summary 

follows the approach of White ( 1983). Seismic wave propagation in a homogeneous, 

isotropic media can be determined from stress-strain relationships and Newton's third law. 

Consider stress on a cube, as shown in Figure 2.1. Only the stresses in the x 

direction are shown on this example. The cube has a mass equal to p~x~y ~z, where p is 

the density and ~y~ is the unit volume. The tensor of stress can be related to strains 

through Hooke's Law, as follows: 



1_ 

cryx j_ 

y 

0 zx 

ocrxx X 
crxx + ox .1 

ocryx y 
cryx + oy .1 

----~-----~ 

Ocrzx 
crzx + oz .1Z 

Figure 2.1: Surface stresses on a cube that are parallel to the x-axis. The forces are not 
drawn to scale. 
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crxx =(A+ 2J.L)cxx + A.cyy + A.czz 

cryy = Acxx +(A+2J1)cyy +AEzz 

crzz = A.cxx + A.cyy +(A+ 2J.L)czz 

(2.1) 

(2.2) 

where cr is stress, are A and J1 the Lame constants, and c is the strain. When the stress is 

unbalanced, there will be a surface force as follows: 

= (d<Jxx + d<Jyy + dO"zz )Llx~ydz: 
dx dy dz (2.3) 

This force can be related to displacements through Newton's second law, force equals 

mass times acceleration: 

F = rna = mii = (pilx~ y dz: )ii (2.4) 

(2.5) 

where Gi are any unit volume body forces within the cube. This equation (2.5) is called 
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the equation of motion. Body forces are typically negligible in seismic wave propagation, 



so for the remainder of this discussion they will be set equal to zero. The strains are the 

gradients of the displacements: 

(2.6) 

This allows the stresses to be removed from equation 2.5 by differentiating equations 2.1 

and 2.2 and then substituting the results into equation 2.5: 
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This equation (2.7) is known as the equation of motion for a homogeneous, isotropic, 

elastic solid. Aki and Richards (1980) substitute the solution form u = u(t- s • x), where 

sis the slowness vector, into the above equations and rearrange to obtain two decoupled 

wave equations: 

(p-J..Ls2)uxs = 0 

(P- (A+ 2Jl)s2 )u • s = 0 
(2.8) 

The two basic types of elastic waves are easily derived from this formulation. Either 

ii x s = 0, producing a compressional or P-wave in the direction of propagation, or 

ii • s = 0, produing a shear or S-wave transverse to the direction of propagation. Since the 



slowness vector is the inverse of the velocity vector c, or in scalar terms: s2=1fc2. 

Substituting this into the equation 2.8 gives the wave velocities respectively as: 

where c is the wave velocity, B is the bulk modulus, and Jl is the shear modulus. 

(2.9) 

The general solution for the elastic displacement equations (equations 2. 7) for a 

monochromatic wave of frequency ,J, is: 
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(! ) - i(k•x-2nft) u ,x - u0 e (2.10) 

where u0 is the initial amplitude, k is the wavenumber vector, and xis the location vector. 

In an attenuating medium with a wave traveling in one direction x, equation 2.10 can be 

written as: 

(2.11) 

where Q is the quality factor, and c the wave speed. The quality factor is a measure of 

energy loss per wavecycle. It serves as a useful standardized measure for comparison 

between experiments. 
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2.3 Interface Effects on Seismic Wave Propagation 

Seismic wave propagation in purely elastic media provides a basis for 

understanding wave propagation in microscopically heterogeneous but macroscopically 

homogeneous media, such as porous rocks. This study is concerned with the processes 

that occur at granular contacts during the propagation of seismic waves. Each of the 

following models are one step more refined than the previous model. As a first 

approximation, the granular contacts can be considered to be planar interfaces. The contact 

stiffness models approximate a cubic packing of spherical grains. The granular contacts 

occur in the same plane, but have finite contact area. The discontinuous interface models 

approximate the mechanical properties of grain contacts with springs and dashpots that 

represent the specific stiffness and specific viscosity. 

2.3.1 Contact Stiffness Models 

Three different contact stiffness models are presented here. They are presented in 

order of increasing complexity. Contact stiffness models assume that the seismic 

wavelength is much longer than the interface. Therefore, the interface thickness can be 

neglected and the frequency equals zero. Two of the models use velocities to calculate the 

contact stiffnesses; one model uses the mean stress. 

2.3.1.1 Effective Modulus Contact Stiffness Model 

The first contact stiffness model is based on the effective modulus equation, a zero 

frequency of long-wavelength approximation. Consider the volume of beads. In the cubic 

packing, the granular contacts can be represented as a set of n planar, non-interacting 

interfaces, each having the same stiffness K, as shown in Figure 2.2. The strain energy 
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Figure 2.2: (a) A cubic packed volume of beads. (b) An individual bead contact. 
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for the specimen has been derived by many authors (Jaeger and Cook, 1969; Pyrak-Nolte 

et. al., 1987): 

cr2 cr2 ncr2 
-=-+--
2E' 2E 2K 

(2.12) 

where cr is the stress, E' the effective modulus, and E the solid modulus. Reduction of 

this equation, by removal of like terms, gives the Reuss effective modulus equation: 

1 1 n 
-=-+-
E' E K 

Rearranging to isolate the stiffness produces: 

K = nE'E 
E-E' 

(2.13) 

(2.14) 

This equation can be put into terms of measurable parameters by substituting for E' and n. 

A generalized form of equation 2.9 can be used to replace the effective modulus E' with 

density p, porosity q,, and velocity c as follows: 

c={f, E' = p'c2 
(2.15) 

E' = p(1- <P)c2 

where p' is the effective density. For plane waves, E' is the uniaxial strain modulus. The 

number of interfaces can be replaced by the diameter of the grains by considering a unit

length column of grains. The number of interfaces in this column is inversely related to the 

diameter of the grains or twice the radius: 
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1 1 
n= = 

diameter 2R 
(2.16) 

Substituting equations 2.15 and 2.16 into 2.14 gives: 

K = p(1-<j>)c
2
E 

2R[ E- p(1- <j>)c2 ] 
(2.17) 

Equation 2.17 expresses the incremental stiffness per planar interface. To change this into 

a grain-to-grain incremental contact stiffness assume that each grain occupies a square area 

with side equal to the grain diameter. The number of contacts per plane is the inverse of 

contact area, and the individual contact stiffness is equal to the planar stiffness divided by 

the number of contacts per plane: 

K _ K _ 2Rp(l- 4> )c2E 

c -11(2R)2 - [E-p(l-<j>)c2 ] 
(2.18) 

2.3.1.2' Hertzian Contact Stiffness 

The second contact stiffness model focuses on the individual grain-to-grain 

contacts. Hertz theory estimates the elastic behavior of spherical particles in contact under 

normal loads. The theory accounts for changes in contact area upon loading. The 

relationship between force and displacement for Hertz contacts is non-linear, as shown in 

Figure 2.3. However, the stress in a seismic wave is small and can, therefore, be 

approximated as a small linear increment. The relevant contact stiffness for a Hertz contact 

then becomes the tangent to the force-displacement curve. The incremental stiffness of 

spherical contacts has been calculated by White (1983) as: 



Hertzian Contact Mechanics 

~ 1 

Displacement 

Stiffness (Palm) 

Figure 2.3: (a) Force versus displacement and (b) force versus stiffness for a Hertzian 
contact where spheres are in point-to-point contact. 
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(2.19) 

where F is the normal force and v the Poisson's ratio of the solid spheres. This force can 

be changed into a stress by considering a column of spheres. Given a mean hydrostatic 

stress cr on the column, the force is related to this mean stress by: 

(2.20) 

By substitution into equation 2.19, the contact stiffness equation becomes: 

(2.21) 

This formulation ignores tangential forces on the spheres (Wang and Nur, 1992). 

2.3.1.3 Modified Effective Modulus Contact Stiffness 

The final contact model modifies the effective modulus to account for random 

spherical particle contacts. This first requires the calculation of the incremental strain 

energy per contact associated with the propagation of small amplitude sesimic waves in a 

medium under static stress. The strain energy is the work done by the applied force F 

when displacing the material by an amount D. The incremental relationship is linear and 

governed by the incremental (tangent) contact stiffness. Therefore, the strain energy per 

contact SEc is equal to: 



SE = FD = p2 
c 2 2Kc 
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(2.22) 

since for elastic contacts the contact stiffness Kc is defined as the incremental force divided 

by the displacement. Stress can be substituted for the force by a careful consideration of 

the applied area. Force that is transmitted to the point contact is applied over an area 1tR 2. 

However, over any planar area in the sample that bisects the beads, only (1-<1>) area is bead 

surfaces. Therefore: 

(2.23) 

where A is the area over which the stress is applied. Substituting into equation 2.22 gives: 

(2.24) 

This equation gives the incremental strain energy per contact. The overall strain energy SE 

is equal to the product of the strain energy per contact SEc times the effective number of 

contacts Ne as follows: 

(2.25) 

When this equation (2.25) is substituted into the strain energy equation (2.12) and then 

reduced, the modified effective modulus equation is produced: 
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cr2 cr2 cr2 N 1t2R 4 cr2 
- = - + SE = - + ----Oe'------=-
2E' 2E 2E 2Kc (1- <!> )2 

1 1 N n2R4 
- = - + _e=-----=-
E' E Kc(1-<!>)2 

(2.26) 

The effective number of contacts can be determined by first considering the number of 

particles in a unit volume. The number of particles Np can be found by dividing the solid 

volume V s by the volume per particle V p· For a unit volume: 

(2.27) 

The number of contacts per particle is related to the coordination number C. Table 2.1 

presents coordination numbers for a range of spherical grain packings. Since each of these 

contacts is associated with another particle, only half can be assigned to a single particle. 

Also, not all contacts are equally involved in seismic displacements. Under uniaxial strain, 

only -1/3 of the number of contacts undergo displacement Nd. Thus the effective number 

of contacts can be estimated as: 

(2.28) 

Substituting this into 2.26 gives: 

(2.29) 



Packing Type Pore Structure Porosity (%) Coordination 
Number 

Cubic cubic void 47.6 6 

Simple Hexagonal Simple rhombus void 39.6 8 

Compact Hexagonal Tetrahedral void 25.9 12 

Random varied -36 -9 

Table 2.1: Characteristics of different types of packings of spherical particles. Based on 
Bourbie et. al. (1987). 
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Rearranging 2.29 to solve for Kc yields: 

K = 1tRC • E'E 
c 8(1-<1>) E-E' 
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(2.30) 

For uniaxial strain, the P-wave velocity can be used to calculate the effective modulus. 

Replacing E'with equation 2.15 gives Kc into directly measurable parameters: 

(2.31) 

For triaxial strain, the bulk modulus B can be used to find the incremental interface 

stiffness. All the contacts are involved, thus: 

1 (1- <I>) 1 3(1- <I> )C 
Ne=Np•2C•Nct= 3•2C•1= 3 

~1tR 81tR 

1 1 Ne1t2R4 1 1t2R4 3(1- <j>)C 1 31tRC 
-=-+ =-+ • =-+----
B' B Kc(1-<j>)2 B Kc(l-<1>)2 81tR3 B 8(1-<j>)Kc 

(2.32) 

The effective bulk modulus B' can be found from: 

(2.33) 

Rearranging equation 2.32 and then substituting in into equation 2.33 gives: 

(2.34) 
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2.3.1.4 Contact Models Application 

Equations 2.18, 2.21, 2.31, and 2.34 will be used in section 4.3 to estimate the 

effect of stress on contact properties. The seismic velocities measured in the laboratory for 

the various specimens will be used to calculate the contact stiffnesses. 

2.3.2 Discontinuous Interface Models 

Discontinuous interface models account for attenuation losses at interfaces in 
> 

addition to elasticity effects. There are two primary interface models: discontinuous 

displacement and discontinuous velocity. These can be combined in through a variety of 

rheologic models. The following sections detail each discontinuity and discuss their 

combination. 

2.3.2.1 Discontinuous Displacement Interfaces 

A displacement discontinuity interface occurs when an interface is more compliant 

than the matrix. This introduces a constant difference in the displacements on the two sides 

of the interface. Under these conditions, the interface is often termed an elastic non-welded 

interface. Figure 2.4 presents a model of such an interface. Schoenberg (1980) presented 

a formal relationship between the discontinuous displacement and interface properties: 

(2.35) 

where u is the displacement, Ksp is the specific stiffness, and cr is the applied stress. Sub-

scripts 1 and 2 refer to above and below the interface respectively. These relationships are 



Displacement Discontinuity 

Ksp(U2- Ut) = () 

cr1 = cr2 

Velocity Discontinuity 

aul au2 
llsp ( dt- dt) = cr 

crl = cr2 

Displacement and Velocity 
Discontinuity 

aul au2 
Ksp(U2- Ut)+llsp ( dt- dt) = (j 

cr1 = cr2 

Hooke Model 
Kr=Ksp, Ki=O 

Newton Model 

Kr = 0, Ki = llsp 

Kelvin-Voight Model 

Kr = Ksp, Kj = 'llsp 

Maxwell Model 

Kr = Ksp(21tj)~sp2 
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Ksp2 + (27if)~sp2 
Ki = K2(21tf)1l 

Ksp2 + (27if)~sp2 

Figure 2.4: Discontinuity models, associated mechanical (spring and dashpot) 
descriptions, and associated rheological models. 
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the limiting case of an interface layer between two substrates. Rohklin and Wang (1991) 

have shown that for thin layers, where the wavenumber-layer thickness product is much 

less than one, the general interface equations reduce to equation 2.35. The relationships are 

assumed to hold at all frequencies, though the specific stiffness may vary with frequency. 

Pyrak-Nolte et al (1987, 1990) have shown that these conditions act as a low pass filter and 

introduce a group time delay into the displacement propagation. The time delay depends on 

both the ratio of specific stiffness to matrix impedance and the frequency. At zero 

frequency the group time delay results in a group velocity that coincides with that given by 

the effective modulus solution. 

A displacement discontinuity can be modeled by the Hooke rheologic model 

(Sperry, 1964). The interface region is represented as a spring, with the spring constant 

equal to the specific stiffness, as shown in Figure 2.4. The springs may be normal or 

transverse to the interface, depending on the wave motion. Angel and Achenbach (1985) 

have verified the model by comparing theoretical and model transmission and reflection 

coefficients for an array of equally spaced coplanar cracks. The coefficients were similar 

when the wavelength was much larger than the crack spacing. Models of welds and bonds 

have used the discontinuous displacement model with good agreement (Rohklin and Wang, 

1991 b). Laboratory studies on single interfaces have proven the validity of this model for 

seisriiic wave propagation in rock. Pyrak-Nolte et al. (1990) measured compressional 

propagation across a single natural fracture in granite and found that a displacement 

discontinuity model accurately captured the changes in spectral amplitude. 

2.3.2.2 Discontinuous Velocity Interfaces 

A velocity discontinuity arises when a thin, viscous liquid fills an interface. The 

fluid can support shear wave propagation due to its viscosity. However, energy is 
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dissipated. This has been referred to as both a viscous and a slip interface (Suarez-Rivera, 

1992; Schoenberg, 1980; Pyrak-Nolte et. al., 1990). Figure 2.4 presents a schematic 

diagram of these interfaces. The formal relationships were given by Pyrak-Nolte (1987): 

( . . ) 1 
u2 -ul = -cr 

llsp (2.36) 

where llsp is the specific viscosity. When the wavelength is much greater than the 

thickness of the interface, the wave propagates through the interface without group time 

delay. Pyrak-Nolte et al (1990) note that a viscous interface acts as a frequency

independent attenuator and does not produce a group time delay. 

For a viscous interface, the contact mechanics can be represented by the Newton 

model, where the interfaces are coupled by a dashpot with viscosity equal to the specific 

viscosity. It has been used to simulate experiments on shear wave transmission through 

liquid films. Polar liquids were well matched by the theory (Suarez-Rivera, 1992). 

