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ROLE OF MICROSCOPIC PHYSICOCHEMICAL FORCES IN LARGE

VOLUMETRIC STRAINS FOR CLAY SEDIMENTS

By Matthew T. Anderson1 and Ning Lu,2 Member, ASCE

ABSTRACT: In a clay-water-electrolyte system, each particle is under the influence of van der Waals attraction,
electrical double-layer repulsion, Born’s repulsion, hydrodynamic viscous drag, and gravity. This study inves-
tigates the role of microscopic forces in the volumetric behavior of clay sediments. The microscopic forces are
implemented in a 2D discrete element method (DEM) framework that uses spheres to represent clay particles.
The model is validated with two well-defined problems: (1) an analytical estimation of force-equilibrium for the
system of colloidal particles; and (2) the theoretical settling velocity of spherical particles according to Stokes’
law. An experimental program is developed to measure the free swell of Georgia kaolinite, Na-montmorillonite,
and Ca-montmorillonite. The experimental results are used to validate the DEM framework in its ability to
correctly model the volumetric strains inherent to clay sediments. A good agreement between the model predic-
tion and the experimental data is obtained, suggesting that the DEM can be used to predict large volumetric
strains for clay sediments. It is also shown, through numerical simulations, that ionic strength of the pore fluid
is an important controlling factor for volumetric strain. For low ionic strength, montmorillonite can experience
a void ratio increase up to 2.0 compared with high ionic strengths. For ionic strength ranging from 0.001 to
2.0, changes in void ratio for montmorillonite are higher than kaolinite by a factor of two.
INTRODUCTION

Fine-grained soils are defined as soils having most of their
particle sizes <0.075 mm or 75 mm. Soils with these sizes
possess remarkably different physical properties than large
soils such as sand and gravel. Take montmorillonite for ex-
ample; the liquid limit could be as high as 900% [e.g., Van
Olphen (1991) and Lambe and Martin (1995)], the volumetric
change from dry to wet could be 200% [e.g., Chen (1988) and
Noe (1997)], and the specific surface area could be 800 m2/g
(Mitchell 1993). When considering permeability, it is usually
thought to be controlled by a soil’s particle size and porosity.
This notion is true for coarse-grained soils like sands. For fine-
grained soils, it has been shown experimentally in literature
[e.g., Bolt (1956), Olsen (1961), and Mesri and Olsen (1971)]
that physicochemical variables such as concentration of dis-
solved solids will greatly affect the magnitude of permeability.
The more fundamental parameter governing permeability is
the soil fabric [e.g., Casagrande (1932), Mitchell (1956),
and Collins and McGown (1974)]. It has been speculated and
demonstrated to great extents that the physicochemical forces
govern the soil fabric. An example of such a notion is from
the observation that a clay’s permeability does not decrease
with porosity at a certain range [e.g., Olsen (1962), Brindley
and Brown (1980), and Mitchell (1993)]. This intriguing be-
havior was also observed for other properties such as electrical
resistance (Arulanandan et al. 1973), and cannot be explained
by the conventional theories developed for coarse-grained
soils.

In the last two decades, soil mechanics has experienced a
change from the traditional continuum mechanics approach to
a discrete mechanics description, and from a macroscopic
analysis to a microscopic description. Such changes are largely
in response to an increasing demand for a better understanding
of soils’ mechanical, hydrological, and chemical behavior.

While the microscopic and discrete methodology enjoys
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great success in granular soils [e.g., Oda (1972), Cundall and
Strack (1983), Ng (1989), Chang et al. (1991), and Ng and
Lin (1993)] they face severe fundamental challenges in dealing
with cohesive soils such as clays, for example

1. Cohesive soils are usually extremely small in size, typ-
ically on the order of micron or submicron scale.

2. Particle geometry is irregular and complicated, varying
from thin sheets for kaolinite to needle-shaped rods for
halloysite.

3. Clay particles are minerals and their chemical composi-
tion can vary greatly, depending on the soil’s geological
and environmental history.

Because of the above fundamental differences between
clays and sands, forces governing the physical and mechanical
interactions among individual particles are complex. In addi-
tion to mechanical and hydrodynamic forces commonly dom-
inating particle interactions among granular soils, physico-
chemical interparticle forces that are affected by particle size,
soil saturation, and clay mineralogy have been recognized to
be important for cohesive soils.

