647

Changes in dielectric permittivity
and shear wave velocity during
concentration diffusion

4.C. Santamarina and M. Fam

Abstract: This paper documents a study of concentration diffusion with complementary mechanical
and electromagnetic wave measurements. The paper starts with a review of the fundamentals of
interparticle forces and wave—geomedia interaction. Experimental data were collected during the
diffusion of a high-concentration solution of potassium chloride through different soils with different
boundary conditions. Bentonite and kaolinite contracted during diffusion. The interaction between the
concentration gradient, true interparticle forces, and fabric changes produced a pore-water pressure
front that advanced ahead of the concentration front. The complex permittivity changed with the
advance of the concentration front, reflecting the decrease in moisture content and the increase in
conductivity. Concentration diffusion affected shear wave propagation through changes in true
interparticle forces. Bentonite showed a significant increase in shear wave velocity, whereas the
velocity of propagation in kaolinite decreased. Published differences in the behavior of bentonite and
kaolinite were compiled and hypotheses are proposed to explain observed phenomena.

Key words: mechanical waves, electromagnetic waves, clays, diffusion, double layer.

Résamé : Cet article documente une étude de la diffusion de concentration au moyen de mesures
complémentaires d’ondes mécaniques et électromagnétiques. En premier lieu, une revue des
notions fondamentales des forces interparticules et de I’interaction onide—sol est présentée. Des
données expérimentales ont été recueillies au cours de la diffusion d’une solution a forte
concentration de chlorure de potassium a travers différents sols avec différentes conditions aux
frontiéres. La bentonite et le kaolin se sont contractés durant la diffision. L’interaction entre le
gradient de concentation, les forces interparticules réelles et les changements de fabrique ont
produit un front de pression interstitielle qui a progressé & ’avant du front de concentration. La
permittivité complexe a changé avec 1’avancement du front de concentration, réflétant la
diminution de teneur en eau et I’accroissement de la conductivité. La diffusion de la concentration
a affecté la propagation de 1’onde de cisaillement par suite des changements dans les forces
interparticules réelles. La bentonite a montré une augmentation significative de la vitesse de
I’onde cisaillement, alors que la vitesse de propagation dans le kaolin a diminué. Les différences
de comportement disponibles dans la littérature entre la bentonite et le kaolin sont compllées et
des hypothéses sont proposées pour expliquer les phénoménes observés.

Mots clés : ondes mécaniques, ondes électromagnétiques, argiles, diffusion, double-couche.

[Traduit par la rédaction]
Introduction

Changes in pore-fluid concentration induce changes in the
behavior of fine soils. Concentration decreases, for exam-
ple, in the case of marine clays flushed with fresh water,
e.g., Leda clay. On the other hand, the pore-fluid concen-
tration increases in the case of clay barriers that are used
to limit the migration of chemical wastes. Wave-based
monitoring techniques can be used nonintrusively to study
and to monitor diffusion processes without appreciable
disturbance. Furthermore, reflection and transmission wave
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propagation measurements can be inverted to obtain local
values about the global distribution of a parameter using
tomographic techniques.

Newtonian-mechanical and Coulombian-electrical forces
coparticipate in governing the behavior of geomaterials.
Mechanical and electromagnetic waves can probe changes
in these forces. For a given material, velocity and attenu-
ation at different frequencies show different features
of wave—material interaction revealing inherent material
characteristics. _

This paper presents an experimental study of concen-
tration diffusion with wave measurements. The aim was to
gain better insight into the diffusion process through fine-
grained particulate materials, to learn about the effect of
true effective stresses on the propagation of shear waves, and
to develop the foundations for a site monitoring diffusion
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process with wave-based technology. The conceptual frame-
work involves the diffusion phenomenon, the consequent
changes in true effective stresses in soil, and the interaction
of mechanical and electromagnetic waves with geomedia.
These phenomena and concepts are reviewed first, fol-
lowed by a discussion of experimental procedures and
results.

Diffusion: True effective stress

Chemical diffusion

Chemical diffusion is the equalization of differences in
concentration within the medium, whereby chemical species
move between different concentrations. The diffusion phe-
nomenon results from the brownian movement of elements.
The movement of a solvent under a concentration gradient
is called chemical osmosis and it is governed by Fick’s
laws. The mass flux, J, is in direct relation with the con-
centration gradient according to Fick’s first law, whereas,
the one-dimensional diffusive transport is modeled by
Fick’s second law:

[1] J==D, a_c_ Fick’s first law
i Z
[2] _Q_c_ =D 8_2c Fick’s second law
ot ° 9z°

where ¢ is concentration, z is the direction of flow, ¢ is
time, and D, is the free solution diffusion coefficient. This
coefficient D, is related to the absolute mobility of the
diffusing element, which is the maximum velocity that
can be attained under a unit chemical potential. The tem-
perature 7T, the viscosity m of the solution, and the radius
a of the diffusing chemical species affect the diffusion
coefficient:

B] D,= uh

6mna
where k is Boltzmann’s constant. This expression can be
derived either from the analysis of brownian movement
or from thermodynamic principles (Everett 1988). Differ-
ent correction factors were proposed to account for devi-
ations in diffusion phenomena in soils, including poros-
ity <1.0, tortuosity along weaving intergranular paths,
dispersion, and sorption (Rowe et al. 1988; Shachelford
and Daniel 1991).