2.3.2.3 Discontinuous Displacement and Discontinuous Velocity Interfaces 

Interfaces may be a combination of both the discontinuous displacement and 

discontinuous velocity interfaces. These interfaces may be termed visco-elastic interfaces, 

and are shown in Figure 2.4. Formal equations for this model have been presented by 

Pyrak-Nolte (1990), where the specific stiffness and specific viscosity have moved to the 

left-hand side of the equation: 

Ksp(u2 -ul)+llsp(u2 -ul) = cr 

()2 = (jl 
(2.37) 



The combined discontinuity interface can be modeled as a combination of springs 

and dashpots. By taking the derivative of the seismic displacement equation (2.10), it is 

evident that equations 2.36 can be satisfied by allowing the interface stiffness to become 

complex: 
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. .2 ·+ ( i(k • X- 21tjt)) u = z 1tJ • u0 e 
(2.38) 

where Kr is the real stiffness and Ki is the imaginary stiffness. A variety of rheologic 

models can be used to calculate the complex stiffness from the specific stiffness and 

specific viscosity (Sperry, 1964). The two most common are the Kelvin-Voight and 

Maxwell rheologies as shown in Figure 2.4. For a Kelvin-Voight representation, the real 

modulus is equivalent to specific stiffness and the complex modulus is equivalent to 

specific viscosity. Suarez-Rivera (1992) noted that a Maxwell formulation for complex 

stiffness will be dominated by the most compliant parameter. Thus, the model will predict 

elastic behavior when the specific viscosity is large. The Kelvin-Voight formulation will 

predict elastic behavior when the specific viscosity is small. 

The combined discontinuous displacement and discontinuous velocity model has 

been applied to laboratory shear wave experiments with good agreement. Pyrak-Nolte 

( 1990) found that shear waves normal to a dry and saturated natural fracture in a granite 

were well modeled by the combined discontinuity model. The model also correctly 

predicted the amplitudes and frequency shifts for shear wave transmission and reflection on 

a clay-coated planar fracture with a variety of absorbed fluid types and amounts (Suarez

Rivera, 1992). 
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2.3.2.4 Attenuation in Discontinuity Models 

The discontinuous displacement, discontinuous velocity, and combined 

discontinuity models all can be used to detennine the attenuation through the derivation of 

analytical expressions for transmission coefficients, T(j). For waves at normal incidence to 

the interface, the discontinuous displacement and discontinuous velocity models 

coefficients are (Pyrak-Nolte et. al., 1987; Suarez-Rivera, 1992): 

[ ]

112 

1 
T(f) = 2 

1 + (nf)2(K:t) 0 
(2.39) . 

respectively. For combined displacement and velocity discontinuous interfaces, the 

coefficients will depend on the rheologic model chosen for the interface (see Suarez-Rivera, 

1992). Once these coefficients are calculated for single interfaces, the effects of multiple 

interfaces can be found by multiplying the appropriate transmission and reflection 

parameters. To simplify the calculations multiple reflections are frequently neglected. If all 

n interfaces are identical, then the transmitted signal is simply the initial signal multiplied by 

the transmission coefficient to the power n. 

2.3.3 Summary of Interface Models 

The effective modulus models are zero frequency, long-wavelength approximations 

that account for the changes in elastic moduli due to an interface. The effective moduli can 

be calculated from contact stiffnesses. The incremental contact stiffness detennines the 
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seismic velocity. The total stiffness gives changes in velocity with confining stress. 

Discontinuous interface models are equivalent to effective moduli models at zero frequency, 

but can account for attenuation due to both scattering and dissipation at finite frequencies. 

2.4 Clay Swelling Mechanisms 

Clay swelling is the change in mixture volume as clay absorbs fluid. It is a very 

complicated thermodynamic process that requires calculation of the Gibb's free energy of 

the system and the osmotic swelling pressures (Mitchell, 1991; Sposito, 1984; van Olphen, 

1977). This section is intended gnly to review this process. A detailed description can be 

found in van Olphen ( 1977). 

Clay swelling results from the structural and chemical properties of clays. The 

structure of montmorillonite, a clay that experiences significant swelling, is shown in 

Figure 2.5. The tetrahedryl shapes are composed of silicon trioxide joined into a 

tetraheydral shape. When silicon trioxide joins with with aluminum or magnesium cations, 

it forms an octrahedral shape as shown by the squares. The particular basic tetraheydral

octaheydral-tetraheydral unit of montmorillonite is termed a 2: 1 mineral structure. 

During formation of clays, there are typically not enough of the proper cations 

nearby to form the ideal structures. Other cations are substituted in a process termed 

isomorphous substitution. This leads to a negative charge at the particle surface. The 

charge imbalance is satisfied by a number of methods, including hydroxyl-oxygen 

bonding, hydrogen bonds with water, and cation attraction. For montmorillonite, water 

and cations bond to the negative particle surfaces. These form weak, inter-layer bonds. 
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<: Clay Particle 

Aluminum or Magnesium 
~~-----Octahedron 

Swelled Montmorillonite Clay 

Figure 2.5: Montmorillonite clay particles in the dry and swelled state. 
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Two ranges of swelling have been identified. The first stage is due to short -range 

particle interactions, sometimes termed intracrystalline swelling. As water is initially 

absorbed into the clay, it moves into the inter-layer bonding region where it hydrogen 

bonds with the particle surface. This decreases the surface hydration energy. Because of 

the weakness of the inital inter-layer bonds for montmorillonite, significant mono layers can 

be incorporated into this inter-layer region. Each successive monolayer increases the 

distance between the clay particles, causing an increase in mixture volume. 

The second stage is due to long-range particle interactions, termed either osmotic 

swelling or electrical double-layer repulsion. These become important after adsoprtion of 

approximately four monomolecular layers, where surface hydration energy has 

significantly decreased and a true water layer forms. The cations previously bonded to the 

particle surfaces try to diffuse through the water layer to equalize the concentration. This 

leads to a distribution of charge, that decays in an exponential function from one surface. 

Interaction between the the charge distributions from two adjacent surfaces, such as the 

clay particles, is called a double-layer. This is mathematically described in the Guoy

Chapman theory for a diffuse double layer as: 

1 
(2.40) 

where 1/KnL is the thickness of the double layer, Eo the static permittivity of a vacuum, De 

the dielectric constant of the medium, ks the Boltzmann constant, T the temperature, n0 the 

cation concentration, e the electronic charge, and v the cation valence. An increase in the 

double layer thickness increases the volume' of the mixture. Thus, any variations in 

dielectic constant, temperature, cation concentration, or cation valence may increase the clay 

swelling. 
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Chapter 3.0 Experimental Procedures 

3.1 Introduction 

Research has shown that seismic wave propagation in granular material is a 

function of density (Geertsma, 1961), grain size (Prasad and Meissner, 1992), compaction 

(Murphy, 1982a), clay content (Han et. al., 1988), cementation (Dvorkin et. al., 1991), 

pore fluid saturation (Domenico, 1974), and pore fluid type (Tittman et. al. , 1980). These 

properties can vary in unconsolidated glass bead specimens. Therefore, precise control 

was required during sample fabrication to ensure reproducibility. Sample preparation 

methods were carefully designed to generate a standard base. The following chapter 

details the experimental methods used in the laboratory investigation. Results from tests 

to check the procedures are also presented. 

3.2 Sample Preparation 

3.2.1 Sample Matrix 

Soda-lime glass beads were chosen for the matrix material. The beads were 

inspected under an optical microscope and found to be primarily spherical in shape 

(Figure 3.1a). Therefore, the grain-to-grain contacts in the random matrix were Hertzian 

(point-to-point) contacts. The standard nature of the grain contacts facilitated analysis 

and modeling. 

The use of glass beads also allowed for grain size selection. The majority of 

granular consolidated and unconsolidated materials are comprised of silt and sand-size 

particles, 20-5000 !J.m (Mitchell 1991). The bead diameters were chosen to span the 



Figure 3.1 : Scanning electron microscope photographs of (a) clean glass beads and (b) 
clay-coated, desiccator-dry glass beads. The scale is the same for both photos and is 
given in the lower right comer of lower photo; the bar is 100 microns long. 
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lower extent of sand-size particle classification. Three different diameter size 

distributions were tested: 53 to 106 microns, 106 to 212 microns, and 212 to 425 

microns. 
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The uniform composition of the glass beads insured that each grain in the matrix 

had similar elastic and seismic properties. These properties are listed in Table 3 .1. 

3.2.2 Sample Clay-Coating 

To produce a clay film on the beads, a clay solution was mixed with clean beads 

and then the mixture was dried. A clay film was produced over the entire surface of the 

beads. This ensured that upon assembly for seismic testing, the clay film would be 

present at the grain-to-grain contacts. 

Sodium-Montmorillonite was used as the clay. It was chosen based on its reactive 

properties. Extensive isomorphous substitution during formation results in a mineral with 

significant surface charge. This allows it to react with charged cations and polar 

molecules. Because of these interactions, montmorillonite can typically absorb up to 400 

percent of its weight in water before losing cohesion. 

3.2.2.1 Clay Solution Preparation 

The clay solution was prepared by stirring 45 grams of sodium-Montmorillonite 

(Wyoming type SWy-2) into 1.0 liter of distilled water. This slurry was mixed for 10 

minutes in a blender at highest speed, then poured into a flask and magnetically stirred 

for at least two hours. These steps insured that the clay was fully dispersed in the water. 
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Young's Modulus Ey 6.28 x 1010 Pa 

Bulk Modulus B 3.75 X 1010 Pa 

Shear Modulus 1-l 2.57 x 1010 Pa 

Density p 2480 kg/m3 

Poisson's Ratio v 0.22 

Compressional Velocity Cp 5380 m/sec 

Shear Velocity cs 3220 m/sec 

Table 3.1: Seismic properties of soda-lime glass beads. 
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After mixing, the clay solution was allowed to settle for three days to remove the 

trace amounts of sand-size particles present in the initial dry clay. The clay-containing 

viscous mixture was transferred by pipette into a storage flask. The solution was tested 

and found to have a pH of 9.0 and a clay concentration of 3.95 xlo-3 kg-clay/kg-water. 

Clay solution for individual sample preparations was obtained by vigorously 

swirling the flask for approximately 20 seconds before decanting. A more intensive 

dispersal was not required since the clay solution showed no signs of settling in the 

storage flask. 

3.2.2.2 Clay Coating 

Repeatable clay films were produced by slowly adding 100.00 grams of glass 

beads into 20.20 ml of clay solution. The clay solution volume was chosen to equal the 

pore volume at saturation, based on a porosity of -38 percent. The surface tension of the 

clay solution inhibited its infiltration into the pore space of the beads. Therefore, a small 

amount of distilled water was added and the sample was stirred to complete the mixing. 

The sample was then dried to deposit the clay onto the surfaces of the glass beads. 

Initially, this was accomplished by placing the sample in an oven at approximately 120 

OC for at least 24 hours. Later, the sample was dried by placing it in a vacuum chamber 

for approximately four hours then in a sealed chamber with Drierite ® desiccant for 

approximately 5 days. This second procedure yielded specimens with residual clay water 

contents of 5 percent (wt.-water/wt.-clay). Both procedures resulted in specimen clay 

contents of 0.8 percent (wt.-clay/wt.-specimen) and average surface densities of 

approximately 2.5 xio-3 kg/m2. 
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Figure 3.lb shows the clay-coated beads after desiccation-drying. The 

evaporation process resulted in distributed, as opposed to uniform, clay films on the 

beads. This is consistent with the effect capillary suction should have in pulling the clay 

solution from pores to the region proximate to the bead-to-bead contacts. 

3.2.2.3 Clay-Coating Analysis 

Scanning Electron Microscopy (SEM) and X-Ray diffraction analysis were used 

to investigate the extent of clay deposition onto the glass bead surfaces. The samples 

were covered with a 40 nm carbon layer then bombarded with X-rays at 10 keV to excite 

the atoms. Peaks in the energy emitted by the excited atoms can be used to identify the 

elemental composition. Ten ke V input voltage is too large to detect oxygen's emissions, 

but is more accurate in detecting the higher-weight atoms, such as aluminum, that can be 

used to distinguish the presence of clays. 

Table 3.2 gives elemental weight percentages interpolated from K-line emissions. 

The values are only a relative measurement, since the procedure assumes a 100 percent 

content for identified elements. They are thus useful only for comparative assessments. 

Figures 3.2, 3.3, and 3.4 present the SEM photographs and X-ray emissions 

spectra and for clean dry glass beads, clay-coated desiccator-dry beads, and clay-coated 

oven-dry beads, respectively. From the photographs it appears that the dessicator-dry 

clay has a greater surface area than the oven-dry clay. Indeed, structural changes upon 

oven drying can be used to classify clays. The thermogram curve for montmorillonite is 

given in Figure 3.5. Near 100°C, montmorillonite begins to change to a more collapsed 

structural spacing as exhibited by the endothermic reaction. The long exposure time may 

have facilitated the structural change in the tested clays. 
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Figure 3.2: The (a) clean, dry glass beads as viewed under the Scanning Electron 
Microscope and (b) emitted X-ray diffraction spectra. The vertical scale on the spectra is 
logarithmic. Clean dry beads have only trace amounts of aluminum, chloride, iron, and 
sulfur. 
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Figure 3.3: The (a) clay-coated, desiccator-dry glass beads as viewed under the Scanning 
Electron Microscope and (b) emitted X-ray diffraction spectra. The vertical scale on the 
spectra is logarithmic. Desiccator-dry clay-coated beads have significant amounts of 
aluminum, iron, and sulfur and only trace amounts of chloride. 
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Figure 3.4: The (a) clay-coated, oven-dry glass beads as viewed under the Scanning 
Electron Microscope and (b) emitted X-ray diffraction spectra. The vertical scale on the 
spectra is logarithmic. Oven-dry clay-coated beads have significant amounts of 
aluminum and chloride and only trace amounts of sulfur. 



Thermogram for Montmorillonite Clay 
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Figure 3.5: Schematic diagram of thermogram for montmorillonite clay. Temperature 
trends are based on van Olphen, 1977 and Mitchell, 1991. Clay begins first change in 
structure near 100oC. 
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The three sets of dry beads have different emissions spectra. Clean dry glass beads 

are composed mainly of silicon, calcium, and sodium consistent with their soda-lime 

composition: 75 percent Si02, 15 percent Na20, and 10 percent CaO. Desiccation-dry clay

coated beads show additional peaks for aluminum and iron consistent with the presence of 

montmorillonite clay. Montmorillonite clay is defined as Al2Si401Q(OH)2x H20. Iron-rich 

forms, with Fe3 commonly substituting for Al, are termed nontronites . When the clay-coated 

beads are oven-dried instead of desiccation-dried, the aluminum peak disappears and a 

chloride peak appears. Because of the high amount of chloride, it was unclear whether the 

film seen on the measured surface was a salt or clay film. 

Clay solution, plain beads, and desiccation-dry beads were dried in the oven and then 

analyzed to investigate the appearance of the chloride peak in oven-dry samples. The spectra 

and associated photographs are given in Figures 3.6, 3.7, and 3.8 respectively and the 

interpolated weight percentages are in Table 3.2. Dry clay alone has elevated levels of 

aluminum, calcium, iron, and sulfur. Dry beads alone show an elevated level of chloride and 

do not have aluminum and iron peaks. Oven-dried, desiccated clay-coated beads show 

aluminum, chloride, and iron peaks. 