Taking all these factors into consideration, there has been a
definite lack of work in the discrete description of cohesive
soils. Recent advances in this area have been extended to the
modeling of consolidation of clays [e.g., Anandrajah and Lu
(1991) and Anandarajah (1997)] and sedimentation of clay
particles (Anderson et al. 2000). Nevertheless, little exists in
the literature in the areas of large volumetric changes or swell-
ing behavior in cohesive soils.

Soil swelling (large volumetric strain) causes extensive
housing and civil infrastructure damage in the United States
and around the world [e.g., Chen (1988)]. Conceptually, it is
generally accepted that the electrical double-layer repulsion
and clay mineralogy control the volumetric behavior of smec-
tite-rich soils [e.g., Chen (1988), McKeen (1992), and Nelson
and Miller (1992)]. Progress has been made mostly from a
macroscopic understanding of overall volumetric behavior
[e.g., McKeen (1992)]. To date, a quantitative model using
microscopic force parameters is still lacking. This study at-
tempts to investigate the volumetric behavior of expansive
soils by implementing the well-understood physicochemical
forces in a discrete element framework. The discrete element
framework uses spheres to represent the clay particles for two
reasons: (1) simplistic calculations; and (2) current computa-



tional limitations on accurate geometrical representations of
clay particles. The physicochemical forces are applied to each
particle interaction and the resulting behavior is analyzed. The
framework is then validated by comparing results of free
swelling tests that are conducted on several different types of
clays.

MICROSCOPIC INTERPARTICLE FORCES

Interactions between small soil particles, dissolved ions, and
water are caused by unbalanced force fields at the interfaces
between soil and water. When two particles are in close prox-
imity, their respective force fields overlap and influence the
behavior of the system. Clay particles, because of their very
small size and shapes, have large surface areas and are espe-
cially influenced by these forces.

The effect of surface force interactions and small particle
size are manifested by a variety of interparticle attractive and
repulsive forces, which, in turn, influence the flocculation be-
havior of clays in suspension, the volume change character-
istics, and the strength properties of clays at common void
ratios. Because the fabric of a clay at the time of formation
may have a profound influence on its engineering properties,
insight into the factors that influence flocculation behavior is
of considerable value.

Because clay particles are small enough to behave as col-
loids, colloid chemistry provides a way to describe the particle
interactions in the clay-water-electrolyte system [e.g., Russel
et al. (1989) and Van Olphen (1991)]. To better describe the
volumetric changes that occur in clays, the following micro-
scopic forces are explicitly considered in the discrete element
simulation. They are the hydrodynamic viscous drag, van der
Waals attraction, electrical double-layer repulsion, and Born’s
repulsion. The first force is mechanical in origin whereas the
other three are physicochemical in origin.

Hydrodynamic Viscous Drag Force

Hydrodynamic forces include both viscous drag and pore
pressure. The viscous drag is considered in this study because
it is important during the process of sedimentation, swelling,
and colloid transport in porous media. The viscous drag is
often described by Stokes’ law, which depicts the force as a
function of fluid viscosity, particle diameter, and particle ve-
locity.

Anderson et al. (2000) showed that the gravitational force
was dominating the system and did not allow the physico-
chemical forces to act in the proper manner to yield realistic
predictions of settling velocity. To counteract this phenome-
non, a drag force was added to model clay particles settling
in a fluid. According to Stokes (1851), the translational drag
resistance for spherical particles is

c = 3pD (1)

where D = diameter of the sphere. When a particle moves in
a fluid with a velocity U parallel to the principal axis, the
viscous drag is given by

F = 2mcU (2)D

where m = fluid viscosity; and the three components of ci are
termed the principal translational drag resistances (Clift et al.
1978). The resultant drag forces in the x- and y-directions are
as follows:

F = 23mpDn ; F = 23mpDn (3a,b)x x y y

By combining (1)–(3), the gravity, buoyancy forces, and the
well-known velocity estimation for spherical particles can be
obtained