Clay particles with their balancing cations behave as
semipermeable membranes. “Ideal” semipermeable mem-
branes prevent passage of certain components in the solu-
tion. However, clays are “leaky” semipermeable mem-
branes: they can not completely prevent passage of
components, but they can restrict their movement. The
“osmotic efficiency” is a measure of “leakiness” and char-
acterizes the efficiency of a clay to undergo hydraulic flow
under an-osmotic pressure gradient (Mitchell 1991). An
osmotic efficiency of 1.0 indicates an ideal membrane,
however, a zero value indicates no membrane properties.
Knowing the exiting and entering concentrations, the
osmotic efficiency can be calculated. Fritz and Marine

(1983) concluded that maximum osmotically induced -

hydraulic pressure can be encountered when a low porosity
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clay membrane having high cation exchange capacity sep-
arates dilute solutions.

True effective stress

The concept of true effective stress was introduced by Bolt
(1956) and was adopted by many researchers to explain
changes in clay properties with changes in pore-fluid chem-
istry (Sridharan and Sivapullaiah 1987). Mathematically, the
true effective stress, o, is

u, — (Rep — Att)

where o, is the total stress, u, is the pore-fluid pressure,
Rep is the interparticle repulsion, and A#t is the interparticle
attraction. Stresses Rep and Aft are electrical in nature and
manifest through multiple short-range and long-range phe-
nomena (e.g., Morgenstern 1969). Their importance
increases in fine-grained materials with high specific sur-
face. Accordingly, the difference between the intergranular
pressure and the conventional mechanical effective stress
is the interparticle attractive minus repulsive stresses. If
the repulsive stress is equal to the attractive stress, or if
they are too small compared with the total stress, there
will be no difference between the effective stress and the
intergranular pressure.

Double layers form in response to electrostatic
Coulombian forces between electrically charged particles,
ions, and polar—polarized fluid materials. According to
Gouy-Chapman’s theory (Shang et al. 1994; van Olphen
1977) -

’ e)'RT
5 §= |
Bl 2cmov2

where g, is the permittivity of a vacuum, k' is the rela-
tive permittivity, R is the universal gas constant, T is tem-
perature in kelvin, F is Faraday’s constant, ¢, is the bulk
concentration, and v is the valence. The parameter ¥ can be
used to characterize the “thickness” of the double layer.
Long-range osmotic repulsion decreases when the thick-
ness of the double layer around particles decreases. Let’s
assume that the surface potential ¥, is high (usual case in
clays, where {§, > 25 mV), yet that particles are suffi-
ciently far apart so that the mid-plane potential is low.
Then, the repulsion force between two parallel planar sur-
faces at distance d can be computed as (Israelachvili 1991)

[6]  Rep = 64(RTc)e™ "

An alternative hypothesis is to assume that the second
derivative of the potential with respect to distance is the
same between two parallel particles as it is in a single par-
ticle. Furthermore, if the effect of anions is disregarded,
the following equation for the repulsion pressure can be
derived (derivation is similar to that by Yong and Warkentin
1975):

(4] Om = Ot —

(large interparticle distance)

242
[7]  Rep=2RTc, )(3%213— - 1)
(short interparticle distance)

This equation was derived assuming infinite potential at
the surfaces of the clay, ¥, = c. An increase in d by 2 to
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8A(1A=01 nm) is sufficient to correct for the real
surface potential. Both egs. 6 and 7 disregard the forma-
tion of the Stern layer and its shielding effect. Equations 6
and 7 predict similar values for d = 29.

van der Waals — London attracrion forces arise from
the interaction of fluctuating electronic dipoles with the
induced dipoles in adjacent atoms or molecules. The van der
Waals interaction between two parallel particles suspended
in a medium at a distance d is calculated using London’s
theory:

(8] Aw=—2_

67d

where the Hamaker constant A can be evaluated from
Lifshits’ theory using the dielectric permittivity of the
interacting media at different frequencies (Israelachvili
1991). Sridharan and Rao (1979) showed an inverse rela-
tionship between the Hamaker constant and the static per-
mittivity of the medium; however, Moore and Mitchell
(1974) found more complex trends. Lifshitz’s theory was
used to compute A for different organic fluids between
two silica sheets; results presented in Table 1 indicate that
the attraction force may vary by a factor of 7. The low-
est attraction force occurs when the permittivity of the
fluid approaches the permittivity of the soil particle. The
value of A is very sensitive to the refractive index assumed
for soil particles. The Hamaker constant, A, does not vary
for separations less than 15 nm, but it decreases for larger
separations (Lyklema 1991). The effect of ionic concen-
tration on van der Waals forces can be predicted from the
change in the permittivity with concentration, which is
low. However, the screening of charges may reduce the
attraction force by 30% (Israelachvili 1991).

When attraction and repulsion forces are considered
simultaneously, the following main observations can be
made (based on eqs. 6 or 7, and 8). Observation 1I: the
change in concentration and (or) valence affects primar-
ily double layer repulsion: if concentration or valence
increases, repulsion decreases, and the effective stress
increases. Observation 2: the decrease in permittivity pro-
duces a decrease in attractive forces that is independent

of distance, and a decrease in repulsive forces that is a

function of distance (from eq. 6 or 7, the higher the inter-
particle distance, the greater the loss in repulsion). It can
be shown using eqs. 6 and 8 that if the interparticle distance
d > ~2-5 nm, the effective stress will increase when the
permittivity changes from 79 to 10. The opposite is true for
interparticle distance d < ~2 nm.