Three conclusions have been reached from this analysis. First, the lack of chloride 

peak in the oven-dry clay indicates that the chloride did not originate in the clay. The 

elevated level in oven-dry plain beads suggests that the increased temperature caused 

reactions within the beads themselves that released chloride. Second, the aluminum and 

iron peaks in all clay-coated samples show that their presence can be used to identify the 

presence of clay. Third, the distributed films seen in the photographs of clay-coated 

beads, but not in the clean beads, suggests that film seen in the photographs is a clay film 

that is distributed across the surfaces of the beads. The large clay clumps are the result of 

more clay deposition on the bead surfaces adjacent to pores. 
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Figure 3.6: The (a) oven-dried montmorillonite clay as viewed under the Scanning 
Electron Microscope and (b) emitted X-ray diffraction spectra. The vertical scale on the 
spectra is logarithmic. The clay has significant amounts of aluminum, iron, and sulfur 
indicating that their peaks can be used to identify clay. 
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Figure 3.7: The (a) oven-dried clean glass beads as viewed under the Scanning Electron 
Microscope and (b) emitted X-ray diffraction spectra. The vertical scale on the spectra is 
logarithmic. The clean oven-dried beads have little aluminum, iron, and sulfur but 
significant amounts of chloride suggesting that the chloride comes from the beads 
themsevles. 
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Figure 3.8: The (a) clay-coated, desiccator-dry glass beads that were further dried in the 
oven, as viewed under the Scanning Electron Microscope and (b) emitted X -ray 
diffraction spectra. The vertical scale on the spectra is logarithmic. The beads have 
significant amounts of aluminum, chloride, iron, and sulfur. 
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Test Al Ca Cl Fe Mg Si Na s 

Plain Beads 0.00 13.8 0.23 0.40 4.01 70.07 10.81 0.68 

Desiccation-Dry Clay 0.99 13.12 NM 1.21 2.71 70.28 11.13 0.56 
Beads 

Oven-Dry Clay Beads 0.00 13.29 6.47 1.40 2.74 65.79 10.00 0.32 

Oven-Dry Clay 12.95 20.80 0.48 7.51 1.14 46.41 NM 10.71 

Oven-Dry Plain Beads 0.00 16.51 9.27 0.00 1.67 71.81 NM 0.73 

Oven-Dry Desiccated 1.55 14.16 3.29 4.04 1.22 75.06 NM 0.68 
Clay Beads 

Table 3.2: X-ray interopolated weight persentages of indicated elements for the tested glass 
bead samples. 
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3.2.3 Fluid Addition 

Three fluids were investigated: distilled water, ethyl alcohol, and hexadecane. 

They were chosen for their ability to interact with clay. The polar fluids are expected to 

have a greater interactions than the non-polar fluid. The fluid properties are given in 

Table 3.3. Unlike experiments with clean surfaces, i.e. not clay-coated, the seismic 

properties of fluids are not directly important. The properties of the clay-fluid mixture 

will control the mechanical behavior of the specimen. Therefore, the important properties 

are those that govern the clay-fluid interactions, as given by equation 2.40. 

The fluids were added to the specimen by vapor deposition in a sealed clean box. 

The fluids placed in a contained inside the sealed box, then evaporated by applying heat 

to the container. Evaporated fluid condensed on the colder, clay-coated beads. To 

facilitate fluid adsorption, the beads were mechanically separated before insertion in the 

box and spread into thin layers in five petri dishes. The fluid content of the clay was 

controlled by regulating the vapor pressure and exposure time. The fluid content was 

measured by weighing a mixed sample of the prepared beads before and after drying in a 

120°C oven for at least 24 hours. 

3.2.4 Sample Assembly 

After fluid saturation, the prepared beads were transferred into a cylindrical 

polyethylene jacket. Between the addition of beads from each petri dish, the beads were 

compacted using an aluminum slug. General specimen dimensions were either 0.0429 m 

(1.69") or 0.0254 m (1.00") in length and 0.0508 m (2.00") in diameter. Samples 

fluctuated about these dimensions due to variable compaction caused by the changing 

clay properties. The parameters of all tests conducted are given in Table 3.4. 

,, 
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Fluid Density Viscosity Molecular Molecular Dipole Moment 
(kgtm3) (cP) Polarity Radius (A) (Debyes) 

Water 998.2 1.002 Polar 3.1 1.85 

Ethyl Alcohol 789.3 1.200 Polar 4.6 1.69 

Hexadecane 773.3 3.340 Non-Polar 12.3 -

Table 3.3: Fluid properties for the fluids absorbed into the clay-coating. 

Test Bead Condition Bead Size Fluid Clay Fluid Specimen Length 
Name (Jlm) Content Fluid (m) 

Content 
GBD1 Dry, Clean 212-425 none - 0% 0.0429 
GBD2 Dry, Clean 106-212 none - 0% 0.0429 
GBD3 Dry, Clean 53-106 none - 0% 0.0429 
GBD7 Dry, Clean 53-106 none 0% 0% 0.0254 
GBW1 Clean 53-106 water - 100% 0.0280 
GBE2 Clean 53-106 ethyl alcohol - 100% 0.0259 
GBH1 Clean 53-106 hexadecane - 100% 0.0271 
GBDC1 Dry, Oven-Dry 53-106 none 0% 0% 0.0254 

Clay 
GBDC4 Dry, Desiccator- 53-106 none 5% 0.04% 0.0251 

Dry Clay 
GBW2 Clean 53-106 water (300 %) 2.40% 0.0254 
GBCW4 Clay -coated 53-106 water 60% 0.48% 0.0254 
GBCW6 Clay -coated 53-106 water 80% 0.64% 0.0256 
GBCW5 Clay -coated 53-106 water 140% 1.12% 0.0277 
GBCW7 Clay-coated 53-106 water 200% 1.60% 0.0269 

• GBCW3 Clay -coated 53-106 water 300% 2.40% 0.0274 
GBCW8 Clay -coated 53-106 water - 100% 0.0235 
GBCE3 Clay -coated 53-106 ethy 1 alcohol 200% 1.60% 0.0236 
GBCH1 Clay -coated 53-106 hexadecane 50% 0.40% 0.0261 

Table 3.4: Parameters for glass bead specimen tests. 
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The larger number of interfaces suggested that minor contamination by air-borne 

dust would not significantly effect the transmissions. Therefore, samples with water were 

assembled outside the clean box. Ethyl and hexadecane-containing samples were 

assembled inside the clean box to prevent water absorption. 

3.3 Seismic Testing 

The semi-compacted specimens were placed into the load frame for seismic 

testing in the apparatus shown in Figure 3.9. Axial stress on the specimen was controlled 

by a deadweight pump (Ashcroft portable gauge tester). Confining stress was controlled 

by a screw pump connected to the water-filled confining cell. Stresses were maintained 

at hydrostatic conditions to minimize breakage of the glass beads and cycled three times 

prior to testing to further enhance specimen compaction before seismic waves were 

propagated. Mean stresses ranged from 2.4 to 14.8 MPa ( -2150 psi). 

Two similar transducers were used to perform the seismic wave propagation tests. 

A cross-sectional diagram of a transducer is given in Figure 3.10. The transducers consist 

of two piezoelectric crystals located between three electrodes. A rubber spacer at the top 

of the transducers separates the top electrode from the casing, used as the bottom 

electrode. This rubber spacer is pressurized to couple the crystal and aluminum electrode 

surfaces. 

Ultrasonic waves were generated by applying an -1000 volt, 640 nanosecond 

pulse across the piezoelectric crystal. Compressional (P) waves were generated by 

connecting Port 2 to the voltage pulse, and grounding the other two electrodes. The peak 

frequency of the generated P-wave was-800kHz. Shear (S) waves were generated by 

connecting Port 3 to the voltage pulse, and grounding Port 1. Port 2 was not grounded 



Cober 605P 
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Figure 3.9: Schematic diagram of the laboratory equipment used in the experiments. 
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Schematic Diagram of a Seismic Transducer 
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Figure 3.10: Schematic diagram of seismic transducers used in the laboratory testing. 
The seismic waves are generated by excitation of piezoelectric crystals. P-waves require 
voltage into Port 2, with Ports 1 and 3 grounded. S-waves require voltage into Port 3, 
with Port 1 grounded. 
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during S-wave testing to minimize the generation of P-waves. The peak frequency of the 

generated S-wave was-525kHz. The transmitted ultrasonic waves were measured in the 

receiving transducer using wire connections similar to the transmitting transducer. 

However, in the receiving transducers the measuring electrode port was connected to a 

LeCroy Digital Oscilloscope ® instead of the pulse generator. 

Ultrasonic waves were transmitted upon loading and unloading the sample during 

the fourth stress cycle. Loading stresses ranged from 2.5 to 14.8 MPa in steps of -1.2 

MPa. Unloading stresses ranged from 14.8 to 2.5 MPa in steps of -2.4 MPa. For each 

wave, 200 individual transmissions were conducted at each stress. These transmissions 

were stacked to reduce noise, and the resulting trace stored on the LeCroy Oscilloscope 

for further analysis. 

After the seismic tests were completed, the wave traces were inspected on the 

oscilloscope to measure the arrival time and the peak-to-peak voltage. The traces were 

then transferred to a Macintosh Ilci ® computer using the Labview ® application, and 

stored on High Density floppy disks for permanent storage. The Matlab ® application 

was used to analyze the frequency content of the transmitted waves. This allowed the 

peak frequencies, attenuation coefficients, and quality factors to be calculated. 

When possible, aluminum calibration tests were conducted immediately after the 

specimen test. This preserved the effects of minor changes in input signal voltage and 

also captured the effects of environmental conditions, such as temperature and humidity, 

on the testing apparatus. These calibrations were used in calculations of the attenuation 

coefficients and quality factors. 
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3.4 Calibration Tests 

Four different sets of tests were performed to check the sample preparation 

procedures. These tests included checks on compaction, repeatability, bead size 

scattering, and specimen length. 

3.4.1 Compaction Test 

To insure repeatable grain matrix configurations, it was necessary to compact the 

beads. This was done in two separate steps. First, the beads were compacted by tamping 

the beads after adding each petri dish during assembly of the specimen. Second, the 

specimen was subjected to stress cycling in the load frame before measuring seismic 

wave propagation. 

A test was conducted to measure the effect of compaction during stress cycling on 

seismic wave propagation in clean, dry beads. Seismic propagation measurements were 

made at 1.2 MPa intervals as the specimen was loaded and unloaded from 2.4 to 14.8 
t 

MPa during four stress cycle loadings. The P and S-wave traces at the highest stress are 

shown in Figure 3.11. For both wave types, the first arrival times changed little as the 

sample is cycled but the S-wave traces showed a shift in frequency as the compaction 

increased. There is also a notable change in the transmitted amplitudes. These changes 

decrease after the third stress cycle. Both velocity, amplitude, and frequency variations 

are much less than changes expected for differences in stress level and composition. 

Another test examined the effect of compaction as stress was held constant. Both 

clean, dry beads and clay-coated, dry beads were investigated. The specimens were 
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Figure 3.11: The (a) P-wave and (b) S-wave traces at 14.8 MPa for clean dry beads as 
stress is cycled. Cycling the stress improves the transmission, with changes tapering off 
by the fourth stress cycle. 
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cycled three times, then held at the highest stress, 14.8 MPa, for 1800 seconds (30 

minutes) while seismic propagation measurements were conducted. The stresses were 

then lowered to 7.4 MPa and the seismic measurements repeated over 30 minutes. The 

peak-to-peak amplitudes are shown in Figure 3.12 For both clean and clay-coated beads, 

the amplitudes increased slightly during the first 500 seconds. They then remained 

constant for the duration of the test. Measurements at the lower mean stress showed no 

significant change with time. 

Based on these tests, a standard procedure was established to compact the 

specimens. The specimen was stress cycled three times before seismic testing was 

started. It was believed that further stress cycling would not improve compaction and 

could lead to damage of the specimen. During the third stress cycle, the highest stress 

was maintained for at least 10 minutes to minimize the effects of constant stress creep. 

Seismic measurements began 'immediately upon returning to the lowest stress. 

3.4.2 Repeatability Test 

Tests were conducted with dry glass beads to insure that preparation procedures 

generated samples with repeatable seismic signatures. It proved surprisingly difficult to 

produce directly repeatable samples. Seismic measurements proved to be very sensitive 

to instrumental variations, including source strength and source-to-sample bonding. To 

overcome these difficulties, the signals were matched on the LeCroy before testing, lead 

foil couplers were punched at the same time, and identical weight beads were tested. 

Comparable tests were confirmed by repeatable dry bead tests measured 15 days 

apart. The S-wave traces from these tests are shown in Figure 3.13. These measurements 
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Figure 3.12: (a) P-wave and (b) S-wave peak-to-peak amplitudes over time as stress is 
held constant. Results for dry clean beads and dry clay-coated beads at two different 
stress levels are presented. Changes due to compaction are evident during the first 600 
seconds (10 minutes). The velocities for the tests exhibited no changes. 
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Figure 3.13: S-wave traces from two different dry glass bead samples measured 15 days 
apart. The close agreement in veloc~ties and amplitudes indicates that sample procedures 
can produce repeatable samples. 
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were made at 14.8 MPa for samples lengths of 0.0254 m (1.00"). The traces are very 

similar. The timing of the seismic events are in good agreement. The magnitudes of the 

seismic events vary slightly. This can be attributed to slight variations in sample lengths, 

matrix configurations, or transducer-to-sample bonding. 

3.4.3 Bead Size Test 

The determination of the proper bead size for the experimental tests was governed 

by the relationship between sensitivity and attenuation. Sensitivity is the need to have a 

sufficient number of interfaces to accurately measure their effects on seismic wave 

propagation. However, a large number of interfaces may also cause significant 

attenuation. There needs to be sufficient amplitude transmitted to accurately detect the 

variations in clay. 

Three bead sizes were tested to determine the most appropriate size for 

experimental measurements. Specimens, 0.0429 m (1.69") in length, were prepared using 

clean, dry beads. The seismic traces at the highest stresses are shown in Figure 3.14. 

First arrival times vary only slightly between the bead sizes. Amplitudes are significantly 

different. For both P and S-wave transmission, the amplitudes are inversely related to 

size: the smallest beads have the most amplitude transmission and the largest beads have 

the least amplitude transmission. Peak-to-peak amplitudes are inversely related to 

attenuation. Thus, attenuation is directly related to bead size. Although not presented, 

Fourier transforms of the first wave cycle for each bead size confirm this trend. 

Seismic wave scattering occurs by two mechanisms. Seismic waves can be 

scattered off an interface. Therefore, an increase in number of interfaces may increase 

scattering and thus attenuation. Because the 53-106 11m glass beads are smaller in size, 
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Figure 3.14: Traces for three different grain distribution sizes for (a) P-waves and (b) S
waves. The smallest beads, 50 to 100 microns in diameter, transmit the most energy. 
The specimen lengths are 0.043 m (1.69"). 
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they have more interfaces for equal volumes. However, when grain size is within an 

order of magnitude of the seismic wavelength, the waves can be strongly attenuated by 

Mie scattering. The number of beads per wavelength for the dry propagation specimens 

are shown in Table 3.5. The glass beads in the 106-212 and 212-425 J..Lm size distributions 

are both in the range of strong scattering (A= 10 beads). Because the largest beads had the 

smallest amplitude transmission, and thus largest attenuation, in these experiments the 

grain size effect causes more scattering than the interface effect. It is fortuitous that the 

beads with the most sensitivity (the most interfaces) have the least attenuation. The beads 

in the range 53-106 J..Lm will be used in the subsequent tests. 

3.4.4 Specimen Length Test 

The small amplitudes, and thus high attenuations, in the 0.0430 m length bead 

specimens suggested that at this length it might be difficult to observe significant 

differences in specimens. The addition of clay was expected to increase attenuation and 

therefore exacerbate the difficulty in quantifying differences. To increase transmitted 

amplitudes, and thus the magnitude of differences between the various specimens, the 

specimen length was decreased from .0430 (1.69") to .0254 m (1.00"). 

As expected, changing the length did not affect the velocities. Decreasing the 

specimen length did affect the peak frequency and spectral amplitudes for both wave 

types. P and S-wave traces spectra at the two different lengths are compared in Figure 

3.15. For the P-wave transmissions, decreasing the length increased the peak frequency 

by 58 percent, from 235 to 372 kHz, and the spectral amplitude by 110 percent, from 

.2743 to .5749 mV/1024 points. For the S-wave transmissions, decreasing the length 

increased the peak frequency by 7 percent, from 293 to 313 kHz, and the spectral 

amplitudes by 142 percent, from 4.3745 to 10.5708 mV/1024 points. 
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Bead Size P-wave P-wav~ A #beads S-wave S-wave /... #beads 
(Jlm) velocity (Jlm) per/... velocity (Jlm) per/... 