2
2(G 2 G ) Ds f

n = (4)S D9m 2

van der Waals Attractive Force

The forces of attraction between neutral, chemically satu-
rated molecules originate from electrical interactions. Know-
ing that clay particles are highly polar materials and their faces
carry a negative bulk charge, attraction will result due to the
FIG. 1. Nature of Physicochemical Forces between Two Adjacent Particles in Clay-Water-Electrolyte System; Electrical Double-Layer Repulsion As
Function of Surface Potential, Particle Separation Distance, Double-Layer Thickness, and Particle Radii, and van der Waals Attraction As Function of
Clay Mineralogy, Particle Separation Distance, and Particle Radii
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induced dipole effect. For an assembly of colloidal particles,
attractive forces are additive and the van der Waals interaction
energy between particles can be computed by summing the
attractions between all interparticle pairs [e.g., Russel et al.
(1989) and Shaw (1992)]. The magnitude of the attractive
force between two particles depends on the mineralogy of the
clay, the type of fluid medium between the two particles, and
the particle separation distance. The dependence of the first
two factors is usually lumped into the Hamaker constant (An-
andarajah and Chen 1995). Fig. 1 shows the nature of the van
der Waals attractive force as a function of the Hamaker con-
stant for different clay minerals and the interparticle distance.

According to Chen and Anandarajah (1996), the van der
Waals interaction energy includes a nonretarded and a retarded
contribution. For simplicity, the nonretarded interaction energy
is considered here. For two spherical particles of radii r1 and
r2, and a surface-to-surface distance d, the interaction energy
is

A 2r r 2r r1 2 1 2
U(d ) = 2 1F6 d (d 1 2r 1 2r ) (d 1 2r )(d 1 2r )1 2 1 2

d(d 1 2r 1 2r )1 2
1 ln G(d 1 2r )(d 1 2r )1 2 (5)

where A = Hamaker constant having an approximate value of
10220 J for clay minerals. The van der Waals attractive force
is obtained by differentiating (5) with respect to the surface-
to-surface distance d as

r 1 r 1 d 11 2
F(d ) = A 2F3 d (d 1 2r 1 2r )1 2

1 2r r1 2
1 1 2 2(d 1 r )(d 1 r ) d (d 1 2r 1 2r )1 2 1 2

2r r1 2
1 G2 2(d 1 r ) (d 1 r )1 2 (6)

Electrical Double-Layer Repulsive Force

The electrical double-layer repulsion is the best understood
force of all the known physicochemical forces. Advances have
been made in the last three decades in several disciplines such
as civil engineering, colloid chemistry, interfacial chemistry,
and environmental engineering. The primary reasons for the
substantial increase in research on the electrical double layer
are that clays are widely encountered geomaterials, whose me-
chanical behavior is difficult to predict.

The mixed double layer has been widely considered in geo-
technical engineering (Bolt 1956), and is considered here. In
dry clay, adsorbed cations are tightly held by the negatively
charged clay particles. Cations in excess of those needed to
neutralize the electronegativity of the clay particles and asso-
ciated anions are present as salt precipitates. When the clay is
placed in water, the precipitated salts go into solution. Because
the adsorbed cations produce a much higher concentration near
the surfaces of particles, they try to diffuse away in order to
equalize concentrations throughout. Their freedom to do so,
however, is restricted by the negative electrical field originat-
ing in the particle surfaces. The escaping tendency due to dif-
fusion and the opposing electrostatic attraction leads to ion
distribution adjacent to clay particles in suspension. The
charged surface and the distributed charge in the adjacent
phase are together termed the electrical double layer (Verwey
and Overbeck 1948).

The controlling variables for the magnitude of the electrical
double-layer repulsive force have been the subject of much
recent research, and are illustrated in Fig. 1, where the elec-
trical double-layer repulsion is portrayed as a function of the
712 / JOURNAL OF ENGINEERING MECHANICS / JULY 2001
thickness of the double layer. It is generally recognized that
the controlling variables for the double-layer repulsion are par-
ticle separation distance, surface potential, and thickness of the
electrical double layer. The latter depends on ionic valence,
dielectric constant of solution, temperature, and solute con-
centration.

For two spherical particles of radii r1 and r2, surface poten-
tials c1 and c2, and a surface-to-surface distance d, the inter-
action energy is (Shaw 1992)

2 2pεr r (c 1 c )1 2 1 2
U(d ) =

r 1 r1 2

2c c 1 1 exp(2kd )1 2
? ln 2 ln[1 2 exp(22kd )]H J2 2c 1 c 1 2 exp(2kd )1 2 (7)

where ε = ε0D = 80 3 8.854 3 10212C2J21M21; D = dielectric
constant, being 80 for water at 257C; k = inverse of the elec-
trical double-layer thickness. The electric double-layer repul-
sive force is obtained by differentiating (7) with respect to the
surface-to-surface distance d as