Pore fluid and soil behavior (prior experimental
studies)

Changes in clay properties as a result of changing the
chemistry of the pore fluid (e.g., permeability, sedimen-
tation rate, Atterberg limits, consolidation, and shear
strength) can be analyzed in the light of these observa-
tions. Table 2 summarizes experimental results. In gen-
eral, the trends for changes in concentration and valence are
the same both in kaolinite and montmorillonite, as pre-
dicted by observation 1. However, trends are opposite
when the two clays are subjected to permittivity changes.
In this case, observation 2 must be taken into consideration:
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Table 1. Calculated Hamaker constant between two silica
sheets isolated by different fluids.

Static Hamaker constant
Fluid permittivity (X 1072 )
Carbon tetrachloride 2.3 0.09
Trichloroethylene 3.4 0.10
Chlorobenzene 5.6 0.33
Phenol 9.8 0.48
Benzyl alcohol 13.1 0.48
Acetone 20.7 0.32
Ethanol 24.6 0.33
Methanol 32.6 0.61
Water 78 0.64
Water (high concentration)® 78 0.42

“Estimated assuming zero static component.

the higher force per particle in kaolinites for a given state
of confinement brings particles closer together than in ben-
tonites. Thus, the loss in repulsion prevails in bentonite,

‘while the loss in attraction prevails in kaolinites.

There are other differences. Interparticle arrangements
may change if soils are mixed with different fluids prior to
fabric formation, e.g., sedimentation test (note differences
in test procedures in Table 2). Some clay minerals are
known to have a surface charge that is pH dependent. In
particular, kaolinite shows positive edge charge when pH
approaches 5 (Yong and Warkentin 1975), pH influences
double layer repulsion, however, van der Waals attraction
is not sensitive to pH. Finally, short-range hydration forces
may become involved in kaolinites (further discussed in
sequel). These additional effects may clarify some of the
unexplained contradictions in Table 2.

It can be concluded, that in most observed cases, the
behavior of both bentonites and kaolinites is predictable, at
least in qualitative terms, by taking into consideration dou-
ble layer repulsion, van der Waals attraction, the true effec-
tive stress concept, and the related shearing resistance.

Wave-geomedia interaction

Electromagnetic waves and geomedia (concentration)
The dielectric permittivity of a material is a measure of
its electrical polarizability due to the application of an
electric field. There are several polarization mechanisms,
including electronic and ionic resonance, molecular polar-
ization, and spatial Maxwell-Wagner and double layer
polarization. Permittivity is a complex parameter; the real
component reflects the polarizability of the material, while
the imaginary permittivity characterizes Ohmic and polar-
ization losses. The polarization of the material increases
from high to low frequencies. The polarization vector that
reflects the number of dipole moments per unit volume,
can be written as (von Hippel 1954)

9] P=g( — DE

where E is the applied external field.
The static relative permittivity of dilute solutions is
directly related to the square root of concentration (Debye—
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Table 2. Differences between kaolinite and montmorillonite.
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Observed trends

Sample preparation Kaolinite® Montmorillonite® Reference
Hydraulic conductivity
Hydraulic conductivity was estimated from consolidation k' 1= kp 1P k'l = kp T Madsen and Mitchell (1989)
tests; air-dried samples were mixed with ethyl alcohol, Mesri and Olsen (1971)
centrifuged, dried, and then fluids were added
Kaolinite samples were compacted and bentonite A’ L = k, dor Ak T= k, 4 Bowders (1985)
samples were consolidated from slurry; hydraulic remains constant (from: Madsen and
conductivity was measured using flexible wall Mitchell 1989)
permeameter during fluid exchange
Homoionic samples were prepared by repeated washing cT=krT cT=kT Mesri and Olsen (1971)
the clay with 1 N solution of the required ion; the Dunn and Mitchell (1984)
excess solution was removed by distilled water Quirk and Schofield (1955)
Sedimentation
Samples were prepared by mixing dry clay with K T=el K T=eTl University of Waterloo
water and carbon tetrachloride, respectively
Samples were mixed with water; salt was added cT=el cT=el University of Waterloo
after hydration; after vigorous mixing, they were vTi=el cT=el
allowed to settle
Liquid limit
Samples were mixed with different organic fluids; liquid K T=LLI ' T=LLT Sivapullaiah, and Sridharan
limit was determined using cone penetrometer test, and (1987)
reported in terms of volumetric water content to avoid Not monotonic University of Waterloo
the effect of the variable unit weight of the fluids
Samples were mixed with aqueous solutions of cT=LLl cT=1ILd Mesri and Olsen (1970)
different valence at different concentrations LL¢, > LLy, LL., < LLy, Yong and Warkentin (1975)
University of Waterloo
Consolidation
Samples were mixed with different organic fluids K T=el kK T=e? Sridharan and Sivapullaiah
and then consolidated (1987)
Clays were mixed with water, consolidated, and then Ak’ L =el Ak' L= el Sridharan and Rao (1973)
carbon tetrachloride was added at 12.5 kPa .
Clays were mixed with carbon tetrachloride, consolidated, Ax' T=el A’ T= el Sridharan and Rao (1973)
and then water was added at 12.5 kPa
Samples were prepared using the slurry technique; they AcT=el? AcT=ed University of Waterloo
were consolidated to 105 kPa in an isotropic cell (this study)
before adding KCl solution (4.0 M)
Shear wave velocity
Samples were prepared using the slurry technique; Ac T = V, l AcT = V, T University of Waterloo
they were consolidated to 105 kPa in an isotropic (this study)
cell before adding KCI1 solution (4.0 M)
Shear strength
Oven dried samples were statically compacted inside kK d=c*T kK d=cxT Sridharan and Rao (1979)
the direct shear box, and loaded to the desired stress; kK1=¢T Wi=¢7T
samples were flooded with different organic fluids;
finally shear was applied .
Homoionic samples were prepared as described under cd=cxl Mesri and Olsen (1970)
hydraulic conductivity (the effect of concentration Not monotonic cd=¢14 Kenney (1967)

change decreased for higher confining pressure); -
shear box or ring shear device were used

