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SUMMARY

The formation of colloidal aggregates during sedimentation is an important process when considering
geotechnical and environmental engineering problems including wastewater treatment systems and slurry
wall constructions for waste isolation. In this paper, a quasi three-dimensional discrete element framework is
developed to model aggregate formation during sedimentation by considering the following microscopic
inter-particle forces present in the clay–water–electrolyte system: van der Waals attraction, electrical
double-layer repulsion, Born’s repulsion, hydrodynamic viscous drag, and gravity. The role of these
physico-chemical forces in the formation of clay clusters during sedimentation is investigated using an
integrated numerical and experimental approach. The discrete element method (DEM) framework has
been previously shown to accurately model clay behavior at the microscopic level. The model is validated
with experimental data for comparison of distributions of aggregate density and aggregate size. Good
agreement between the model prediction and the experimental results is obtained, suggesting that the
DEM can be a powerful tool to better understand the aggregate formation process at the microscopic
scale. For particle sizes ranging from 0.05 to 1 �m it is also shown, through numerical simulations, that
ionic strength of the fluid medium is the controlling factor for aggregate size and density and that at
aggregate sizes less than 20 �m, face-to-face interactions dominate the force regime between a pair of
particles. Copyright q 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Many environmental and geotechnical engineering problems involve the formation of colloidal
aggregates during sedimentation. Practical examples include the design of wastewater treatment
systems and construction of slurry walls for waste isolation. The performance of these engineered
systems depends heavily on our understanding of how colloidal aggregates form and on their
controlling parameters during flocculation. Aggregate properties such as density and size have a
direct impact on their engineering performance. For example, the sedimentation rate of colloidal
aggregates in a waste treatment facility depends on aggregate size and aggregate density. It is
also well known in geotechnical and environmental engineering that the density and size of clay
aggregates have a strong impact on macroscopic hydrological and mechanical properties of soils
such as soil permeability, strength, and deformation [1–3].

This study is concerned with the formation of kaolinite aggregates in electrolyte solutions,
specifically examining the effects that control aggregate size and density. Because clay parti-
cles are typically very small in size (e.g. <1 �m) and large in specific surface (e.g. 15–20m2/g
for kaolinite), physico-chemical forces dominate the particle interactions in suspension and the
resulting sedimentation behavior. Accordingly, aggregate size and density are controlled by the
magnitude of these physico-chemical forces.

Discrete particle groups, or aggregates, are formed when a balance is reached between all the
forces experienced by the particles settling in the solution. These forces include attractive inter-
particle forces, repulsive inter-particle forces, gravitational forces, and hydrodynamic forces. Forces
tending to aggregate the particles include short-range van der Waals attraction and edge-to-face
electrical double-layer interaction. Forces tending to disperse the particles include face-to-face
double-layer interaction and sedimentation-induced fluid shear.

Double-layer interaction forces, whether attractive or repulsive, are a direct function of solution
properties and the charge density of the clay particle surface. The van der Waals attraction is
a function of clay mineralogy and the dielectric constant of the clay–water–electrolyte system,
described by the Hamaker constant [4].

Understanding the size and density of aggregates formed during sedimentation has been an
intensive subject in environmental engineering and water resources research. A previous study
by Tambo and Wantanabe [5] suggests that as aggregate size increases, the densities approach a
constant value. Recent work by Likos and Lu [6] using a laser sizing technique confirms the earlier
observation for aggregate sizes ranging from 1 to 6 �m. For aggregate sizes from 25 to 125�m, it
has been shown that there exists a power-law relationship between aggregate density and size [7].

Both experimental and theoretical studies exist in this area but they are far from sufficient
for the many emerging geotechnical and environmental problems, such as clay liners for waste
containment and compaction of expansive soils. For the most part, previous experimental studies
employed optical techniques at scales greater than microns. At present, non-destructive and direct
observations at sub-micron scale are either not available or inaccurate. Theoretical studies have
focused mainly on individual particle interactions. Direct quantitative simulation of group behavior
such as distributions of particle size and density is still lacking.