2 22pεr r k c c 1 c 1 c1 2 1 2 1 2
F(d ) = 2 (8)H Jr 1 r exp(2kd ) 2 11 2

Born’s Repulsion (Mechanical Contact Force)

The mechanical contact forces are usually characterized in
a DEM algorithm with elastic, inelastic, and frictional behavior
[e.g., Cundall and Strack (1983), Mustoe (1992), Williams and
Mustoe (1993), and Thomas and Bray (1999)]. In the normal
contact direction the contact force has two components: (1) an
elastic contribution because of the elasticity of the interacting
particle’s material; and (2) an inelastic contribution because of
yielding/failure in the vicinity of the contact area of the inter-
acting particles (Mindlin 1949).

It is important to recognize that the normal elastic resistance
described above originates from the Born’s repulsion, which
is the interatomic resistance. In other words, two molecules
approach each other very closely and the outer electron shells
start to overlap. Because outer electrons of one molecule are
forbidden to enter occupied orbitals of another, this leads to
repulsion, increasing steeply with decreasing distance. This
phenomenon is called ‘‘hard core’’ or ‘‘Born’s’’ repulsion; it
is responsible for the finite and limited densities of solids and
liquids (Lyklema 1991). No generally valid law exists for this
repulsion. The most popular methods of modeling this include
exponential functions, power laws, and steep linear relations
(Lyklema 1991).

This simulation is the first of its kind in that the Born’s
repulsion is being modeled for the clay-water-electrolyte sys-
tem. It is considered as a steep linear function that acts at an
interparticle distance up to 6 Å (Ryan and Elimelech 1996).
Consequently, in the region of 0–6 Å the repulsive force will
dominate and will be very similar to the traditional treatment
of the mechanical contact force in discrete element methods.

Net Interparticle Forces

The complex nature of the net force regime acting between
two spherical clay particles due to the presence of physico-
chemical forces is illustrated in Fig. 2. In general, there are
three force domains. When two particles are far away from
each other there is a net repulsive force depending on the
parameters of the clay and the pore fluid. The range of the
electrical double-layer repulsive force, as is shown in this ex-
ample, is >10 Å but <50 Å with a peak value at a distance of
15 Å. When the distance between particles is in the region of
6–10 Å the van der Waals attraction dominates. The maximum
attractive force occurs at about 8 Å. At very small interparticle



FIG. 2. Complex Nature of Net Force between Two Adjacent Particles; Clay-Water-Electrolyte System with Following Parameters: Particle Diameter
Is 1 mm, Thickness of Double Layer 1/k Is 50 Å, Surface Potential of Clay Particles Is 500 mV, and Hamaker Constant for Particle-Water-Particle
System Is 2.2E 2 20 J
distances, from 0 Å to 6 Å, the Born’s repulsion dominates.
This is the so-called contact force that prevents the two par-
ticles from penetrating into each other.

The extensive van der Waals attractive force regime is con-
sidered to be the source of cohesion; whereas, the electrical
double-layer repulsive regime is responsible for soil swelling.
Both van der Waals attractive and electrical double-layer re-
pulsive forces are strongly pronounced in cohesive soils. In
this study, the role of these two physicochemical forces in the
volumetric change of cohesive soils is investigated using an
integrated numerical and experimental approach.

DISCRETE ELEMENT FORMULATION AND
IMPLEMENTATION

For completeness, the DEM formulation and implementa-
tion are briefly described in this section. The DEM is based
on an explicit numerical scheme in which the interaction of
the particles is monitored contact-by-contact and the motion
of the particles is modeled particle-by-particle. The equilib-
rium contact forces and displacements of an assembly of disks
are found through a series of calculations tracing the move-
ments of individual particles. These movements are a result of
the propagation through the medium of disturbances originat-
ing at the boundaries, which is a dynamic process. The speed
of the propagation is mainly a function of the medium (pore
fluid).

In describing the above dynamic behavior numerically, time
steps are taken over, where velocities and accelerations are
assumed to be constant. The DEM is based upon the idea that
the time step chosen may be so small, that during a single
step, disturbances cannot propagate from any particle further
than its immediate neighbors. Then, at all times the resultant
forces on any particle are determined exclusively by its inter-
action with the particles with which it is in contact. It is this
feature of the DEM that makes it possible to follow the non-
linear interaction of a large number of particles without ex-
cessive memory requirements or the need for an iterative pro-
cedure (Cundall and Strack 1979).