Moore (1991)
DiMaio and Fenelli (1994)

Notes: Variables: k', dielectric permittivity; Ax’, change in the permittivity of pore fluid; ¢, concentration; Ac, change in concentration of the pore
water; v, cation valence. Parameters: k,, hydraulic conductivity; LL, liquid limit; e, void ratio; V,, shear wave velocity; C*, shear intercept; ¢, angle

of shearing resistance.

“The characteristics of kaolinite and bentonite vary among authors. In all cases, kaolinite has low specific surface, whereas, montmorillonite has

hi§h specific surface.
Contradictory data were also reported by Madsen and Mitchell (1989).
‘At pH = 10, the liquid limit increases with concentration (Warkentin 1961)

“If permeate is of lower concentration, early collapse may take place followed by swelling (Barbour and Yang 1993).
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Table 3. Physical, chemical, and engineering properties of tested soils.

Soil type Silica flour Kaolinite Bentonite
Source Indusmin Co., Toronto  Vanderbilt Co., Los angeles Saskatchewan

Trade name Silex Regular Peerless clay Avonseal or Geoseal
Color White Light cream Light tan

Specific gravity, G.* 2.65 2.6 2.55

Liquid limit (%)“ na 50 250

Plastic limit (%)° na 35 50

Main cation® — Sodium Sodium

CEC (mequiv./100 g) — 20-30 80-85

7.8 (10% solids)
0.10 (10% solids)

pH value®
Conductivity (mS/cm)‘

4.8 (10% solids)
0.04 (10% solids)

9.0 (5% solids)
1.12 (5% solids)

Notes: Values provided by suppliers unless specified. CEC, cation exchange capacity.

“University of Waterloo, standard ASTM procedure.

*University of Waterloo, ion chromatography on extracted fluid (bentonite: centrifuge; kaolinite: filtration).

“University of Waterloo, solids in suspension.

Huckel theory). For concentrations between 0.1 and 1.0 M
the permittivity of water decreases with concentration. This
results from the attraction of water molecules around ions,
reducing the ability of water to orient with the external
field. The imaginary permittivity increases primarily with
concentration because of the contribution of the DC losses.
Finally, the relaxation time also changes with the increase
in concentration: a spread in relaxation times develops and
the average relaxation time increases (Hasted 1973).

The complex permittivity of soil mixtures is sensitive to
chemical changes in the pore fluid. The permittivity at
GHz frequencies reflects the amount of free water and it is
governed by the volumetric water content rather than the
gravimetric water content (recall that permittivity is the
number of dipole moments per unit volume). Soil permit-
tivity increases slowly with volumetric moisture content.
After reaching a transition moisture content, not neces-
sarily well defined, permittivity increases steeply (Wang
and Schmugge 1980).

Wet soil is a mixture of soil particles and pore fluid.
According to the Maxwell-Wagner model, the complex
permittivity of such a system presents a relaxation spectrum
defined by the following equation (von Hippel 1954):

’ ’

[10] . K*=K;+_'.<S_—-K_°°_j_o-_

o 1+ jor W€,
where kg is the real permittivity at low frequency, k’, is the
real permittivity at frequencies beyond relaxation, o is the
conductivity of the mixture, 7 is the relaxation time, and
is the angular frequency. Double layer polarization models
can be seen as generalization of this equation. The increase
in concentration decreases the polarizability of the mixture
(x; decreases), reduces polarization losses (2nd term), but
increases DC losses (3rd term). Ohmic losses prevail at low
frequencies and in the case of clays with high surface charge
(e.g., bentonite). At high frequencies, the effect of the con-
ductivity term decreases, as shown in eq. 10.

Mechanical waves and geomedia (stresses)
Shear wave velocity is determined by the state of stress
in particulate media, other factors such as particle geometry,

void ratio, and packing being constant. Several experi-
mental studies have been conducted to analyze the effect of
the state of stress on shear wave propagation (Schultheiss
1981). Roesler (1979) showed that shear wave velocity is
controlled by effective stresses in the direction of propa-
gation and in the direction of polarization. A power equa-
tion was suggested to relate shear wave velocity to the
longitudinal and the transverse effective stresses o, and o,
(Roesler 1979):

X1 Xt
1] Vs=§(ﬂ) [ﬂj
pa pa

where p, is the normalizing atmospheric pressure, and &, x;,
and x, are constants. If o, = ¢, = 0;,,, the previous equation
reduces to

,
2] v= &(ﬁj

a

where the exponent vy is equal to y = x; + X,. The theo-
retical value vy for in the case of spherical particles fol-
lows from Hertz’s theory and is equal to 1/6. In the case of
cone-to-plane contacts y = 1/4. Measurements with real
coarse-grained, particular materials show that y varies
from 0.16 to 0.48 (Aloufi and Santamarina 1995). The
exponent vy is obtained from two or more measurements
at different state of stress in devices such as isotropic,
oedometric, axisymmetric, and true triaxials. Even though
waves do not alter the micro-state, the change in stress
does. Hence, v not only characterizes changes in contact
stiffness but also changes in microfabric (Aloufi and
Santamarina 1995). The role of true effective stress (eq. 4)
on shear wave propagation has not yet been assessed.
Results from the experimental study reported herein will
elucidate its relevance.