(rnlsec) - (rnlsec) 

53-106 1368 1666 21.0 760 1440 24.2 

106-212 1373 1672 10.5 747 1415 8.9 

212-425 1277 1555 4.9 749 1420 4.5 

Table 3.5: Parameters for seismic waves in the different size dry glass beads. 
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Frequency Spectra for Length Comparison 
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Figure 3.15: Spectral amplitudes for (a) P-waves and (b) S-waves for specimen lengths 
of 0.043 and 0.025 m. Spectral amplitudes and the P-wave peak frequency are larger for 
the shorter specimens. 
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4.0 Effects of Mineralogy, Fluid Chemistry, and Fluid Content 

4.1 Introduction 

The purpose of this investigation was to compare the seismic behavior of granular 

materials with different contact rheologies. Contact rheologies were varied by altering the 

chemistry and content of fluid absorbed into a clay layer coating individual spherical glass 

beads. Variations in the clay properties were expected to change the rheologic conditions at 

grain-to-grain contacts. It was anticipated that rheologic changes would affect seismic 

propagation. Eleven experiments were conducted; the parameters for these experiments 

are given in Table 3.4. 

An example of the seismic traces is shown in Figure 4.1 for P-waves and Figure 

4.2 for S-waves. The S-wave traces shows a smaller, pre-cursive P-wave arrival that 

results from conversion of the S-wave at the upper sample boundary. Due to the 

arrangement of the crystals, both wave types arrive by breaking in the down direction. The 

traces vary in arrival time, peak-to-peak amplitude, and spectral frequency content. The 

changes are investigated using quantitative analysis techniques. 

4.2 Analysis Techniques 

The response of the seismic traces was investigated by examining group 

velocities, spectral amplitudes, frequency contents, and quality factor data. Examination of 

the changes in these parameters provides a basis for determining the mechanisms that 

control seismic behavior. 
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Figure 4.1: Calculation of P-wave frequency spectra from trace data. Graph (a) shows 
the actual trace, the window function, and the windowed trace. Graph (b) shows the 
frequency spectra of the windowed trace. The trace is from the 80 percent clay water 
content experiment at 14.7 MPa. 
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Figure 4.2: Calculation of S-wave frequency spectra from trace data. Graph (a) shows the 
actual trace, the window function, and the windowed trace. Graph (b) shows the 
frequency spectra of the windowed trace. The trace is from the 80 percent clay water 
content experiment at 14.7 MPa. 
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The first-break arrival time was measured and used to calculate group velocity. For 

further analysis, the wave train was fast-Fourier transformed to obtain the spectral 

amplitude versus frequency data. This procedure is shown in Figures 4.1 and 4.2 for 

representative P-wave and S-wave traces respectively. The full seismic trace was 

windowed to insure that only the directly arriving wave was transformed. This window 

was of the form of a modified boxcar function. The first part of the window is a boxcar 

function, with values set equal to unity. The end of the window is a half Hanning 

Function, with values decreasing to zero in a cosine decay. The cosine tail smoothed the 

effect of the incoming coda and also reduced spectral leakage. The window was applied 

starting at the first break arrival time. The time length of this window was held constant 

between the tests to guarantee that repeatable energy quantities were compared between the 

specimens. The resulting windowed trace, x(n), was padded with zeros to 1024 points, 

and then Fourier Transformed to obtain the spectral frequency data, X(j), as follows: 

N 
X(f) = LX(n+1)•(e-j(27t/N))Jh (4.1) 

n=l 

where n are the data point time steps and k are the frequencies. 

Peak frequencies were measured directly from the spectral data. They are listed in 

Tables 4.1 and 4.2 for P-waves and S-waves respectively. Values at all measured stress 

levels are presented, with units of kilohertz. Frequency resolution is -20 kHz. For 

comparison, the peak frequencies of the input signals were -800kHz and -525 kHz for P-

waves and S-waves respectively. Peak frequencies that appear to be higher at the lowest 

stress as opposed to the middle stresses are presumed to be artifacts of low signal to noise 

ratios at low stresses. P-wave peak frequencies show some variability between specimens 



Test 2.46 3.69 4.92 6.15 7.38 8.61 9.84 11.07 12.3 13.53 14.76 
Clean, 
Dry 351.91 351.91 195.5 244.38 293.26 322.58 351.91 381.23 420.33 430.11 459.43 
Clay-coated, 
Oven-dry 449.66 195.5 234.6 254.15 293.26 312.81 391.01 430.11 391.01 430.11 488.76 
Clay-coated, 
Desiccator-Dry 195.5 175.95 195.5 215.05 254.15 234.6 254.15 251.15 293.26 391.01 449.66 
Clay-coated, 

195.5 50% water-content 175.95 215.05 ·234.6 273.7 293.26 332.36 410.56 430.56 410.56 449.66 
Clay-coated, 
80% water-content •175.95 58.651 195.5 175.95 195.5 215.05 215.05 215.05 234.6 254.15 273.7 
Clay-coated, 
140% water- - 156.4 175.95 175.95 195.5 175.95 195.5 195.5 195.5 195.5 215.05 
content 
Clay-coated, 
200% water- 156.4 175.95 195.5 215.05 215.15 273.7 - 312.81 351.91 410.56 430.11 
content 
Clay-coated, 
300% water- - 195.5 195.5 215.05 215.05 254.15 293.26 312.81 332.36 332.36 371.46 
content 
Clean, 
2.4% water- 332.36 332.36 332.36 136.85 195.5 215.05 234.6 273.7 273.7 273.7 293.26 
content 
Clay-coated, 50% 
hexadecane- 293.26 215.05 215.05 195.5 234.6 234.6 273.7 273.7 312.81 351.91 371.46 
content J 

Clay-coated, 
200% ethyl - 215.05 175.95 215.05 215.05 234.6 234.6 273.7 312.81 371.46 391.01 
alcohol-content 

Table 4.1: P-wave peak frequency data for seismic tests on glass bead specimens. Data are given in units of kiloHertz, with 
resolution of -20 kHz. 
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Test 2.46 3.69 4.92 6.15 7.38 8.61 9.84 11.07 12.3 13.53 14.76 
Clean, 
Dry 391.01 234.6 234.6 273.7 283.48 293.26 303.03 312.81 322.58 322.58 312.81 
Clay-coated, 
Oven-dry 332.36 215.05 234.6 234.6 234.6 254.15 254.15 273.7 273.7 273.7 273.7 
Clay-coated, 
Desiccator-Dry 175.95 234.6 254.15 254.15 273.7 273.7 273.7 293.26 293.26 293.26 293.26 
Clay-coated, 
50% water-content 215.05 234.6 254.15 254.15 254.15 273.7 273.7 273.7 273.7 273.7 273.7 
Clay-coated, 
80% water-content 205.28 215.05 234.6 234.6 234.6 234.6 254.15 254.15 254.15 254.15 273.7 
Clay-coated, 
140% water- 175.95 205.28 215.05 215.05 234.6 254.15 234.6 234.6 254.15 254.15 254.15 
content 
Clay-coated, 
200% water- 215.05 224.83 234.6 . 254.15 254.15 254.15 254.15 273.7 273.7 - 273.7 
content 
Clay-coated, 
300% water- 166.18 215.05 234.6 254.15 234.6 254.15 254.15 254.15 273.7 273.7 273.7 
content 
Clean, 
2.4% water- - - - 283.48 234.6 234.6 234.6 234.6 254.15 273.7 273.7 
content 
Clay-coated, 50% 
hexadecane- 185.73 195.5 215.05 215.05 234.6 234.6 254.15 254.15 254.15 273.7 273.7 
content 
Clay-coated, 
200% ethyl 175.95 234.6 234.6 254.15 254.15 254.15 254.15 273.7 273.7 273.7 273.7 
alcohol-content 

Table 4.2: S-wave peak frequency data for seismic tests on glass bead specimens. Data are given in units of kiloHertz, with 
resolution of -20 kHz. 

00 
w 
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at constant stress levels. S-wave peak frequencies are very consistent between the 

specimens at constant stress levels. 

Attenuation coefficients and quality factors, measures of the energy loss per unit 

distance and per cycle respectively, required calculation. Repeatability tests indicated that 

small changes in source signal strength occurred between tests. Therefore, the method of 

spectral amplitude ratio comparison between the glass bead specimen and an aluminum 

standard was chosen (Toksoz et al., 1979; Tang et al., 1990). This method corrects for 

variations in the source. The data from aluminum standards measured directly after the 

specimen tests were used in the following equations: 

(4.2) 

where a is the attenuation coefficient, L the length of the sample, U the spectral amplitude, 

fthe frequency, G the geometrical spreading factor and C the velocity. SubscriptS refers 

to the glass bead specimen; subscript AL the aluminum standard. Geometrical spreading 

factors were computed using the method of Bass ( 1958) and found to vary by only 4 

percent for the glass bead specimens and aluminum standards in this laboratory work. 

Since this term is similar to experimental variability, it was neglected in the data reductions. 

Quality factors at the individual trace peak frequencies were used in the figures for 

comparison between the specimens. Quality factors at a single frequency are given in 

Tables 4.3 and 4.4 for P-waves and S-waves respectively. The frequency for P-waves 

equaled-370kHz, a central peak frequency for the set of spectra at the highest stress, 14.7 
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J'est 2.46 3.69 4.92 6.15 7.38 8.61 9.84 11.07 12.30 13.53 14.76 
MPa MPa MPa MPa MPa MPa MPa MPa MPa MPa MPa 

~lean, 
pry 6.11 6.64 6.95 10.81 12.12 13.41 15.73 .17.73 19.32 20.04 21.86 
~lay-coated, ·, 

Oven-dry 8.46 8.73 9.24 10.03 10.59 11.74 11.87 12.60 12.80 13.17 
~lay-coated, 
Desiccator-Dry 6.56 - 8.42 - 10.4 - 10.9 - 12.14 - 13.6 
'"Jay-coated, 
50% water-content 7.24 7.39 8.31 9.00 10.06 10.27 10.52 11.21 11.42 - -
'-Jay-coated, 
80% water-content 6.19 4.19 6.85 6.38 6.93 7.64 7.77 8.03 8.64 8.92 9.40 
'-'lay-coated, 
140% water- 5.62 . 5.36 5.79 -6.15 6.70 6.46 6.85 7.25 7.65 
~ontent 

~lay-coated, 
~00% water- 5.83 5.75 7.36 7.81 8.22 9.55 - 10.62 11.13 11.88 12.45 
~ontent 

1'-...lay-coated,. 
300% water- - 7.47 6.95 8.16 8.05 9.14 10.25 10.66 11.09 - -
~on tent 
~lean, 
~.4% water- 8.36 8.01 7.78 8.33 8.91 8.73 
fContent 
... Jay-coated, 50% 
hexadecane- 6.50 8.27 7.70 8.11 8.30 9.30 10.49 10.39 10.82 11.85 12.40 
content 
'"...lay-coated, 
200% ethyl 5.96 6.95 6.16 7.26 7.27 7.69 8.08 8.52 ·8.99 9.59 10.18 
alcohol-content 

. . 
Table 4.3: P-wave quality factor data at a frequency of-370kHz for seismic tests on glass bead specimens. The frequency 
corresponds to a mid-value for the set of tests at the highest frequency. 
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Test 2.46 3.69 4.92 6.15 7.38 8.61 9.84 11.07 12.30 13.53 14.76 
MPa MPa MPa MPa MPa MPa MPa MPa MPa MPa MPa 

Clean, 
Dry 12.89 17.65 18.30 28.27 34.02 34.09 35.04 36.13 37.62 43.60 43.66 
Clay-coated, 
Oven-dry. 7.17 11.00 13.78 15.05 16.07 18.04 19.16 21.54 22.70 25.01 24.96 
Clay-coated, 
Desiccator-Dry 7.47 11.73 15.01 16.64 17.97 20.60 22.17 25.57 27.36 30.90 31.16 
Clay-coated, 
50% water-content 12.01 13.22 14.45 16.41 16.00 16.44 19.31 20.55 21.25 21.81 22.60 
Clay-coated, 
80% water-content 9.00 10;35 11.05 11.59 12.83 13.31 14.41 15.58 16.27 17.00 17.98 
Clay-coated, 
140% water- 7.42 8.51 9.59 10.73 11.37 11.13 12.75 13.74 14.69 15.54 16.10 
content 
Clay-coated, 
200% water- 9.38 10.16 11.90 13.62 14.74 16.14 17.79 19.16 20.00 - 22.84 
content 
Clay-coated, 
300% water- 9.24 8.47 7.90 13.26 13.72 15.26 15.90 17.31 18.78 19.72 20.55 
content 
Clean, 
2.4% water- 9.27 14.23 15.18 16.30 17.25 18.79 20.01 21.22 
content 
Clay-coated, 50% 
hexadecane- 7.56 9.65 11.22 12.22 13.73 14.81 16.20 16.85 17.56 18.27 19.40 
content 
Clay-coated, 
200% ethyl 8.61 9.90 10.69 11.79 12.84 13.84 15.00 15.98 17.08 18.11 19.12 
alcohol-content 

. . 
Table 4.4: S-wave quality factor data at a frequency of-270kHz for seismic tests on glass bead specimens. The frequency 
corresponds to a mid-value for the set of tests at the highest frequency. 
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MPa. The frequency for S-waves equaled -270 kHz, a central peak frequency for the 

spectra at the highest stress. 

4.3 Effect of Stress 

87 

Each glass bead specimen exhibited consistent changes in seismic wave propagation 

as stress was varied. Figures 4.3 through 4.6 present these changes for a dry, clean bead 

specimen and a clay-coated specimen with 80 percent water content. The glass bead 

specimens show considerable variation with stress in comparison to crystalline and 

consolidated rock samples. Both the velocities and the amplitudes of the transmitted pulse 

increase as stress increases. In the spectral domain, the peak frequencies and spectral 

amplitudes also increase as stress increases. The dry, clean bead specimen had larger 

overall and relative changes than the clay-coated specimen. For both specimens, peak 

frequency changes for P-waves are larger than for S-;waves. 

These trends indicate that the specimen is stiffening as stress increases. In granular 

material at low stresses, this behavior is often attributed to closure of microcracks (Birch 

and Bancroft, 1938; Gardner et. al., 1964; Gordon and Davis, 1968; Toksoz et. al., 1979). 

This cannot be the case in this material since few microcracks exist. However, in 

unconsolidated materials with non-welded contacts, grain-to-grain contacts can be affected 

by stress. As stress increases so does both the number of contacts and the area of each 

contact. Both of these changes will lead to higher overall stiffnesses and better seismic 

wave transmission. 

The three contact stiffness models developed in Section 2.3.1 are applied to 

investigate the effect of stress on grain-to-grain contacts. The effective modulus model 
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Figure 4.3: P-wave (a) traces and (b) spectra for dry, clean bead specimen. Velocities 
and magnitudes of the traces increase with increasing stress. Spectral amplitudes and 
peak frequencies also increase with increasing stress. · 
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approximates a set of contacts as a planar interface. P-wave and S-wave velocities are 

separately input to obtain contact stiffnesses, using equation 2.18. Grain contacts are 

considered to be perfect spherical contacts in the Hertzian contact model. This model, 

equation 2.21, depends only on the value of stress. The modified effective modulus 

model allows for a random number of contacts per grain. For planar motion, the contact 

stiffnesses are calculated by inputting the P-wave velocities into equation 2.31. Both the P

wave and S-wave velocities are input into equation 2.34 to calculate the contact stiffnesses 

under triaxial strain. 

Data from a clean dry specimen and a clay-coated 80 percent water content 

specimen are input into the appropriate equations to give the calculated stiffnesses shown in 

Figure 4.7. For each model, the stiffnesses increase as stress increases. This confirms 

that stress is increasing the stiffness of the grain contacts. Also, the contact stiffnesses for 

the clay-coated specimen are slightly higher than for the dry clean specimen, suggesting 

that clay stiffens the grain contacts. 