The calculations performed in the DEM alternate between
the application of Newton’s second law to the particles and a
force-displacement law at the contacts. Newton’s second law
gives the motion of a particle resulting from the forces acting
on it. The force-displacement law is used to find contact forces
from displacements.

The deformations of the individual particles are small in
comparison with the deformation of an assembly of particles
as a whole. The latter deformation is due primarily to the
movements of the particles as rigid bodies. Therefore, precise
modeling of particle deformation is not necessary to obtain a
good approximation of the mechanical behavior.

The forces, including both mechanical and physicochemical
forces, acting on a particle are computed and summed. These
forces in turn are used to find new accelerations using New-
ton’s second law

nF yO
ÿ = (9)n

m

where yn = acceleration; and m = mass of the particle. These
accelerations are assumed to be constant over the time step
and can be integrated to obtain the following velocity and
finally the new position of the particle:

nF yO Dẏn11/2 nẏ = Dt; ÿ = (10a,b)
m Dt

n11/2 n21/2 n n11 n n11/2ẏ = ẏ 1 ÿ Dt; y = y 1 ẏ Dt (10c,d )

where the superscripts n 1 1/2 are equal to the time step Dt/2
and likewise for n 2 1/2.

This cycle is repeated again and again: forces corresponding
to the displacements are found using the force-displacement
law and the force sums are substituted into Newton’s second
law to obtain displacements. In a general case of an assembly
JOURNAL OF ENGINEERING MECHANICS / JULY 2001 / 713



of many particles, the force-displacement law is applied at
each force field interaction of any particle and the vectorial
sum of these forces is determined to yield the resultant forces
acting on that particle. When this has been accomplished for
every particle, new accelerations are calculated from Newton’s
second law.

All of the simulations have spherical particles with different
size distributions generated for the initial particle distribution.
For unambiguous comparison, particles with different diame-
ters are initially uniformly positioned in a 2D rectangular do-
main.

DEM MODEL VALIDATION

The DEM framework is tested against two well-defined
problems: (1) force equilibrium during and after 1D sedimen-
tation; and (2) settling velocity for different particle sizes and
clay types according to Stokes’ law. The principle of force
equilibrium is used to verify the total force at the bottom of
the sedimentation column. Fig. 3(a) depicts the initial particle
714 / JOURNAL OF ENGINEERING MECHANICS / JULY 2001
positions (left), an intermediate time when 1D clusters have
formed and are settling (center), and the final particle positions
(right) for two tests with different magnitudes of physicochem-
ical forces applied to the clay-water-electrolyte system. Ac-
cording to force equilibrium, the force acting on the bottom
of the sedimentation column should be equal to the total
weight of all the particles above it. As is illustrated in Fig.
3(b), the bottom force is equal to the weight of the particles
after the assembly of particles has reached equilibrium for both
of the cases considered.

To check the accuracy of the implementation of the hydro-
dynamic viscous drag force, the settling of a spherical clay
particle was simulated. The objective of this test is to compare
the computed terminal velocity with the theoretical terminal
velocity predicted by Stokes’ law. Several different particle
diameter values are used to check the accuracy over a large
particle size rage of 0.5–10 mm. Also, different clay mineral
types representing different specific gravities are used. Fig. 4
illustrates that the results between the numerical terminal set-
FIG. 3. Time Evolution of 1D Sedimentation for Two Different Ionic Strengths: (a) Particle Positions; (b) Force at Bottom of Column



(volumetric
FIG. 4. Verification of DEM Using Stokes’ Law for Particle Size Range of 0.05–10.0 mm and Different Specific Gravity
tling velocity and the values predicted by Stokes’ law are
nearly identical for all particle sizes.

EXPERIMENTAL PROGRAM FOR DEM VALIDATION

Free swelling of clay is defined in this study as the condition
under which soil can deform freely without developing large
changes in effective stress. The large volumetric changes under
the free swelling condition are used to validate the DEM
framework since it can properly represent the effective stress
condition for clay sediments.

Several types of clay are used in the experimental free swell
test. They include kaolinite, Na-montmorillonite, and Ca-
montmorillonite. The kaolinite was standard Georgia kaolinite,
while the montmorillonite was obtained from the Pierre Shale
along the front range of the Rocky Mountains. Montmorillon-
ite was chosen for its strong ability to swell, whereas kaolinite
is considered to have a much smaller swell potential (Fig. 5).