Experimental study: materials and
devices

The experimental study was designed to monitor and to
study concentration diffusion through changes in dielectric
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Fig. 1. Schematic diagram of testing devices: (A) modified oedometer cell, and

(B) isotropic cell.
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permittivity and shear wave velocity. Two testing programs .

were performed: the first one was conducted in a modi-
fied oedometer and the second one was performed in an
isotropic cell. Three soils were tested: silica flour, kaolinite,
and bentonite. They were chosen to span the range of fine
particles from relatively coarse-grained, nonplastic soil
(silica flour) to very fine, colloidal, plastic soil (bentonite
clay). This range of particle sizes should permit assessing
the effect of different interparticle forces. Physical and
chemical properties of the tested soils are summarized in
Table 3.

Sample preparation

Specimens were prepared using the slurry consolidation
technique. Dry soil was placed in a mixer and distilled
water was added continuously while mixing until the water
content was twice the liquid limit (w % = 2 LL.). During
mixing, vacoum was applied to the container to remove

air pockets. The specimen was left in a closed container
for 24 h to insure saturation, hydration, and homogeneity.

Specimens for the oedometer test were prepared by
pouring the slurry inside a 100 mm inside diameter (ID)
split mold with an internal rubber membrane. The mold
was held on the base of a triaxial cell. The set was assem-
bled and mounted under a gravity loading system; 50 kPa
vertical pressure was applied to the clay through the load-
ing cap. The clay was kept under load to achieve a homo-
geneously consolidated sample. After consolidation, the
mold was removed and the water content was determined.
Kaolinite and bentonite samples for isotropic testlng were

_trimmed to 50 mm diameter.’

Oedometer cell

A one-way drainage oedometric cell was designed and
built to continuously measure pore pressure, shear wave
velocity, and dielectric permittivity during diffusion. The
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configuration of the cell is shown in Fig. 1A (Fam and
Santamarina 1995). Dielectric permittivity was measured
with a HP 85070A dielectric probe kit integrated to a
HP 8752A network analyzer. The probe measures the
dielectric permittivity in the frequency range between
0.20 and 1.30 GHz. Shear wave velocity through the sam-
ple was monitored using piezocrystal bender elements
(PZT-5, APC). Reversed polarity of received signals con-
firmed shear wave propagation.

After completion of primary consolidation under the
preselected pressure, a potassium chloride solution (KCl,
4.0 M) was continuously added to the top of the cell. In the
case of silica flour and kaolinite, 610 kPa was the selected
stress. However, in the case of bentonite, one loading incre-
ment (100 kPa) was conducted before diffusion to limit
testing difficulties due to shorts, equipment drift, and cal-
ibration losses in excessively long test duration (each load
increment requires approximately 2 weeks). The change
in sample height, dielectric permittivity, shear wave veloc-
ity, and pore-water pressure were measured with time.

Isotropic cell
A modified axisymmetric flexible wall permeameter was
used in this study to maintain constant vertical and hori-
zontal confinement. Top and bottom platens were modi-
fied to include bender elements at their centers. All cables
were coaxial and RTV marine silicon was used to insu-
late electrical components. A linear variable differential
transformer (LVDT) placed inside the cell was used to
monitor the vertical deformation of the sample. A three-
channel triaxial control panel completed the test set-up.
A schematic of the device is presented in Fig. 1B.
Bentonite and kaolinite samples were mounted in the
isotropic cell and were consolidated to an initial effective
stress o, = 70 kPa. Cell, top, and bottom pressures were
415, 345, and 345 kPa. Given an initial degree of satura-
tion of 95%, 345 kPa back pressure achieves approxi-
mately 99% degree of saturation. After initial consolidation,
the cell pressure was increased by 35 kPa and all parameters
were recorded with time (traveltime, LVDT reading, and
volume change readings). After reaching equilibrium at
0y, = 105 kPa, water was exchanged with the saturated
KCI solution at the lower platen and allowed to diffuse
under constant isotropic stress; free drainage was allowed
from both top and bottom ports, maintaining a constant
back pressure of 345 kPa. The concentration of KCl was
maintained constant at the bottom platen by continuous
replacement (two ports reach the porous stone, see Fig. 1B).

Results and observations
Oedometer tests

Strains

Figure 2 presents the strain—time relationship for the three
soils during concentration diffusion (note: log-log plot).
-Bentonite shows the highest strain. The time—deformation
curve during the last load increment was extrapolated to
estimate the strain that would have occurred due to sec-
ondary consolidation during the time involved in chemical
diffusion. Only 8% of the vertical strain measured after dif-
fusion could be justified by secondary consolidation in both

653

Fig. 2. Change in vertical strain with time during
concentration diffusion in oedometer cell: (A) silica flour,
(B) kaolinite, and (C) bentonite.
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kaolinite and bentonite. The strain rate in silica flour is
its creep rate (extrapolated from the prior load-deformation
response).