The calculated stiffness are all within approximately an order of magnitude, but 

vary depending on model. Stiffnesses increase as the models become more complex. The 

highest values are for a random number of contacts under triaxial strain. More complex 

models typically account for fewer contacts, requiring the remaining contacts to have more 

resistance to motion. Since the number of contacts in the random packing of the specimen 

is likely to be less than the number in any ordered approximation, the contact stiffnesses in 

the actual specimens are likely to be larger than the values presented in Figure 4. 7. For 

both specimens, contact stiffnesses are lowest for the effective modulus model with S

wave input indicating that the bead contacts are more compliant under shear motion than 

under compressional motion. The effective modulus model with P-wave input and 
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Figure 4.7: Calculated contact stiffnesses calculated for three different models: effective 
modulus, Hertzian contact, and modified effective modulus. The (a) clean dry and (b) 80% 
clay water content specimen data are shown. Stiffness increases with stress and with 
increasing refinements in the models. 



Hertzian contact model estimate similar contact stiffnesses. This agreement can be 

attributed to the assumption of planar contact sets in both models. 
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Recent conceptual work based on thin sections has suggested that grain contacts can 

have an important influence on seismic velocities (Anstey, 1991). The data presented here 

confirm the importance of grain contacts and grain contact stiffnesses to the seismic 

velocities and attenuation of poorly cemented and unconsolidated materials. 

4.4 Effect of Clay-Coating 

The preceding data suggests that the presence of clay significantly affects seismic 

wave propagation. Comparison of the spectra in Figures 4.3 through 4.6 shows that the 

clean beads have larger spectral amplitudes and peak frequencies than the 50 percent water 

content clay-coated beads. In addition, the calculated contact stiffnesses were higher for 

the clay-coated beads in Figure 4.7. 

The effect of clay-coating the glass beads is examined rigorously in two sets of 

tests. Clean and clay-coated beads are first compared under dry conditions. Both oven-dry 

and desiccator-dry clay-coated specimens are studied. In the second set of tests, clean and 

clay-coated beads are compared at 2.4 percent specimen water contents. This corresponds 

to a 300 percent clay water content for the clay-coated specimen. 

Figure 4.8 shows the group velocities at dry conditions. The desiccator dry 

specimen group velocities are larger at nearly all stress levels than the other two specimen 

group velocities for both P-waves and S-waves. The oven-dry clay-coated group velocities 

are similar to dry clean group velocities for P-waves, but larger than dry clean beads for S-
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Figure 4.8: (a) P-wave and (b) S-wave velocity data for dry bead specimens with and 
without clay coatings. It can be seen that the clay coating increases the velocities, 
indicating that clay adds stiffness to the grain contacts. Desiccator-dry clay has higher 
shear stiffness than oven-dry clay. This can be attributed to structural changes in the clay 
during oven drying. 
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waves. The dry clean P-wave group velocities below 5 MPa and oven-dry clay-coated S

wave group velocities below 3.5 MPa appear to be independent of stress. 

The quality factor data at individual spectral peak frequencies for the dry tests are 

presented in Figure 4.9. For these data, the dry clean beads have significantly larger values 

at higher stresses than for the other two tests. At and below 5 MPa stress, the clean dry 

values are smaller for P-waves and only slightly higher for S-waves. At all stresses, oven

dry clay-coated and desiccator-dry clay-coated quality factors are similar for P-waves. For 

S-waves, the desiccator-dry clay-coated values are larger. 

The P-wave peak frequency data, presented in Table 4.1, vary slightly from these 

trends. In general they are highest for oven-dry clay-coated beads, though there is some 

interchange with the clean dry beads. The desiccator-dry clay-coated P-wave peak 

frequencies are lower. The peak frequencies for S-waves, presented in Table 4.2, are 

largest for the clean dry beads, followed by the desiccator-dry clay-coated and the oven-dry 

clay coated beads respectively. The S-wave data follow the quality factor trends. 

The group velocities for tests at 2.4 percent specimen water content are given in 

Figure 4.10. Similar to the dry conditions, the specimens with clay have notably larger 

group velocities for most P-wave stresses and all S-wave stresses. At and below 7.5 MPa, 

the clean wet P-wave group velocities appear to be independent of stress. In this same 

range, the wet clay-coated group velocities drop below the clean wet values. 

Figure 4.11 presents the quality factors calculated at individual spectral peak 

frequencies for the 2.4 percent water content specimens. Because of noise, quality factors 

could not be calculated for the clean wet specimens at low stresses. At higher stresses, the 

P-wave clean wet values are significantly larger than for the clay-coated specimen. In 
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Figure 4.9: P-wave and S-wave quality factor data at individual spectra peak frequencies 
for dry bead specimens with and without clay coatings. The clay coating decreases the 
quality factor, with the desiccator-dry clay having higher shear stiffness than oven-dry 
clay. The difference can be attributed to structural changes in the clay during oven drying. 
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Figure 4.10: (a) P-wave and (b) S-wave velocity data for bead specimens with 2.4 percent 
specimen water content (weight water/weight specimen), equivalent to 300 percent clay 
water content (weight water/weight clay). The clay-coating increases the velocities due to 
the higher stiffness for the clay-water mixture than for water alone. 
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contrast to both the wet P-wave, dry P-wave, and dry S-wave trends, the wet S-wave clean 

bead quality factors are similar to wet clay-coated values at higher stresses. At 7.5 MPa, 

the S-wave clean wet quality factor is notably lower than clay-coated wet value. 

The P-wave peak frequencies, given in Table 4.1, are in contrast to the quality 

factor trend. The P-wave clay-coated wet peak frequencies are larger than the clean wet 

peak frequencies. These trends can be attributed to the different viscosities at the grain 

contacts. Clay has a higher viscosity and therefore transmits higher frequencies but also 

dissipates more energy. The S-wave peak frequencies (Table 4.2) are similar for the two 

wet tests in agreement with the quality factor data. 

The data clearly show that the presence of clay at grain contacts directly affects 

seismic wave propagation. At the higher stresses, the addition of clay increases the group 

velocities and concurrently decreases the quality factors, i.e. increases the attenuation. 

These trends can be attributed to the rheologic nature of clay. Because of clay's structure, 

clay at a contact will increase both the stiffness and the viscosity of that contact. The 

change in stiffness changes the group velocity and attenuation of the propagating seismic 

wave. A stiffer contact increases the group velocity, decreases the attenuation, and 

increases the peak frequency of the pf!bpagating wave. A change in viscosity does not 

affect the group velocity, but does change the attenuation of the propagating wave. A more 

viscous contact converts more energy to heat, thereby increasing the attenuation of the 

propagating wave. 

At the lowest stress levels, the clay in general increases the quality factors or 

decreases the attenuation of the propagating waves. The simplest interpretation is that the 

clay is increasing the number of contact by forming links between grains that are separated 

by small distances at these low stress levels. At higher stresses, these, the grains actually 



make contact. The increased number of grains at low stresses facilitates seismic 

transmission. 
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The stress independence exhibited at low stresses by clean dry P-wave group 

velocities, oven-dry S-wave group velocities, and clean wet P-wave group velocities may 

be explained by three different scenarios. First, the small signal-to-noise ratio at the low 

stresses make it difficult to distinctly select the first-break arrival times of the directly 

transmitted waves. Thus, it may be that data is lost in noise and is not stress-independent. 

However, if the data are truly stress independent it could indicate that the number of 

contacts is independent of stress at low stresses. It may be that the structure of the glass 

bead specimens is such that the number of beads in contact does not change at low stresses. 

That is, beads separated by small distances do not come into contact until higher stresses. 

Another possibility is that the stress-independence is caused by water condensation. At 

room conditions, water condenses out of the atmosphere into the grain contacts due to 

capillary forces. This water may form a bridge or contact between beads separated by 

small distances; a contact that transmits seismic waves. The number of these water 

contacts may be constant at the low stresses. 

The clay drying procedure has an effect on seismic wave propagation. Desiccation

drying results in faster group velocities for both waves and less S-wave attenuation than 

oven-drying. These differences appear to be a result of a collapse in clay structure upon 

oven drying, as discussed in Section 3.2.2.3. The oven-dry collapsed structure provides 

less stiffness at the contacts than the more dispersed desiccator-dry clay structure. 

The agreement between the clean and clay-coated 2.4 percent specimen water 

content quality factors is in contrast to the trends from the dry tests and wet P-wave data. 

This is interpreted as an agreement in contact stiffness and viscosity, rather than lack of 
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effect upon clay addition. The clay in the clay-coated 2.4 percent specimen water content 

specimen may be hydrated past the liquid limit, which varies between 100 and 900 percent 

for montmorillonite (Mitchell, 1991). Past this limit, clay behaves more as a liquid than a 

plastic solid. Therefore, the clay at this high water content may be similar to a liquid 

coating. 

These tests have confirmed that clay at grain contacts affects seismic wave 
~ 

propagation. Because of its structure, clay adds both a stiffness and viscosity to the 

contacts. In general, this increases the group velocity and also increases the attenuation of 

a propagating wave. 

4.5 Effect of Water Content 

Five specimens were prepared to test the effect of varying water content. The clay

coating was fixed at 0.8 percent weight content. The water content of the clay-coating 

varied from 50 to 300 percent (weight-water/weight-clay). The polar nature of water 

allows it to interact with the charged clay platelet particles, causing the clay to increase in 

volume. This swelling was expected to be significant because of the low salt concentration 

in the clay-water mixture. The changes in clay-coating viscosity as a result of the clay 

swelling were expected to affect the propagation of seismic waves. 

Figure 4.12 shows the changes in group velocities as the water content varied. The 

variations in group velocities with stress are similar between the specimens, with more 

variability in the P-wave than the S-wave group velocities. For both P and S-wave group 

velocities, the 140 percent water content specimen data are consistently at the high end of 

the range while the 80 percent water content specimen data are at the low end of the range. 
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Figure 4.12: (a) P-wave and (b) S-wave velocity data for clay-coated bead specimens with 
varying clay water contents (weight water/weight clay). Note that the velocity scales are 
the same, but the ranges differ. The velocities are similar, weith more scatter in the P-wave 
than in the S-wave data. 



. 104 

These trends do not correlate with any .Known mechanisms and may indicate experimental 

variability due to uncertainty in specimen length measurements. 

The quality factors calculated at individual spectral peak frequencies for the different 

water content specimens are shown in Figure 4.13. The data have similar general rankings 

for the two types of waves. The 50 percent water content specimen quality factors are the 

highest at all mean stress levels. The lowest water content data are followed by the 200 

percent, 300 percent, 80 percent, and 140 percent specimen data respectively. The P-wave 

peak frequencies (Table 4.1) also follow this same trend. The S-wave peak frequencies 

(Table 4.2) have little variation between the different water contents. 

The trends in the quality factor can be explained in two steps. This is schematically 

represented in Figure 4.14. First, as the clay water content increases from 50 percent to 80 

percent to 140 percent, the clay-coating swells and becomes less viscous. This leads to a 

more dissipative layer between the grain-to-grain contacts, decreasing the transmitted 

amplitude. The increased transmission at 200 percent and 300 percent clay water contents 

can be related to a change in clay cohesion. Scratch tests show that up to 200 percent water 

content clay retains its structural cohesion and does not migrate when scratched (Figure 

4.15). Above 200 percent water content, the clay looses some of its cohesion and flows 

when scratched. This suggests that at and above 200 percent water content, the clay

coating at the grain-to-grain contacts can flow in response to a force. Therefore, as the 

sample was stress loaded, localized stresses at the grain-to-grain contacts probably pushed 

the swelled clay toward the surrounding open pore space. This causes a toroidal clay mass 

to form around the contact, with a very thin clay-layer remaining at the contact. The larger 

contact area and smaller distance between grains lead to increased seismic transmission. 

The slightly lower values for 300 percent as opposed to 200 percent water content may be 

due to either lower viscosity clay or the presence of free water. 
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Figure 4.13: (a) P-wave and (b) S-wave quality factor data at individual spectra peak 
frequencies for clay-coated bead specimens with varying clay water contents (weight 
water/weight clay). Note that the water contents can be larger than 100 percent since water 
can absorb up to four times its weight in water. The quality factors initally decrease with 
increasing water content, then increase. 
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Figure 4.14: Proposed clay-coating locations for dry clay, less than 200 percent clay water 
content, and greater than 200 percent clay water content. Initially, as the clay absorbs wter 
it increases in volume, pushing apart the bead-to-bead contacts. Eventually, the clay passes 
the liquid limit, looses its structural cohesion, and is pushed from the contacts by stress 
cycling. 
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Figure 4.15: Scratch tests for sodium montmorillonite clay layers at (a) 24 percent clay 
water content and (b) 251 percent water content. The higher amount of water exceeds the 
plastic limit of clay, therefore it can migrate due to a lack of cohesion. 
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The similar trends in P-wave and S-wave quality factors may indicate similar loss 

mechanisms. P-wave losses can be attributed solely to a pumping mechanism, as shown in 

Figure 4.16a. Pumping losses are due to the visco-elastic movement of the clay at the 

contact. As the compressional wave moves through clay at the grain contacts in the 

direction of propagation, the clay can move into and retreat from the surrounding pore 

space. This pumping motion dissipates energy and attenuates the seismic energy. 

Pumping attenuation is distinct from squirt flow attenuation in that it is the result of mass 

deformation, not of fluid flow in response to a pressure gradient. 

S-wave losses can be attributed to two mechanisms: viscous damping and pumping 

losses. As the shear wave moves through clay at the grain contacts in the direction of 

propagation, plastic movement between the clay platelets will cause viscous damping. 

Energy is dissipated by plastic movement between platelets, causing attenuation of the 

seismic wave (Figure 4.16b ). The agreement in S-wave peak frequencies between all the 

specimens indicates that this occurs in all samples. 

In addition, the propagating shear wave can also have losses due to the pumping 

mechanism at contacts off-angle to the direction of motion. Shear forces can be separated 

into two compressional opposing forces (Jaeger and Cook, 1969): 

where 't is the shear force, <Ji are the principal stress axes, and 8 is the angle between the 

propagation plane and contact plane. Thus, the pure shear motion can be translated into 

perpendicular compressional tension stresses, each at an angle of 45° to the shear motion. 
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Figure 4.16: Proposed attenuation loss mechanisms at contacts in the propagation direction 
for P-waves and S-waves. The circles represent the glass beads, the hatched areas the 
clay-coating, the bold arrows the propagating stresses or displacements, and the small 
arrows the clay motion. P-waves generate pumping losses (a) and S-waves generate 
viscous losses (b). 
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These compressional motions give rise to pumping losses at contacts that are at any angle to 

the direction of propagation, as shown in Figure 4.17. 

The P-wave trends for the multiple grain-to-grain clay-coated contacts are in 

contrast to the results for a single planar clay-coated interface. Single interface results for a 

clay layer with -160 percent clay water content are shown in Figure 4.18. The transmitted 

P-wave peak-to-peak amplitudes, a first order measure of attenuation and quality factor, 

appear independent of applied stress and have little attenuation. Multiple interface 

transmitted P-wave quality factors depend on stress and are significantly attenuated (Figure 

4.13). The differences can be attributed to varying contact geometry. The planar contacts 

have a very small surface area perpendicular to wave motion. It is over this area that the 

clay bulges and retreats due to Poisson expansion during wave propagation, causing 

attenuation. Thus, pumping losses are very small at planar contacts. At point-to-point 

contacts, there is a large perpendicular surface area and consequently significant clay 

movement and pumping losses. 

The agreement in the highest stress quality factors for the 50 percent and 200 

percent specimens was investigated by examining the windowed traces and spectra. 