An analysis of the Pierre Shale sample is performed to de-
termine its mineral composition and engineering properties,
including X-ray diffraction analysis and Atterberg limits. A
procedure for isolating particle sizes and conducting ion
exchange for Na-montmorillonite and for Ca-Montmorillonite
is also developed. The different clays will be placed in cylin-
drical glass tubes to measure volume changes induced by
changes in ionic strength in the clay-water-electrolyte system.

Soil Properties

X-ray diffraction is performed on the Pierre Shale sample.
The diffraction patterns state that the Pierre Shale sample is
comprised almost completely of montmorillonite. Liquid and
plastic limits are also conducted to estimate the swell potential
change) of the clay.
The liquid limit vL for montmorillonite was found to be
110.8%. The plastic limit vP was calculated as 76.3%. For
kaolinite the liquid limit was 62.4% and the plastic limit was
35%. The liquid and plastic limit values for montmorillonite
and kaolinite are consistent with published values and also
show that montmorillonite has a considerably higher swell po-
tential than kaolinite (Mitchell 1993).

Free-Swelling Sample Preparation

Similarity of the system parameters between the numerical
simulation and the experimental program is desired. The size
range of 0.5–2 mm is used for both the numerical simulation
and the experimental program. To accomplish this a hydrom-
eter cylinder is modified to allow fluid to be drained from
certain areas. The hydrometer cylinder is of standard 1,000
mL volume, with tubes inserted in the sides to allow fluid to
be drained at certain points. With the ability to drain the hy-
drometer in certain areas, it is then a simple calculation as to
how far the 0.5–2.0 mm particles will fall within a certain
time. Knowing the settling velocity, at the proper time the
hydrometer cylinder is drained to obtain particles of the de-
sired size.

Five grams of montmorillonite and kaolinite particles in the
0.5–2.0 mm range are obtained. This amount is then separated
into 1 g samples to ensure quality for the free swell test. All
free-swelling tests are conducted in cylindrical glass tubes with
a diameter of 2 cm and a height of 6 cm. Finally, ion exchange
is performed to ensure the presence of either 100% Na-mont-
morillonite or Ca-montmorillonite.

The procedure for ion exchange is as follows:

1. Saturate sample with Na1 or Ca21 cations by adding 1
JOURNAL OF ENGINEERING MECHANICS / JULY 2001 / 715
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FIG. 5. Comparison of Effects of Ionic Strength on Final Void Ratios
of Montmorillonite and Kaolinite between Experimental Data and DEM
Predictions: (a) Total Void Ratio versus Ionic Strength; (b) Void Ratio
Changes from Initial State (Approximately 800 Particles Are Used)

settle overnight. Use a centrifuge to settle out the parti-
cles and dump remaining fluid. Repeat the process for a
total of three times.

2. Rinse solution of excess Na1 or Ca21 ions. Add distilled
water to each sample. Shake and let settle overnight.
Then use the centrifuge to settle out the particles and
dump remaining fluid. Repeat the process for a total of
three times.

3. Check to see if all excess cations are removed from so-
lution. Add silver nitrate to each sample and see if there
is any reaction. The solution will become cloudy if there
are still Cl2ions in it. If the solution is cloudy, then repeat
the previous step until all of the Cl2 ions have been
flushed from the solution.

Measurement of Void Ratio for Free-Swelling Tests

Samples consisting of 1 g are mixed with varying concen-
trations of NaCl and CaCl2 and placed into separate cylindrical
glass tubes to determine the effects of ionic strength on the
volumetric behavior, and in particular, the final void ratio of
each of the clay samples.

The discrete element framework employed here is quasi-3D.
This means that the system of particles is only as thick as each
individual particle. In turn, this allows for the void ratio to be
calculated more accurately when compared with a standard 2D
framework.

Void ratio is defined as the volume of voids of a soil divided
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FIG. 6. DEM Simulation of Swelling of Montmorillonite under Influ-
ence of Physicochemical Forces: (a) Medium Surface Charge and Ionic
Strength; (b) High Surface Charge and Low Ionic Strength (Approxi-
mately 800 Particles Are Used)

by the volume of solids. The initial weight of the soil in each
tube and the specific gravity of each type of clay are known.
The volume of soil in each glass cylinder is measured with
calipers after several days to determine the final volume of
each of the cylinders. From this information the final void ratio
of the system is calculated. The experimental results are pre-
sented in Fig. 5(a). It can be observed that ionic strength has
a pronounced effect on the final void ratio of the clay-water-
electrolyte system, and montmorillonite swells more than ka-
olinite.