Pore-water pressure

A clear increase in pore pressure was observed in early
stages of diffusion, followed by slow dissipation. Figure 3
presents the change in pore pressure normalized with the ini-
tial effective stress at the end of consolidation. The increase
in pore pressure seems to result from the increase in true
effective stresses. The unbound water (part of which may
have been liberated because of the increase in concentra-
tion, eq. 5) advances in both directions ahead and back-
wards with respect to the concentration front. The change
in pore pressure was more noticeable in bentonite where the
excess pore pressure reached 40% of the initial applied
effective stress; the difference in effective confinement
does not permit direct comparison (100 kPa for bentonite
and 610 kPa for kaolinite). In both clays, the concentration
front arrived after the pore pressure started to increase.
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Fig. 3. Change in pore-water pressure in oedometer cell during concentration
diffusion: (A) bentonite, and (B) kaolinite samples. (The arrival time of the
chemical front is estimated from the corresponding imaginary permittivity vs. time

plots).
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Fig. 6. Change in shear wave velocity with respect to the
initial velocity during concentration diffusion in
oedometer cell.
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(osmotic consolidation and pressure gradient), changes in
effective stress (pore-pressure changes), and changes in
void ratio (true effective stress changes).

Dielectric permittivity

The complex permittivity of soils is sensitive to chemical
changes in pore fluid. Spectral plots of the imaginary per-
mittivity before and after diffusion are shown in Fig. 5.
In the case of kaolinite before diffusion, the imaginary
permittivity reflects the tail of the free-water relaxation
(f > 0.50 GHz) and the beginning of double layer polar-
ization (f < 0.50 GHz). However, in the case of bentonite,
the tail of the free-water relaxation is masked by very high
double layer polarization and a continuous increase in
imaginary permittivity is observed with the decrease in fre-
quency. After diffusion, both samples showed an increase in
imaginary permittivity because of the increase in DC losses
as the concentration increases and overcompensates the
reduction in double layer polarization (eq. 10).

When the diffusion front reached the vicinity of the
dielectric probe, the real permittivity at high frequency,
1.30 GHz, decreased slightly responding to the decrease
in free-water mobility. On the contrary, the imaginary per-
mittivity changed drastically. :

Shear wave velocity

The change in shear wave velocity with time during con-
centration diffusion is shown in Fig. 6 where velocity val-
ues are normalized with respect to the velocity before dif-
fusion. While no common trend can be observed among
different soils, the twofold increase in velocity in ben-
tonite is striking. Silica flour showed virtually no response
to concentration changes (shear wave velocity or defor-
mation). Note that measured traveltimes are integrals across
the sample. Hence, values plotted in Fig. 6 are average
velocities. Local values could be obtained through inversion
procedures.

The increase in concentration produces a decrease of
long-range repulsive forces, and the increase in true vertical
effective stress. However, the same shrinkage mechanism
can lead to lateral stress relaxation. The small decrease in
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Fig. 7. Vertical strain and volume expelled from top and
bottom ports for bentonite under isotropic confinement:
(A) during consolidation from 70 to 105 kPa, and

(B) during concentration diffusion under 105 kPa
confining pressure.
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velocity in kaolinite could be explained by a prevailing

effect of shrinkage and lateral stress relaxation (see eq. 11). -
This tentative explanation is scrutinized next by testing

under isotropic confinement.

Isotropic tests

Both kaolinite and bentonite were also tested under isotropic
confinement. Kaolinite and bentonite samples were 37 and
30 mm high, respectively. Pore-fluid exchange started after
the end of primary consolidation, at an effective confine-

ment o;, = 105 kPa. Measurements of axial strain, pore
volume expelled, and shear wave velocity were recorded
with time. ’ '

Strains

Axial strains in bentonite and the volume of expelled pore
fluid during consolidation and concentration diffusion are
plotted in Fig. 7. At early stages of diffusion, the volume
expelled from the bottom port was larger than the volume
drained from the top port (recall that fluid is exchanged
at the base of the sample). After 2000 minutes, the rates of
flow from both ports were almost equal. The corresponding
plots for kaolinite are similar in all aspects but involve
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Fig. 8. Shear wave velocity versus time before, during,
and after concentration diffusion under isotropic
confinement for (4) bentonite, and (B) kaolinite.

120
- (A) ‘ @o o,
L Adding KClI =]
E 1004 R o2 =
~ solution EG
>
'8 as Aﬁ
O 8071 |oading & Loading
2 > a®
o 7010 105 kPa K 105 to 140 kPa
> 604
g -
= o Gt
D 407 P
& Jra@
20+ v T T T T v
0 2000 4000 6000 8000 10000 12000 14000
Time (min)
300
. ®) @ o
w2801
£ Adding KCli solution g
> 2601 < - =8
&
‘G Loading &
% 2404<——p> E
> 7010 =4
®
2 2204 105 kPa
(U o
£
A T "
.qc) Loading
o o180 _ e
105 to 140 kPa
160 v T v v
0 1000 2000 3000 4000 5000 6000
Time (min)

significantly lower linear and volumetric strains (g, <
1%).

Shear wave velocity

Changes in shear wave velocity for bentonite and kaolin-
ite are plotted in Fig. 8. Results are in agreement with the
measurements in the oedometer cell. Significant increase in
shear velocity (100%) was recorded in bentonite, while in

kaolinite, the velocity decreased once again. An additional

test was run to minimize end effects using a longer kaoli-
nite sample d = 50 mm and H = 57 mm. Shear wave
velocity showed the same result as in the shorter kaolinite
sample.