(Figures 4.19 and 4.20). The 50 percent clay water content windowed wave trace 

amplitudes are notably larger than the 200 percent clay water content amplitudes. The 

spectral data are in close agreement at the lower range of frequencies. At the higher 

frequency range, the 50 percent clay water content specimen spectral amplitudes are larger 

than the 200 percent clay water content specimen spectral amplitudes. This confirms that at 

the highest stress, the 50 percent specimen seismic transmission is larger than the 200 

percent specimen transmission in agreement with the other stress levels. 
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Figure 4.17: Proposed S-wave attenuation loss mechanism for contacts at an angle to the 
propagation direction. The circles represent the glass beads, the hatched areas the clay
coating, the bold arrows the propagating stresses or displacements, and the small arrows 
the clay motion. The shear motion can be decomposed into two orthogonal compressional 
motions, generating pumping losses at off-angle contacts. 
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Figure 4.18: (a) Peak-to-peak amplitude data from experiments on a single, planar clay
coated interface, with a clay water content of approximately 160 percent. The data indicate 
that attenuation is independent of stress at these planar contacts. (b) Differences in clay 
motion during compressional propagation for planar and point-to-point contact geometries. 
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Figure 4.19: P-wave (a) windowed traces and (b) spectra for clay-coated beads at 50 and 
200 percent clay water content. The data show distinct energy differences at higher 
frequencies, although the spectral amplitudes and associated quality factors are similar. 
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Figure 4.20: S-wave (a) windowed traces and (b) spectra for clay-coated beads at 50 and 
200 percent clay water content. The data show distinct energy differences at higher 
frequencies, although the spectral amplitudes and associated quality factors are similar. 
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4.6 Effect of Organic Fluids 

The effect of fluid type on the seismic properties of clay layers is investigated with 

specimens using two different organic fluids: hexadecane and ethyl alcohol. The 

properties of these fluids are given in Table 3.3. Hexadecane is a non-polar molecule that 

should not chemically interact with the negatively charged clay platelet surfaces. It is not 

expected to swell clay. When absorbed, it is believed to occupy micropore regions 

between platelet groups but is not bound to the clay surface. Absorbed hexadecane was 

thus expected to have a different behavior than absorbed water. Ethyl alcohol is a polar 

molecule that was expected to swell the clay. Thus, it was expected to behave similarly to 

water. 

The clay fluid content of the specimens with hexadecane and ethyl alcohol was 

controlled by the maximum absorption in the sealed evaporation vessel. The clay-coated 

beads absorbed hexadecane to a 50 percent clay fluid content and ethyl alcohol to a 200 

percent clay fluid content. These values are much lower than the values of water, and 

indicate different clay fluid interactions. The differences for hexadecane are attributable to a 

non-polar nature and'larger molecular size. For ethyl alcohol, the differences may be 

attributable to a weaker polar strength and larger molecular size. 

Figure 4.21 presents the group velocities of the 50 percent clay hexadecane content 

and 200 percent clay ethyl alcohol content specimens. Velocities for corresponding water 

content data are plotted for comparison. In general, both wave group velocities are similar 

between the specimens. P-wave hexadecane group velocities are slightly but systematically 

lower than the three other group velocities. This may be due to the presence of unbound 

fluid. The unbound molecules may decouple the clay platelet groups during compressional 
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Figure 4.21: (a) P-wave and (b) S-wave velocity data for clay-coated bead specimens with 
yarying organic fluids. The equivalent water content data are plotted for comparison. The 
velocities are similar, with more scatter in the P-wave than the S-wave data. The P-wave 
hexadecane velocities are statistically lower than the other velocities, possibly due to the 
presence of unbound fluid. Note that the velocity scales are the same, but the ranges differ. 
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motion, leading to decreased group velocity. Shear motion may be carried through the clay 

matrix, without affecting the micropore fluids. 

The 50 percent clay hexadecane and 200 percent clay ethyl alcohol content quality 

factors are plotted in Figure 4.22. Again, the corresponding water content data are plotted 

for comparison. In general, the 50 percent clay water specimen quality factors are larger 

than the 50 percent clay hexadecane specimen quality factors. The three points where 

hexadecane quality factors are larger than water content factors occur where the data points 

deviate from the linear trends. At all stress levels, the 200 percent clay water specimen 

quality factors are significantly larger than the 200 percent ethyl alcohol. In fact, the 200 

percent clay ethyl alcohol quality factors consistently have the lowest values, The P-wave 

peak frequencies follow these same trends; the S-wave peak frequencies show little 

variation between the four specimens. 

Two different factors may cause the 50 percent clay hexadecane quality factors to be 

lower than 50 percent clay water data. First, the non-polar hexadecane molecules are not 

bound to the clay. During seismic propagation, there will be movement between the clay 

matrix and the unbound fluid molecules. This will cause dissipation that lowers the seismic 

transmission. Second, the clay may be distributed in a manner similar to the clay at higher 

water contents. This is suggested by the agreement between the P-wave 50 percent clay 

hexadecane and the 200 percent clay water quality factor data. This agreement may indicate 

that the clay distribution is similar, e.g. that it is in a toroidal distribution about the grain-to

grain contact. While hexadecane does not cause clay swelling, it can lubricate the platelet 

aggregates allowing them to move under stress. Therefore, the clay can rearrange to the 

toroidal distribution, causing similar pumping losses under compression. The lower S

wave quality factors for the 50 percent clay hexadecane specimen as opposed to the 200 

percent clay water specimen, would be caused by the presence of unbound fluid molecules. 
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Figure 4.22: (a) P-wave and (b) S-wave quality factor data at individual spectral peak 
frequencies for clay-coated bead specimens with organic fluids. Equivalent water content 
data are plotted for comparison. At the lower P-wave stresses and all the S-wave stress 
levels, the absorbed organic fluid specimens have lower quality factors than the absorbed 
water specimens. The differences can be attributed to different clay-fluid interations. 
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The differences between the 200 percent clay ethyl alcohol content and 200 percent 

·clay water content quality factors can be attributed to different clay distributions. During 

the assembly procedure, it was observed that the clay-ethyl alcohol mixture was more 

cohesive than the clay-water mixture. This suggests that the clay-ethyl alcohol mixture 

remained at the grain-to-grain contacts during initial stress cycling. This larger thickness of 

clay would increase the attenuation, or decrease the quality factors. In fact, the 200 percent 

clay ethyl alcohol quality factors are more similar to 140 percent clay water quality factors 

than to 200 percent clay water quality factors. The difference in the clay cohesion is 

attributed to different chemical interactions between clay and ethyl alcohol and clay and 

water. This was demonstrated by the differing maximum absorption amounts, and the 

same factors are involved: dipolar strength and molecular size. 

4.7 Summary 

In all the specimens, seismic propagation parameters increase with increasing 

stress. This occurs because the contact stiffnesses of the grain-to-grain contacts in the 

specimen increase with stress although the porosity remains essentially unchanged. Higher 

contact stiffnesses may be caused by increases in the number of contacts and/or the size of 

the contact areas. 

Investigations with dry and partially saturated specimens have confirmed that the 

presence of clay affects the seismic behavior of granular materials. Comparison with 

seismic propagation in clean beads indicates that clay adds mechanical stiffness and 

viscosity to the granular contacts. 

Both P and S-wave transmissions exhibit the same trends as water content changes. 

Initially as water is adsorbed into the clay, clay swelling decouples the interfaces and 
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decreases seismic transmission. At high water contents, the swelled clay begins to lose 

structural coherence. The local stresses can then force the clay from the grain-to-grain 

contacts and into the surrounding pore space. Seismic transmission increase in response to 

the smaller distance between grains and increased contact area. 

The agreement in seismic behavior for compressional and shear propagation 

experiments suggests that the loss mechanisms are similar. Compressional losses are 

probably due to a pumping mechanism. The clay is pushed into then retreats from the pore 

space surrounding the point-to-point contact during compressional propagation. Shear 

losses are probably due to both viscous damping caused by the viscous shear of the clay 

layer for all contacts and a pumping mechanism for the clay contacts at angles to the 

propagation direction. The viscous damping acts at contacts in the propagation direction. 

Pumping occurs as a result of local compression at contacts off-angle to the propagation 

direction. 

The fluid type in the specimen affects the transmission of seismic waves. The 

absorption of hexadecane, a non-polar fluid, into the clay significantly decreases both P 

and S-wave transmission compared to a similar amount of water absorption. This is 

attributed to its non-polar nature. Because it does not interact with the charged clay, it is 

probably present as an unbound fluid near the grain-to-grain contacts. Movement between 

the clay matrix and unbound fluid molecules increases dissipation and thus attenuation 

during seismic propagation. Also, the unbound fluid may lubricate the platelets so that clay 

distribution is similar to samples with higher water contents. The absorption of ethyl 

alcohol, a polar fluid, into the clay also decreases seismic transmission compared to a 

similar amount of water absorption. The difference is probably due to the different 

adhesive properties of the ethyl alcohol. The ethyl alcohol appears to cause less swelling, 

resulting in a larger clay coating at the grain contacts compared to the water specimen. 
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4.8 Conclusions 

These experiments have identified the key properties of seismic wave propagation 

in unconsolidated or poorly consolidated granular materials with clay. First, the grain-to

grain contacts have a major effect on seismic wave propagation in unconsolidated and 

poorly consolidates materials, probably larger than the effect of porosity. Contact models 

show that contact stiffnesses increase with stress. Also, the addition of a very small 

amount of clay at the contacts significantly changes seismic wave propagation. Clay adds 

both a stiffness and a viscosity to the mechanical properties of the contact due to its 

structure. The clay rheology is affected by polar fluids sufficient to be detectable 

seismically. Polar fluids interact with the clay particles and cause swelling. This swelling 

affects the mechanical properties of the contact. The fluid type is also important, as 

illustrated by the differences in water and ethyl alcohol specimens. Despite their similar 

polarities, the chemical interactions were sufficiently distinct to create mechanical property 

variations that had measurable effects on seismic transmission. In all cases, the differences 

in attenuations were relatively greater than the differences in velocities. 
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5.0 Numerical Modeling 

5.1 Introduction 

Modeling was conducted to aid the interpretation the laboratory results and explore 

the possible extension of this research to preliminary field characterization. This modeling 

included analytical low-pass filtering and a numerical boundary element method. The key 

property required in the numerical code is the ability to input and vary rheologic properties 

at the grain-to-grain contacts. A boundary element method was found to be particularly 

versatile in incorporating rheologic interfaces at the grain-to-grain contacts. This chapter 

discusses the low-pass filtering, numerical technique, model configurations, and numerical 

simulations conducted to assess the effect of clay at granular contacts on seismic wave 

propagation. 

5.2 Low Pass Filter 

In spectral analysis of the laboratory seismic traces, the peak frequencies of the 

transmitted waves are found to be much lower than the input peak frequencies. This is 

investigated numerically by applying a low pass, Butterworth filter to aluminum standard 

traces from the calibration tests. 

Two Butterworth filters are used, one of order four and one of order eight. Two 

different cutoff frequencies are investigated for each wave type: 400 and 800 kHz for the 

P-wave trace and 250 and 500 kHz for the S-wave trace. The shape of the filters in the 

frequency domain is shown in Figure 5 .1. The lower order filter has a gentler fall-off than 

the higher order filter. 
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Figure 5.1: Butterworth, low-pass filters are shown in the frequency domain for (a) P
waves and (b) S-waves. Four fllters were needed to encompass two different frequencies 
and two different orders. Cutoff frequencies correspond to the input peak frequency and 
half the input peak frequency. 
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The original and filtered spectra are shown in Figure 5.2. As expected, energy 

above the cutoff frequency is removed from the filtered spectra. The result is much lower 

• peak spectral amplitudes at the lower cutoff frequencies. The lower cutoff-frequency peak 

spectral amplitude values are within an order of magnitude of values measured in the glass 

bead specimens. In addition, the peak frequencies at the lower cutoff frequencies are 

within the same range as the peak frequencies in the glass bead specimens. 

The P-wave and S-wave original and filtered waveforms are presented in Figures 

5.3 and 5.4 to assess the effects of discontinuous boundary conditions in the time domain. 

Removal of the high frequency energy has three effects. First, the filtered waves arrive at 

slightly delayed times. The higher order filters (n=8) have longer delays than the lower 

order filters (n=4) at similar cutoff-frequencies. Second, significant decreases are seen in 

the trace amplitudes in accordance with the removal of high frequency energy. The higher 

order filters appear to cause larger decreases than the lower order filters at similar cutoff 

frequencies. Lastly, the filtered waveforms are dispersive as indicated by the shift in 

energy from the first cycle to later cycles in the traces. This is best seen in the higher 

cutoff-frequency filtered waveforms, where additional peaks appear after filtering. In the 

laboratory measurements, the clean, dry glass bead specimen tests exhibited this same 

energy shift (see Figure 4.3). The lack of additional peaks in clay-coated glass bead 

specimens may be due to viscous losses. 

The shapes and peak frequencies of the numerically-filtered waves agree with the 

laboratory data. These agreements attest that a Butterworth filter can describe the frequency 

changes seen in the laboratory data. The Butterworth filter is mathematically similar to the 

displacement and velocity discontinuity boundary condition, as shown by the agreement in 

the shape of the filters (Figure 5.1) and the displacement discontinuity transmission 
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Figure 5.2: Wave spectra before and after applying the filters shown in Figure 5.1 for (a) 
P-waves and (b) S-waves. Filtering removes the energy above the cutoff frequency, 
thereby lowering the peak frequencies and peak spectral amplitudes. 
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Figure 5.3: Aluminum P-wave traces before and after applying the filters shown in Figure 
5 .1a for cutoff frequencies of (a) 400 and (b) 800 kHz. Filtering delays the wave arrivals, 
decreases the displacements, and introduces additional displacement lobes. 
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Figure 5.4: Aluminum S-wave traces before and after applying the filters shown in Figure 
5.1 b for cutoff frequencies of (a) 250 and (b) 500 kHz. Filtering delays the wave arrivals, 
decreases the displacements, and introduces additional displacement lobes. 
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coefficient (equation 2.39 and Figure 5.5). This similarity implies that effects at multiple 

interfaces can be accurately represented by the discontinuous displacement and 

discontinuous velocity boundary condition. 

· 5.3 Boundary Element Method 

Numerical models of granular materials simulate one of two situations. Inclusion 

models consider the solid matrix to be continuous and input pore space as geometrical 

inclusions. Grain packing models consider the matrix to be composed of individual grains 

and allow the contact processes to vary. Although inclusion models are more standard in 

acoustic analysis, grain packing models are more appropriate for investigating contact 

mechanics since they more accurately capture the interface mechanics and geometry. 

A two-dimensional grain packing model using the boundary element method has 

been recently developed (Nihei, 1992). This model provides a fully dynamic solution for 

two dimensional seismic wave propagation within the modeled system. As such, it 

captures both the scattering and viscous losses that occur during seismic propagation 

through granular material. 

The boundary element method will be summarized here. A full description of the 

method can be found in Nihei (1992). Elastic wave propagation is described by the elasto

dynamic integral equation (equation 2.5). For a monochromatic wave at frequency ro, the 

indicia! form of the equation is (Aki and Richards, 1980): 

ui (r,ro) = Jl GijCr,r*,ro)cr jCr* ,ro)- I-ijCr,r*,ro)u jCr*,ffi) ~r(r*) . 

+ J GijCr,rP ,ro)fjCrP ,ro)dQ (5.1) 
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where r is the surface, Q the volume, Ui the displacement, Gij the Green's function, O'j the 

stress traction, Lij is Green's stress tensor,Jj the volumetric body force located in the 

volume, r the location of the receiver, r* the location of a point on the surface, and rP the 

location of the body force (Figure 5.6). For an SH-wave, Green's function and Green's 

stress tensor are the scalar quantities: 

Gij(r,r*,ro) = G33 (r,r*,ID) = 4~ H~0(kTR) 

L,ij(r,r*,ro) = L,
3
/r,r*,ro) =- i~T (fitY1 + fi 2y2 )H~ 1)(kTR) 

(5.2) 

where f..L is the shear modulus, kT = role the wavenumber, R = (r - r *) the distance from the 

source to the receiver, iii the unit normal at r*, and 'Yi =(xi*- Xi)/R the direction cosines. 