This experimental process worked for the Ca-montmorillon-
ite and the kaolinite. However, when the Na-montmorillonite
was tested, the volume change was very high and the particles
were subject to high flocculation. This was due to the process
of interlayer repulsion in the clay particles (Brindley and
Brown 1980). Interlayer repulsion is when the Na1 ions are
not strong enough to hold the layers of each particle together.
Due to the fact that the original particles are broken down into
smaller particles the results are not used for direct comparisons
with the numerical simulations.

NUMERICAL SIMULATION FOR FREE SWELLING

The time evolution of the volumetric behavior of a clay-
water-electrolyte system of particles under the influence of van
der Waals attraction, electrical double-layer repulsion, Born’s
repulsion, hydrodynamic viscous drag, and gravity is presented
in Fig. 6. Particles are initially allowed to settle to simulate a
condition without any physicochemical forces (van der Waals
and electrical double layer). Following the settlement, the
physicochemical forces are ‘‘turned on’’ and the swelling oc-
curs. All the relevant parameters for the numerical simulations
are listed in Table 1.

The DEM program is used to simulate the swelling behavior



TABLE 1. Pertinent Parameters with Which All DEM Simulations Are Conducted for Each of Different Clays

Clay type

Hamaker
constant, A

(J)

Particle
size range

(mm)

Surface
potential, c

(mV)
Cation

valence, n

Specific
surface area

(m3/g)

Solution
concentration

(mol)

Na/Ca-montmorillonite 2.2 3 10220 0.5–2.0 400 1/2 800 0.001–2.0
Georgia kaolinite 3.1 3 10220 0.5–2.0 250 1 20 0.001–2.0
Illite 2.5 3 10220 0.5–2.0 310 1 80 0.001–2.0
of the Na-montmorillonite, Ca-montmorillonite, and kaolinite
to see the effect that ionic strength has on the volumetric be-
havior of clays. Ionic strength is defined as I = ( (1/2)nn2,
where n is the chemical concentration and n is the valence of
the ion. Fig. 6(a) compares the DEM simulation and the ex-
perimental results. Numerical simulations are run with param-
eters representative for Georgia kaolinite, Na-montmorillonite,
and Ca-montmorillonite. The results of the tests show that
there is a similarity in the trends of the effect of ionic strength
on the void ratio of montmorillonite and Georgia kaolinite.

The discrepancy between the DEM simulation and the ex-
perimental data is probably due to the different initial void
ratios between experimental and numerical systems. If the clay
particles were modeled as platy shapes, instead of spheres, the
initial void ratio would be significantly higher. This in turn,
would lead to a higher overall final void ratio. However, as
shown in Fig. 6(b), the absolute changes in void ratio compare
very well between the numerical and experimental values for
both montmorillonite and Georgia kaolinite. It can be con-
cluded that the DEM framework developed in this study can
realistically capture the effect of physicochemical forces on
the large volumetric change of cohesive soils.

CONTROLLING PARAMETERS FOR VOLUMETRIC
CHANGES

Sensitivity simulations are carried out to see the effect of
different parameters on the magnitude of volumetric strain in
the soil, and in particular, the final void ratio of the clay-water-
electrolyte system. The parameters used are the magnitude of
the surface charge, the thickness of the double layer, and the
Hamaker constant. The surface charge is a reflection of the
clay mineral type and the thickness of the double layer rep-
resents the ionic strength of the pore fluid. The Hamaker con-
stant reflects the dielectric constant of the clay-water-electro-
lyte system.

Effect of Surface Charge

The effect of the surface potential on the final void ratio of
the clay-water-electrolyte sediment system is illustrated in Fig.
7. The surface potential varied from 100 to 500 mV in incre-
ments of 100 mV. It is observed that as the clay surface po-
tential increases, the void ratio increases dramatically. The fi-
nal void ratio increases by 143% when the surface potential
of the clay changes from 100 mV to 500 mV, which is the
typical range for montmorillonite. For kaolinite, whose surface
potential varies from 100 to 300 mV, changes in the void ratio
are small, <30%. It is demonstrated in Fig. 7 that the surface
potential is an important controlling parameter for the volu-
metric behavior of cohesive soils.