Comparing results from the three kaolinite samples
tested in isotropic and in oedometer cells, the earlier
hypotheses of lateral stress relaxation and boundary effects
are discarded. The decrease in shear wave velocity dur-
ing diffusion of the high KCl concentration front appears
to be the true behavior of kaolinite.

Related analyses

Strains _

The decrease in sample height with the increase in pore-
water concentration can be explained by the change in
double Iayer thickness and true effective stress (recall the
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Fig. 9. Theoretical change in void ratio with the change
in normalized stress P, = o,,,/RTc, for different values of
the dimensionless parameter {} = p,GA9. Continuous
lines correspond to mechanical consolidation at constant
concentration c,; dashed curves correspond to osmotic
consolidation at constant applied stress o,,.

Eq.14 | Eq. 15

Void ratio

T TTTTTT T T T

Normalized stress

little sensitivity of van der Waals attraction to the change
in concentration). As the concentration increases, the thick-
ness of the double layer decreases according to eq. 5, and
repulsion decreases as predicted by eqs. 6 and 7. There-
fore, additional settlement is expected as the concentra-
tion front advances. The smaller the particle size, the lower
the skeleton force per particle, the higher the contribution
of (Rep—Art) stress and the higher the relevance of the true
effective stress concept. Testing in the isotropic cell under
the same effective stress confirmed that osmotic consoli-
dation is much more important in bentonite than in
kaolinite. .

Let’s consider clay particles arranged in parallel con-
figuration. The distance between particles (d) can be related
to the void ratio (e) by classical phase relations:

2e
GApy,

where G, is the specific gravity of the clay, A, is the spe-
cific surface, and p,, is the density of water. Assuming
that the repulsion pressure equals the applied stress, a rela-
tionship between void ratio, concentration, and applied
stress can be derived by replacing eq. 13 into egs. 6 and 7.
In dimensionless form,

Q. {64
14 =—Inf — d>29

n

[13] d=

w0

W esm=rp=7

where () = GAp,9, and P, = 0, /RTc, is the normalized
applied stress. These equations are plotted in Fig. 9, in an
e — log P, plot. Curves in continuous lines characterize
standard mechanical consolidation due to the increase in
applied stress, at constant concentration. The family of
curves in dashed lines represents void ratio changes at
constant applied stress when clays are subjected to increased

d<29

U e e
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Fig. 16. Measured and predicted changes in the imaginary
permittivity with time for silica flour during concentration
diffusion in oedometer cell (the inverted apparent
diffusion coefficient is 9 X 107 m%s).

10
1 | Predicted
> A
T— o
>
£ 7 { Measured
£ ]
L
(0]
Q
by
o
£
)] ]
©
E
L= — o T N S gt | 8 0 L=
1 T L e e v T
100 1000 10 000

Time (min)

concentration during osmotic consolidation. It can be seen
that the higher the applied stress, the smaller the osmotic
consolidation.

The value of these equations is qualitative. Deviations
from actual measurements are in part due to parallel particle
assumption. According to Meade (1964), the parallel par-
ticle condition may be valid at high stresses, as the degree
of preferred orientation increases with the applied stress.
Mitchell (1993) indicates that this type of analysis loses
validity for clays with particle dimension more than
0.20 pm. Comparison of experimental and theoretical
results shows that the higher the concentration, the larger
the deviation from the experimental curve, probably because
other interparticle forces gain relevance at close distances.

Dielectric permittivity

A linear relationship between concentration of water solu-
tions and imaginary permittivity was observed in calibra-
tion tests (the correlation coefficient » = 0.997),

[16] Kk"=a + bc

Substituting this relationship into Fick’s second law (eq. 2),
the following expression is obtained:

aK” aZK”
17 =D
17 ot F
or, in finite difference form,
” AtD ”» ” n 7
(18]  «k{ju= E(KHIJ —2k7 KL ) K

where i is the subscript for node position, and j is for node
time; Ar is the time interval and Az is the depth interval
between nodes; and D is the apparent diffusion coefficient.
The above equation can be written in matrix form as:

(191 [x"l, = [M]"[x7]

where [Kk"],, is the vector of imaginary permittivity after
m time intervals, [M] is the matrix of coefficients, and
[k7] is the initial vector of imaginary permittivity at time
zero.
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Fig. 11. Measured and predicted distributions of the
imaginary permittivity in the silica flour sample at the
end of concentration diffusion in the oedometer cell (the
inverted apparent diffusion coefficient is 9 X 107" m%s).
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Imaginary permittivity

Measured trends of imaginary permittivity versus time
were used to invert for the apparent diffusion coefficient for
the three soils, using eq. 19 and appropriate boundary con-
ditions. Inversion was driven to minimize the sum of the
square error between predicted and measured imaginary
permittivity values. It was observed that the error func-
tion is very sensitive to the selected diffusion coefficient.
Figure 10 shows the predicted and measured changes in
imaginary permittivity with time in the case of silica flour.
The fit is excellent for the three soils. Applying this tech-
nique, the inverted apparent diffusion coefficients were:
9 X 10719, 5 X 10719 and 3 X 10~ m?¥s for silica flour,
kaolinite and bentonite, respectively.

The apparent diffusion coefficient can also be obtained
at the end of the test by slicing the specimen and mea-
suring the imaginary permittivity at different heights. Equa-
tion 19 can then be fitted to the measured values to deter-
mine the diffusion coefficient. Figure 11 shows the predicted
distribution of imaginary permittivity computed with the
apparent diffusion coefficient inverted from permittivity—
time data and the measured values (Figs. 10 and 11 are
similar for the three soils).