The boundary element method solves for the unknown parameters along the 

boundaries of specified objects, in this case the displacement and stresses. This is 

accomplished by allowing r to approach the boundary r. Singularities arise when r 

approaches r *. At these locations, the contributions of the singular integrals in the 

elastodynamic equation are replaced by their principal values. The resulting form of the 

elastodynamic equation is: 

c(r)ui (r,ro) =-fr.r,ijCr,r*,ro)uj(r*,ro)df(r*) 

+ fr Gij(r,r*,ro)crjCr*,ro)df(r*) + uf(r, w) (5.3) 

where c, the free term is: 

c(r) ={ocr- r*) +lim 1 L,ij(r,r*,ro)df(r*)} 
r-H* rE 

(5.4) 
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Figure 5.6: Generalized diagram showing the geometry represented in the elastodynamic 

integral equation where r is the surface, Q the volume, Ui the displacement, f the source, 
n(r*) the unit normal at the surface, r the location of the receiver, r* the location of a point 
on the surface, rP the location of the source, and R the distance between the surface and 
receiver. 
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This equation, called the singular boundary integral equation for displacement Ui, is 

relevant for two and three dimensional calculations given the appropriate Green's function 

and Green's stress tensor. 

In this two-dimensional formulation, wave excitation is by means of a line source. 

Displacements and stresses are first calculated in the frequency domain, and then inverted 

to the time domain using an inverse Fourier Transform. The values within the body are 

computed from the calculated boundary displacements and stresses by numerically 

integrating the elasto-dynamic integral equation. 

The numerical code is formulated for the special case of SH-waves. Because of the 

scalar nature of acoustic waves and since this study is not concerned with converted waves, 

the same solution can also be used for P-waves with an appropriate scaling of the 

compressional modulus and velocity. 

Modeling starts with the discretization of each grain into boundary elements. 

Neighboring grains are coupled together by a rheologic interface. The interface rheologies 

can vary from Hooke, Newton, Maxwell, to Kelvin-Voight (Figure 2.3). These simulate 

the full spectrum of possible interface conditions including dry, fluid-filled, and clay-filled 

grain contacts. A discontinuous displacement and discontinuous velocity boundary 

condition is applied at each grain-to-grain contact. 

5.4 Numerical Model Evaluation 

The boundary element formulation is verified by two tests. The first test is a 

reciprocal test across a single planar contact. In this test, the source and receiver locations, 

located on opposite sides of the contact, are inter-changed. The computed traces were 



equal, showing that the internal mathematics of the code are consistent. Refraction is 

simulated in the second verification test. Snell's Law demonstrates that at a contact 
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between two materials, a critical angle exists such that plane-wave energy incident at that 

angle will travel along the interface instead of traveling into the second media. This is 

mathematically represented as: 

8 _ · -l(Cl) c -sm -
c2 

(5.5) 

where 8c is the critical angle, c 1 the velocity in media 1 and c2 the velocity in media 2. 

Simulations showed that the wave did propagate along the contact and did not enter the 

second medium. This test verified the physical accuracy of the code. 

The numerical code was validated by simulating the results of laboratory 

measurements of shear wave propagation across a single, clay-coated, planar contact 

between two crystal quartz disks performed by Suarez-Rivera (1992). That study found 

through analytic equations that both the Kelvin-Voight and Maxwell rheologic models 

successfully predicted the measured reflected and transmitted spectra for a single, clay

coated planar contact. This data is input into the numerical boundary element code to verify 

the physics of the model. 

The model configuration is shown in Figure 5.7. Modeled distances are equal to 

the distances in the single planar contact tests performed by Suarez-Rivera. A difference is 

that the numerical model assumes that the "transducers" are laterally infmite, e.g. plane 

wave propagation without edge effects. The best-fit specific stiffness and specific viscosity 

values determined by Suarez-Rivera for both the Kelvin-:-Voight and Maxwell rheologic 

models at the single contact for the highest stresses were used. Model results for the dry 

clay and 27 percent clay water content tests are shown in Figure 5.8 and 5.9. The 
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Single Contact Numerical Modeling 

Solid Parameters: fc =525kHz 
cs = 3222 m/sec 

Jl = 25.7 GPa 

p = 2480 mfkg3 

Interface Kelvin-Voight Maxwell 
Parameters Rheology Rheology 
Kru-v (Palm) 1.8 X IQU 6.5 X lOLl 

lldry (Pa-s/m) 7.8 X IQ) 1.1 X IQO 

~?%(Palm) 6.5 X 1Ql2 1.0 X IQU 

1127% (Pa-s/m) 1.1 X 10° 5.5 X 10° 

Figure 5.7: Model configuration and input parameters for evaluation of the boundary 
element method. Input parameters equalled values from a single planar contact reported by 
Suarez-Rivera (1992). The intelface is non-welded. 
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0.2 ,---------------------------------------------------, Dry Clay Contact, Kelvin-Voight Model 
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Figure 5.8: Calculated traces for a modeled single interface with dry clay coating. Traces 
are displayed for the three receiver locations shown in Figure 5.6. Interface properties are 
equal to the best-fit values for laboratory data reported by Suarez-Rivera (1992). Both 
Kelvin-Voight and Maxwell rheologic models give similar results. 
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27% Clay Water Content, Kelvin-Voight Model 
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Figure 5.9: Calculated traces for a modeled single interface with clay coating at 27 percent 
water content clay. Traces are displayed for the three receiver locations shown in Figure 
5.6. Interface properties are equal to the best-fit values for laboratory data reported by 
Suarez-Rivera (1992). Both Kelvin-Voight and Maxwell rheologic models give similar 
results. 



137 

secondary wave arrival at the first receiver is caused by reflection of the wave at the 

contact. The modeled dry clay traces are similar. The modeled 27 percent clay water 

content wave traces have small differences in magnitude. The Kelvin-Voight rheology has 

more reflection and less transmission than the Maxwell rheology. Still, the waveforms are 

similar and distinctly different than for the dry clay waves. These results suggest that the 

numerical code does capture the physics of acoustic wave propagation with rheologic 

contacts. Also, both contact models produce physically realistic transmission charateristics 

that can be used to analyze propagation in the multiple interfaces. 

5.5 Numerical Input 

The basic model configuration for both P and S-waves is shown in Figure 5.10. 

Symmetry in acoustic wave propagation allows the full displacement to be captured by 

modeling of only one grain column with traction-free sides. Because this work focuses on 

grain contacts, not grain shape, the spherical grains are approximated as cubically-packed 

squares to facilitate coupling between the grains. Each grain side is divided into six 

boundary elements, for a total of 24 boundary elements. The elastic parameters for both 

the grain column and the upper-half space were set equal to data for isomorphous glass. 

Accurate numerical results require that the grain column length be larger than one 

wavelength. Memory constraints set the maximum number of grains to ten. Therefore, the 

grain diameter is set equal to 400 micrometers to insure that computations are accurate. 

The grain column is placed between two half-spaces. The source is located in the 

top half-space, 400 Jlm directly above the grain column. A three-lobe Ricker wavelet is 

used as the source for both P and S-waves. The frequencies for the numerical trials are 

approximately equal to the laboratory frequencies: 800 kHz for P-wave computations and 

525 kHz for S-wave computations. The input waves are shown in Figure 5.11. The 
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Figure 5.10: Model configuration for the numerical modeling. Specific stiffness and 
specific viscosity can be varied at the boundaries between the grains. The parameters for 
the grains and half-spaces are equal to the glass bead specifications. 
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Figure 5.11: Ricker wavelets used as input for (a) P-wave and (b) S-wave numerical 
simulations. 
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boundary between the grain column and the upper half-space is welded by setting the 

specific stiffness equal to 1x1Q22 Palm and the specific viscosity to 0.0 Pa-s/m. Receivers 

are placed at the top of grains 1 though 9. 

The Kelvin-Voight rheologic model is used in these simulations. A non-reflective 

interface is incorporated at the boundary between the bottom of the grain column and the 

lower half-space to absorb the reflections off the boundary. This absorption prevents 

possible reflected waves from interfering with the directly transmitted waves. Analytical 

equations for a single interface indicate that two concurrent boundary conditions are needed 

to produce no reflection at a single interface: 1) impedance-matched viscous elements at the 

boundary and 2) a large impedance for the second medium to simulate a rigid material. The 

specific viscosity at the boundary, 11, is set equal to the grain column impedance Z: 

11 = Z = pc. (5.6) 

This formula gives values of specific viscosity equal to 13.335 x 106 Pa-s/m for 

compressional waves and 8 x 106 Pa-s/m for shear waves. The elastic properties of the 

lower half-space are increased five-fold as an approxi~ation to an infinitely larger 

impedance. 

Figures 5.12 and 5.13 show the wave propagation in the grain column when the 

boundaries are welded. The wave does not change shape as it propagates through this 

system, in agreement with the system configured as a solid. Also, the velocities agree with 

the material properties. The lack of reflection off the lower half-space indicates that the 

non-reflecting boundary condition has been properly incorporated. The lower magnitude 

of the third lobes of propagating waves compared to the input waves (Figure 5.10) is an 

effect due to the coupling between the upper half-space and grain column. 
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P-wave Welded Contacts: Ksp = 1.0 x 1022, 11sp = 0.0 
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Figure 5.12: Calculated traces for P-wave and simulations for welded grain contacts. The 
lack of reflection off the bottom boundary indicates that the non-reflecting condition has 
been properly incorporated. 
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S-wave Welded Contacts: Ksp = 1.0 x to22, 11sp = 0.0 
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Figure 5.13: Calculated traces for S-wave and simulations for welded grain contacts. The 
lack of reflection off the bottom boundary indicates that the non-reflecting condition has 
been properly incorporated. 
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5.6 Modeling Results 

The observed differences in the laboratory specimens were modeled by changing 

the specific stiffness and specific viscosity in the rheologic boundary between the grains. 

First, the specific stiffness are varied to match the velocities in the clean dry bead 

specimens. Then the specific stiffness and specific viscosity are varied to correspond with 

the addition of clay and water into the grain-to-grain contacts. In all plots, each trace traces 

is offset along the voltage axis. 

5.6.1 Dry Glass Bead Simulation 

The laboratory velocities could not be directly modeled due to the different number 

of interfaces in the specimens and the model. The modeled grains are approximately ten 

.times larger than the laboratory grains, resulting in ten times fewer interfaces in the model 

than the laboratory specimens. The effect of the differing number of interfaces was 

investigated using the elastic velocity and effective modulus equations (equations 2.12 and 

2.8): 

(5.7) 

where cis the velocity, E' the effective modulus, p the density, E the intrinsic modulus, n 

the number of interfaces, and K the interface specific stiffness. Laboratory P and S-wave 

velocities are used to calculate model velocities given n = 10 for the laboratory data and n = 

1 for the numerical models. The P and S-wave laboratory velocities of 1400 and 800 m/sec 

are transformed to 3500 and 2025 m/sec for the models respectively: 
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These corrected velocities were matched in the multiple contact modeling trials by 

varying the specific stiffnesses. Specific stiffnesses of7.5x1013 Palm and 2.5x1013 Palm 

produced excellent agreements to the corrected velocities for P and S-waves respectively, 

as shown in Table 5.1. These input data will be used as the clean bead simulations in the 

section on clay-coated glass beads. 

5.6.2 Clay-coated Glass Bead Simulations 

The input parameters for the velocity models are used as a base, about which the 

specific stiffness and specific viscosity values are varied to obtain the behavior seen in the 

variable water content specimens. Five conditions are modeled: dry clean beads, dry clay

coated beads, low water content clay-coated beads, medium water content clay-coated 

beads, and high water content clay-coated beads. • 

Dry clean bead contact parameters were determined by matching the laboratory 

velocities (section 5.6.1). The addition of dry clay is modeled as an increase in specific 

stiffness and an introduction of specific viscosity into the system. As water is initially 

adsorbed into the system, only the specific viscosity increases. Subsequent water additions 

decrease the specific stiffnesses, but have opposing effects on the specific viscosities of 

compressional and shear waves due to the different wave motions. Shear wave losses 

depend on the viscosity of the material at the interface. As the water content of the clay 

increases, the clay viscosity decreases and so the modeled specific viscosity also decreases. 

Compressional waves losses depend on the deformation of the clay. At medium water 

contents near the plastic limit, the clay becomes more deformable. This is modeled by an 

increase in specific viscosity. At the highest water contents, when clay cohesion changes . 
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Wave Type Specific Stiffness Model Velocity Modified Laboratory 
(Palm) (rnlsec) Velocity (rnlsec) 

P-Wave 7.5x1013 3275 3500 

S-Wave 2.5x1o13 2030 2025 

Table 5.1: Data from calibration test to match laboratory velocities in dry glass beads. The 
modeled values are in excellent agreement with the laboratory measured values. 



and is forced from the contact into the surrounding pore space, the specific viscosity 

decreases and the specific stiffness increases. 
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The modeled input contact parameters are given in Tables 5.2 and 5.3. The 

numerically calculated traces at receiver 9 are shown in Figures 5.14 and 5.15. The 

laboratory measured traces at the highest stresses are shown for comparison. The modeled 

trace frequencies are similar to the input frequencies and therefore do not have the 

frequency losses and variations in frequency losses that the laboratory data exhibit. 

However, the model traces have only propagated approximately one wavelength in 

distance. The modeled trace magnitudes do follow the same trends as the laboratory traces: 

dry clay beads have the largest displacements, followed by the dry clay-coated beads, low 

clay water content beads, and the medium clay water content beads. The highest clay water 

content beads have magnitudes higher than the medium water content values and similar to 

the low water content values. This is investigated quantitatively by comparing quality 

factors. 

Quality factors were calculated by windowing the first period of the modeled traces 

and using the method of spectral ratios (equation 4.2). Traces from receiver 1 were used as 

the input waveform reference. The P-wave and S-wave values at the input peak 

frequencies are given in Tables 5.2 and 5.3 respectively. The quality factors measured in 

the laboratory are given for comparison. The close agreement between the model and 

laboratory values indicates that the numerical modeling has accurately captured the energy 

losses measured in the laboratory. The agreement in quality factors for the dry clean beads 

is especially notable, since the input parameters were based solely on matching the velocity 

data. The quality factor data agreements are in spite of the differences in bead size (radii of 

400 J..Lm versus -40 J..Lm) and shape (square versus circular) between the model 

configuration and laboratory specimens. The differences mean that the values of specific 
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Figure 5.14: (a) Numerically modeled and (b) laboratory measured traces for P-wave 
propagation in glass bead samples. Laboratory traces have been shifted horizontally to 
correct for velocity variations in order to facilitate comparisons. 
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S-Wave Modeled Traces 

. . 
1.5 .............. -... ~- ................ -: ..... -- ........................... : .. -.-.- ..... -..... . 

Clay-Coated, 50% Water Content : : . . . . . . . . 
1 f-_ .-•. -. -.. -.. - .. -. -. _-_ .-. ---:----_ .-. _-_ .-•• -. -•• ~ •• ~ ••• ; •.. - •..••••••.. : .•.. - •..•••.••• -.-.':-. -~-_-_ .-.. - •• -. ~.--.--__ -;_. 

05 
cJay-~arectro~warer~ ....•....... ······ .. 

Clay-Coated, ~00% Water Ci,mtent : : 

2 4 6 8 10 

Time (microseconds) 

S-Wave Laboratory Measured Traces 
3~------------------------~------------------------. 

2.5 ................... ; 
Clean, Dry B~ads 

. . . 
2 . . . . . . . . . . . . . . . . :- ..... -.- .. -..... ~.- ..... -.......... :-.- .......... -... -:· ... -..... ~----..~ 

Clay-Coated, :pry Beads 

1.5 .............. - . . ......•.•..•....•.••.. ,.._.........:...:..;_;j 

Clay-Coated, $0% Water Co~tent 
. -~----..... 