Effect of Double-Layer Thickness

The thickness of the double layer, is generally believed to
have a profound effect on the volumetric strain in clay sedi-
ments. The simulated void ratio of Na-montmorillonite as a
function of the double-layer thickness is depicted in Fig. 8. It
is observed that as the thickness of the double layer increases,
the void ratio also increases substantially. When the double-
FIG. 7. Effect of Surface Potential on Volumetric Strains of Clay Sed-
iment System

FIG. 8. Effect of Double-Layer Thickness on Volumetric Strains of
Clay Sediment System

layer thickness increases from 10 Å to 1,000 Å, there is a
145% increase in the void ratio of the system. The DEM sim-
ulations show that the double-layer thickness, like the surface
potential, has a pronounced effect on the volumetric behavior
of cohesive soils.

Effect of Hamaker Constant

The final parameter investigated is the Hamaker constant.
The test was run for three different types of soil—montmo-
rillonite, illite, and kaolinite—each with a different Hamaker
constant. The DEM simulation results show that as the Ha-
maker constant increases, the void ratio of the soil will de-
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FIG. 9. Effect of Clay Type (Hamaker Constants) on Volumetric
Strains of Clay Sediment System

crease at equal concentrations. Fig. 9 illustrates the final void
ratios for the different clay types. It is consistent with theo-
retical studies in that as the Hamaker constant increases, the
van der Waals attraction increases, and the void ratio, as shown
in Fig. 9, decreases.

SUMMARY AND CONCLUSIONS

The discrete element method can be successfully used as a
powerful tool for the simulation and analysis of the volumetric
behavior of fine-grained clay minerals. Interparticle forces of
the electrical double-layer repulsion, van der Waals attraction,
and Born’s repulsion are implemented in the DEM formula-
tion. Hydrodynamic viscous drag, which depends on particle
shapes, is also considered. The Born’s repulsion is used as a
basis for the normal contact forces between particles.

The model is first verified against a force-equilibrium con-
dition of the system of particles and an analytical estimation
of the settling velocity of spherical particles of different size.
An experimental program for the free swelling of soils was
developed to check the validity of the DEM simulations. Sen-
sitivity studies were also conducted to determine the effect of
certain key parameters on the volumetric change of the clay-
water-electrolyte sediment system. The following conclusions
can be drawn from this study:

1. The numerical simulations gave predictions similar to the
experimental data. Although the magnitudes were differ-
ent, the trends between the experimental and numerical
results were quite similar. These trends were especially
evident in the comparison of the absolute change in void
ratio of the montmorillonite and the kaolinite when im-
mersed in different electrolyte solutions of different ionic
strength. The total change in void ratio predicted by the
DEM was almost identical to the experimental results.

2. By incorporating the microscopic forces among clay par-
ticles, this study demonstrates that the DEM can serve
as an effective tool to study the effect of ionic strength,
surface charge, and Hamaker constant on the large mac-
roscopic volumetric behavior of clay sediment systems.

3. The sensitivity analysis on the effect of several key pa-
rameters on the volumetric behavior of the clay-water-
electrolyte system gave predictions consistent with pre-
vious macroscopic observation on the volumetric
behavior of clay sediments. The surface potential and
electrical double layer were shown to cause large volu-
metric changes up to about 145%, while the Hamaker
718 / JOURNAL OF ENGINEERING MECHANICS / JULY 2001
constant reduced the void ratio for both illite and kaolin-
ite when compared with montmorillonite.

4. The discrepancy between the volume change predicted
by the DEM and experimental values may be caused by
other physical mechanisms and by current computational
limitations. For example, clay hydration was not consid-
ered in this simulation and neither are the edge-to-face
attractions that occur in clay minerals. Clay particles are
modeled as spherical shapes instead of platy shapes. This
leads to an unrealistic estimation on initial void ratio of
the clay sediment system.

Platy-shaped particles may be important for highly swelling
soils and the current model is only good for spherical particles.
This may be the underlying reason for the discrepancy shown
in Figs. 6(a and b). Also, further work is needed to allow for
a large population of particles in the clay sediment assembly
to better simulate volumetric behavior, although the current
computational capability does not permit simulations of a suf-
ficiently large number of particles for an elementary represen-
tative volume.
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