Shear wave velocity
While the compiled experimental evidence discussed ear-
lier may elucidate apparent contradictory data found in
the literature, the changes in kaolinite upon the increase
in concentration remain unaccounted. Hypotheses must
explain the decrease in shear wave velocity and the con-
current increase in density (when changes in velocity and
density are taken into consideration, the computed change
in shear modulus shows a decrease in stiffness between
10 and 20%; G = pVSZ). While shrinkage is due to the
reduction in repulsion forces and the increase in true effec-
tive stress, the decrease in stiffness must reflect the effect
of another process that overcomes the normally stiffening
effect associated with increased stresses.

This additional process may include the development of
a less-rigid fabric because of the loss of edge-to-face con-
tacts, the change in short-range hydration forces, the change
in edge-charges. Detailed analyses of these mechanisms
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are cumbersome. Consider for example short-range hydra-
tion forces: molecules between two surfaces tend to adopt
positions that lead to minimum total energy. As particles
move closer together, minimum energy conditions are
altered generating a force that oscillates with distance.
This force may be preferentially atiractive or repulsive
depending on a variety of surface and fluid properties and
may affect a range of 1 to 3 nm (Horn et al. 1989;
Israelachvili 1991). These hypotheses do not imply that
kaolinite becomes “weaker” after concentration diffusion:
strength is a large strain parameter that induces massive
fabric changes.

Finally, it is important to note that montmorillonite par-
ticles are lattice expansive colloids with very significant
long-range double layer effects; however, kaolinites are
larger particles (in the transition to noncolloidal) and carry
a much higher skeleton force per particle than bentonites.
McConnachie (1974) showed that short-range forces pre-
vail in kaolinite when the effective confinement exceeds
15 kPa. Fabric changes due to osmotic effects become
increasingly more restricted with the increase in inter-
particle forces.

Conclusions

The effect of concentration diffusion on clay behavior was
investigated with mechanical and electromagnetic waves.
Results show a variety of unique phenomena and give new
insight into the complex nature of clay behavior.

The behavior of clays can be adequately explained in
most cases by considering long-range double layer repul-
sion and van der Waals attraction. The larger the particles
and the higher the applied stress, the higher the force-per-
particle. Eventually, interparticle spacing may become
small enough to activate short-range hydration forces.

The concentration front is preceded by a pressure front
that results from the coupling between pressure and con-
centration gradients, changes in double layer, liberation
of adsorbed water, increase in true effective stress, and
associated changes in fabric. The pressure front is very
significant in soft bentonite.

The complex permittivity of soils réflects changes in
double layer. Changes in imaginary permittivity with time
during concentration diffusion can be used to estimate the
“apparent diffusion coefficient.”

The propagation of stress waves is determined by inter-
particle forces. In coarse granular materials, Newtonian
forces are significant and the velocity of propagation is
related to Terzaghi’s state of effective stress. In fine mate-
rials, electrical forces must be included. These may play a
dual role, either increasing or decreasing velocity: in the
case of bentonite, the effect is through long-range forces,
however, kaolinite seems to be affected also by oscilla-
tory short-range hydration forces. In addition, changes in
edge-charges and the development of denser, yet less-stiff
fabrics may add to the observed behavior. Detailed inter-
pretation of these phenomena is cumbersome.
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List of symbols

viscosity, kg-s '-m ™!

angular frequency, rad-s~
relaxation time, s
conductivity, S-m~
surface potential, V

dimensionless parameter = GAp, 9

density, kgm™>

double layer thickness, m

angle of shearing resistance

effective stress, Pa

relative real dielectric permittivity

optical dielectric permittivity

relative imaginary dielectric permittivity

static dielectric permittivity

complex dielectric permittivity

external applied stress, Pa

isotropic stress, Pa

stress in the longitudinal direction, Pa

true effective stress, Pa

stress in the transverse direction, Pa

total stress, Pa

Hamaker constant, Pa-m

radius of the chemical species, m

specific surface, m>kg ™!

attractive stress between clay particles, Pa
concentration, mol-m™3

shear intercept, Pa

ion concentration in the bulk solution, mol-m™
apparent diffusion coefficient, m-s ™2

spacing between particles, m

diffusion coefficient of certain species, m>s”
electrical field, V-m™

void ratio

permittivity of vacuum, 8.854-107** C%J"\.m"~
Faraday’s constant, 9.6487-10* C/mol

specific gravity of solids

sample height, m
mass flux, mol-s™!-m
Boltzmann’s constant, 1.38-1072* m>Pa-K™!
hydraulic conductivity, m-s™}

liquid limit

polarization field, C-m™2

atmospheric pressure, Pa .

normalized stress = o, /RTc,

universal gas constant, 8.314 m’Pa-mol -K™!
repulsive stress between clay particles, Pa
temperature, K

time, s

pore water pressure, Pa

valence of ion species

secondary wave velocity (shear wave velocity), m-s~
water content :

distance, m

f

1

<

AAFAF A QO DO DEQ I E S

ext

Qaaq
8 g

>aaq
2

Ev?} 8
~

*

3

(=]

1

(=]

3

»

-2

SESNZQNS S mONTS Q0

-

=1

S “’ﬂ?%’v
A~

[=]

1

N§m<<