1 . -- ........... -.- .. : .... -............. ; .......... -. 
Clay-Coated, ;140% Water C9ntent 

. --------···········,····-···-·········· 

0 5 ................... • .................. ; ......... . · I Clay-Coared, ~00% Water Content 

0 . . 
50 52 54 58 60 56 

Time (microseconds) 

Figure 5.15: (a) Numerically modeled and (b) laboratory measured traces for S-wave 
propagtion in glass bead samples. The laboratory traces have been shifted horizontally by 
the velocity variations in order to facilitate comparisons. 
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Modeled Test Specific Specific ModeledQ Laboratory 
Stiffness Viscosity Q 
(Palm) (Pa-s/m) 

Dry Clean Beads 7.5x1o13 0.0 21.7 22 
Dry Clay-Coated 
Beads 8.0x1Q13 7.5x105 14.0 13.6 
Clay-Coated Beads, 
Low Water Content 8.0x1o13 l.Ox1Q6 12.8 9.4-13.0 
Clay-Coated Beads, 
Medium Water 7.5x1Q13 2.0x106 8.8 7.6 
Content 
Clay-Coated Beads, 
High Water Content 7.75x1Q13 8.0x105 13.4 12.5 

Table 5.2: Model parameters and quality factors for P-wave numerical simulations. 

Modeled Test Specific Specific ModeledQ Laboratory 
Stiffness Viscosity Q 
(Palm) (Pa-s/m) 

Dry Clean Beads 2.5x1o13 0.0 44.3 44.0 
Dry Clay-Coated 
Beads 3.0x1Q13 3.0x105 30.8 31.2 
Clay -Coated Beads, 
Low Water Content 3.0x1o13 6.0x105 20.6 18.0-22.0 
Clay-Coated Beads, 
Medium Water 2.25x1Q13 5.0x1o5 14.8 16.1 

· Content 
Clay-Coated Beads, 
High Water Content 2.50x1ol3 4.0x1o5 19.8 20.0 

Table 5.3: Model parameters and quality factors for S-wave numerical simulations. 
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stiffness and specific viscosity are not directly comparable to laboratory stiffnesses. 

However, the trends in their values are physically meaningful. They indicate that the 

attenuation loss mechanisms interpreted from the laboratory data have been accurately 

characterized and quantified in the numerical models. The agreements are a strong 

indication that pumping and viscous losses dominate attenuation in granular materials with 

clay at the contacts. 

5.6.3 Grain Size Simulations 

Laboratory research has shown that grain size can influence seismic wave 

propagation (Prasad & Meissner 1992). In these numerical simulations, the modeled 

grains are approximately ten times larger than the average grain size in the laboratory 

specimens: 400 f...Lm radius compared to -37.5 f...Lm radius. The effect of this different grain 

size is investigated numerically in square-shaped grains by 1) decreasing the grain radius 

by a factor of two, to 200 f...Lm, 2) increasing the number of grains by a factor of two, to 20 

grains,. and 3) increasing the rheologic contact parameters by a factor of two. The number 

of grains are doubled to keep the model distance greater than one wavelength for numerical 

accuracy. The rheologic parameters are also increased to achieve the same net contact 

properties. S-wave propagation is simulated with the representative parameters Ksp = 3 x 

1Q13, llsp = 5 x 105 Palm used as the base case. 

The computed traces for the base case and decreased radius grains are given in 

Figure 5.16. Inspection reveals that first arrival times and thus group velocities for both 

grain sizes are identical. However, the doubling of the rheologic contact parameters did not 

produce similar magnitudes. The smaller grain traces have higher amplitudes, and thus less 

attenuation and higher quality factors, than the larger grain traces. The differences are due 

to For the amplitudes to match, the rheologic contact parameters should be lower. This 
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Figure 5.16: Model simulations with grain radius equal to (a) 200 Jlm and (b) 400 J..Lm 
grain size. The contact stiffness for the smaller grains are double the larger grains to 
preserve the overall contact rheology. Group velocities are identical, but the smaller grains 
transmit more energy. 
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suggests that to extend the model 400 Jlm bead radius simulations to the laboratory -40 

Jlm, the rheologic contact parameters of the models need to be increased, but by less than 

an order of magnitude. That is, less than the change in the size of the grains. 

5.6.4 Grain Shape Simulations 

The initial numerical modeling simulations are conducted with square grains, since 

this modeling work focuses on interpreting grain contact mechanisms. The effects of this 

approximation are evaluated numerically. Circular grains are approximated as twelve-sided 

polygons. Grains are connected across one side, which is divided into three boundary 

elements. The ten non-connected sides have only one boundary element, for a total of 

sixteen elements per grain. S-wave propagation is simulated through ten grains, each with 

a radius of 400 Jlm. Because there are half the number of contact elements in the circular 

grain simulations compared to the square grain simultions, the contact rheologic properties 

for the circular grains are doubled in magnitude over the square grain simulations to 

simulate the same overall contact rheology, since K ex 1/Area. Again, the representative 

parameters Ksp = 3 x 1013, llsp = 5 x 105 Palm are used as the base case. 

Figure 5.17 presents the computed traces for the circular grains and square grains. 

Inspection shows that the first arrival times in the circular grains are later than through 

square grains. Also, the pulse amplitudes are lower and there is more coda in the circular 

grains. The smaller direct wave and resultant coda are due to scattering off grain edges 

and/or multiple reflections. For real glass beads much of this coda will be damped by 

internal attenuation in the glass beads themselves. The slower group velocities probably 

arise from the local deformation of the circular grains the vicinity of each contact. This 

suggests that the use of square grains requires an artificially low contact stiffness to 

simulate energy transmission. Also, the lower amplitudes indicate that contact viscosities 
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Figure 5.17: Model simulations with (a) circular grains and (b) square grains. Contact 
parameters for the circular grains are double the square grain values to preserve the overall 
contact rheology. Group velocities are slower and trace magnitudes are lower for the 
circular grains. · 
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need to be lower for the laboratory data in order to have similar attenuation, because there is 

more scattering attenuation. 

5. 7 Summary and Conclusions 

This chapter evaluated the experimental data through numerical techniques to 

investigate the contact mechanisms and begin the expansion of this work to larger scales. 

The first technique applied a Butterworth filter to aluminum calibration traces and spectra. 

Resulting waveforms and spectra were similar to experimental data, confirming that the 

grain contacts act as low-pass filters. That is, the grain contacts removed the high 

frequency energy through scattering and attenuation while transmitting the low frequency 

energy. The peak frequencies of the experimental data could be explained by cutoff 

frequencies of 400 kHz for P-waves and 250 kHz for S-waves. This is consistent with the 

contacts acting as displacement discontinuity boundaries. 

The experimental data were further analyzed by use of a fully dynamic boundary 

element method. Seismic wave propagation through a column of grains was solved using 

Green's functions in the frequency space, then inversely Fourier transforming the 

computed data to time space. The discontinuous displacement and discontinuous velocity 

combined boundary condition was incorporated through a complex stiffness. For the 

Kelvin-Voight rheologic model used in these simulations, the real stiffness corresponds to 

the specific stiffness and the imaginary stiffness corresponds to the specific viscosity. 

In the first simulations, the specific stiffnesses were varied to match the laboratory 

velocities for dry clean beads. The quality factors for these simulations closely agreed with 

the quality factors measured in the laboratory. These parameters were then used as a base 

case for variations in the specific stiffnesses and specific viscosities to correlate with 
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changes in the clay water content. These simulations showed the correct velocity changes 

and had quality factors that followed the same trends as the laboratory values and had 

similar magnitudes. This indicated that the proposed clay rheologic changes due to clay 

swelling and attenuation mechanisms of pumping and viscous losses had been accurately 

characterized and properly interpreted. 

Further simulations investigated the extensions of the experiments by examining the 

effects of grain size and grain shape. The relationship between the rheologic parameters 
\ 

and grain size was not directly inverse. Two-fold increases in the rheologic properties as 

grain size decreased two-fold resulted in similar velocities, but lower magnitudes in the the 

computed traces. A change in grain shape from the square approximations to circular 

resulted in delayed arrivals and decreased magnitudes, suggesting that the contact stiffness 

and contact viscosity parameters determined from the numerical modeling for the clay

coated specimens were smaller than actual values for the laboratory specimens. 



6.0: Summary and Conclusions 

6.1 Summary and Conclusions 

Seismic methods are a very important tool in characterizing the subsurface. 

Currently, seismic imaging is conducted by using the travel times to delineate the 

subsurface boundaries of impedance and velocity contrasts. The improvement of field 

tools now allows the full seismic waveforms to be recorded during testing. The 

incorporation of attenuation data offers the potential for improved characterization of the 

subsurface properties, including determination of lithology and fluid type. 
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The interpretation of attenuation data requires the use of a theoretical model for 

attenuation losses. A number of models have been proposed for granular materials, 

including Rayleigh scattering for dry materials, physico-chemical interactions at low 

saturations, entrapped air bubble resonance and squirt flow for nearly saturated materials, 

and Biot fluid flow for fully-saturated materials. Studies on single fractures have indicated 

that these single discontinuities also affect seismic velocities and transmission (Pyrak

Nolte, 1988; Suarez-Rivera, 1992). Recent work on sandstones has indicated that grain 

contact discontinuities can have an effect equal to the porosity (Nihei, 1992) and that clay 

can have an effect on attenuation (Klimentos and McCann, 1990). This dissertation is the 

first research to focus on the mechanics of how clay affects seismic wave propagation. 

Experimental tests were conducted using glass beads as a representative granular 

material. Montmorillonite clay was deposited onto the beads by an evaporation process, 

resulting in samples with 0.8% clay by dry weight. Scanning electron microscope 

photographs showed that this procedure resulted in distributed, as opposed to uniform, 

clay layers on each bead. Polar and non-polar fluids were added to the specimens by the 
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process of condensation in a clean box with controlled relative humidity. Ultrasonic pulse 

propagation experiments for both compressional and shear waves were performed under 

hydrostatic stress conditions. The data were analyzed by comparison of measured 

velocities and calculated quality factors. 

For all specimens, the velocities and quality factors increased with stress. 

Theoretical contact stiffness models showed that contact stiffness increases with stress. 

These results indicated that grain-to-grain contacts regulate seismic wave propagation in 

poorly consolidated and unconsolidated granular materials. Tests on dry and wet 

specimens showed that the presence of the small amounts of clay at the grain-to-grain 

contacts increased the seismic velocity and decreased the quality factor. Clay's structure 

accounted for these changes. Clay is composed of a random assemblage of clay particle 

aggregates that added both a stiffness and viscosity to the mechancial properties of the 

grain-to-grain contacts. 

A new attenuation mechanism, called pumping loss, was proposed to explain the 

agreement in the compressional and shear quality factors trends upon variation of the fluid 

content and fluid type. This mechanism depends upon the rheologic deformation of the 

clay-fluid mixture at the grain contacts. Stresses during seismic wave propagation caused 

the clay layer to viscously deform. The clay motion into and out of the surrounding open 

pore space transfer strain energy into heat. The amount of attenuation depends on the 

material viscosity. Pumping losses occured at contacts in the propagation direction for 

compressional waves and at contacts at angles to the propagation direction for shear waves. 

Propagating shear waves were also subjected to viscous layer losses at the contacts not at 

45° angles to the propagation direction. Pumping losses depend on the contact 

microgeometry, specifically the ease with which the clay can flow as a result of contact 

deformation. Flat planar interfaces essentially impose uniaxial strain conditions for 
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compressional waves and hence show negligible pumping losses. Point-to-point contacts 

have large perpendicular cross-sectional area and so have significant pumping losses. 

The experimental quality factor data showed that clay-fluid interactions produce 

different rheologies that can be detected seismically. The absorption of fluids into the clay 

did not alter the seismic velocities significantly. Quality factors did vary with fluid content 

and type. As larger amounts of water were absorbed, the quality factors initially decreased. 

The quality factors suddenly increased at a water content of 200 percent by weight of clay. 

This behavior is attributed to clay-fluid interactions. Solvation of the clay's cations caused 

the clay volume to increase as water was absorbed. Initially, the increase in clay-layer 

thickness at the grain-to-grain contacts decreased the seismic transmission and associated 

quality factors. At the high water content, clay appears to have exceeded its plastic limit 

and flowed in response to applied forces. Local stresses during sample consolidation 

appear to have forced the clay from the contacts into the surrounding open pore space, 

where it formed a toroidal mass about the contact. The contact stiffnesses increased due to 

the removal of clay from the direct contact, thereby increasing the seismic transmission and 

associated quality factor. The absorption of ethyl alcohol and hexadecane instead of water 

produced lower quality factors at similar fluid contents. For ethyl alcohol, this is ascribed 

to different physico-chemical properties, including dipolar strength and molecular size, that 

reduced the amount of clay swelling. Hexadecane is non-polar and thus did not cause clay 

to swell. The lower quality factors are believed to be the result of movement between the 

unbound fluid and the clay particles. These data provide a basis for interpreting fluid 

properties from seismic measurements. 

Numerical techniques were used to investigate the experimental interpretations and 

to begin the extension of this research to larger scales. Butterworth filters were applied to 

traces through aluminum standards to explore the frequency effect of the grain-to-grain 
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contacts. Numerical peak frequencies correlated with the experimental peak frequencies 

when cutoff frequencies were set to 800 kHz for compressional waves and 525 kHz for 

shear waves in the Butterworth filters. This agreement confirmed that the grain-to-grain 

contacts acted as low-pass filters, consistent with displacement discontinuity boundaries . 

A combined discontinuous displacement and discontinuous velocity boundary 

.condition was incorporated as a complex boundary rheology into a boundary element code 

to analyze seismic wave propagation through a column of beads. The fully dynamic 

boundary element fotmulation allowed for simulation of both boundary scattering and 

dissipation. These tests utilized the Kelvin-Voight rheologic model, where the spring and 

dashpot elements are parallel across the connected elements. To emphasize the grain-to

grain contact effects, the grains were configured as squares in cubic packing as a first-order 

approximation. Due to memory constraints, the simulated grain sizes were approximately 

ten times the size of the average laboratory beads. The modeled central frequencies were 

set equal to the laboratory values: 800 kHz for compressional waves and 525 kHz for 

shear waves. 

In the first simulations, only specific stiffness elements were used to match the 

laboratory velocities for dry glass beads. The quality factors obtained in these simulations 

closely matched the laboratory values. These specific stiffnesses were then used as a base 

case to model the effects of clay and water. The addition of clay was modeled as an 

increase in specific stiffness and the incorporation of specific viscosity. Water additions 

were modeled initially as an increase in only the specific viscosity, then decreases in 

specific stiffness and viscosity. For the largest water contents, the specific stiffnesses were 

increased to correlate with the movement of the clay from the grain-to-grain contact to the 

surrounding pore space. These parameter trends were found to give good agreement with 

the measured laboratory quality factors. 
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Simulations were performed with changes in bead size, bead shape, and input 

frequency to investigate their effects on the rheologic parameter magnitudes. Rheologic 

parameters were found to depend directly on bead size, but to a power less than one. 

Circular grains required higher rheologic parameter values to produce the same 

transmission. The difference is attributed to higher scattering losses due to contact 

geometry. These results suggest that the rheologic parameters for the laboratory samples 

are higher than the model values given in chapter 5. 

6.2 Futher Research 

This investigation has confmned that very small amounts of clay and incorporated 

fluids at point-to-point grain contacts have measurable effects on seismic wave propagation 

in the laboratory. Further research must be done before these results can be extended to 

field interpretations. Laboratory tests at differing clay contents and at higher fluid 

saturations would determine the range where pumping losses are predominant. 

Experimental tests on more representative grain shapes would better characterize the 

importance of pumping and viscous losses. Clay located at contacts should be at critical 

throats for fluid flow and may also have a direct effect on the permeability of the granular 

material. In these experiments, the overall high porosity, large pore shapes, and small clay 

contents were not believed to have affected permeability. Tests both at higher clay contents 

and with representative grain shapes would establish the possible relationship. Also, the 

code needs to be modified to permit larger- simulations. This will allow a full range of 

numerical simulations to be performed to extend this research to field frequencies. 

.. 
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