In this study, a discrete element framework is employed to directly simulate the sedimentation
process of an assembly of colloidal clay particles in suspension. This discrete element method
(DEM) framework has recently been shown to accurately model clay behavior at the microscopic
level [8, 9]. The formation of aggregates is simulated by considering all the important physico-
chemical forces and hydrodynamic forces acting on each kaolinite particle. Parameters including
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particle size, surface charge density, double-layer thickness, and Hamaker constant are selected
to be representative of kaolinite clay particles. The model is validated against experimental data
from Likos and Lu [6] by comparing distributions of aggregate density and size.

CONCEPTUAL AGGREGATE MODEL AND EXPERIMENTAL EVIDENCE

When considering fine-grained soils, it is known that soil fabric is the fundamental governing
parameter for permeability (e.g. Casagrande [10]; Mitchell [11]; Lambe and Whitman [12]; Collins
and McGown [13]). It has been shown experimentally [1–3] that physico-chemical variables, which
govern the soil fabric, including pore-fluid chemistry and clay mineralogy will greatly affect the
mechanical and hydrological properties of fine-grained soils. Olsen [14] explained this phenomenon
with the development of the cluster model, which conceptualizes that the soil fabric is governed
by physico-chemical forces.

Clay aggregate formation occurs when the physico-chemical and mechanical forces in a colloidal
system are in equilibrium. The formation process described here is the simplified conceptual model
shown in Figure 1. Aggregates are formed as a result of the force balance between van der Waals
and edge-to-face attractions, and electrical double-layer repulsion. The attractive forces tend to

Discrete clusters
settling under gravity

Clustered fabric with
unequal pore sizes

Microfabric Unit

Individual particles
colliding to form clusters

Idealized spherical
cluster structure

Figure 1. Conceptual model for the formation of kaolinite aggregates during sedimentation.
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Figure 2. Aggregate density as a function of size and ionic strength (after Likos and Lu [6]). The dashed
lines are projections based on conceptualization and previous understanding.

flocculate or aggregate particles, while the repulsive force disperse the particles. Differential settling
of a range of particle sizes brings the individual particles into close proximity and eventually contact.
If the energy from the particle contact allows stabilization of the net force between the particles,
they will flocculate and form successively larger aggregates. As particles settle, aggregate size
eventually reaches a maximum when the hydrodynamic viscous drag force reaches equilibrium
with the physico-chemical attractive/repulsive and mechanical forces acting on the particle as it
settles in a fluid [15].

At this stage of the sedimentation process, the porosity of the aggregate is a strong function of
the electrical double-layer thickness. When the thickness of the double layer increases, it is more
difficult for the opposing forces to reach equilibrium and the tendency for particles to flocculate
decreases; this is illustrated in Figure 2 for aggregate sizes of<10 �m for Georgia kaolinite particles.
The dashed lines in Figure 2 are the extrapolations of the aggregate densities for reference purpose,
since our experimental technique does not yield statistically confident results for an aggregate size
greater than 10 �m. Nevertheless, some previous studies (e.g. Li and Ganczarzyk [16]) showed that
there exists an asymptotic aggregate density for a given ionic strength. The electrical double-layer
thickness is controlled by clay mineralogy and the properties of the fluid medium which includes
the dielectric constant, solute concentration, surface charge, cation valence, and the temperature
(e.g. Rosen [17]; Van Olphen [18]).

THEORETICAL FORMULATION

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 proximity, their
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respective force fields overlap and influence the behavior of the system. Clay particles, because of
their very small sizes and platy shapes, have large surface areas and are especially influenced by
these forces.

The effects of surface force interactions and small particle sizes are manifested by a variety of
inter-particle attractive and repulsive forces, which, in turn, influence the flocculation behavior of
clays in suspension, volume change characteristics, and 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 the flocculation behavior is of
considerable value.

To better describe the microscopic behavior of clays, the following microscopic forces are explic-
itly considered in the discrete element simulation. They are the electrical double-layer repulsion,
van der Waals attraction, hydrodynamic viscous drag, and Born’s repulsion.

Electrical double-layer repulsive force (physico-chemical)

The mixed double layer has been widely considered in geotechnical engineering (e.g. Bolt [1];
Mitchell [19]), and is accounted for here. In dry clay, adsorbed cations are tightly held by the
negatively charged clay particles. Cations in excess of those needed to neutralize the electroneg-
ativity of the clay particles and associated 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 the 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 originating at the particle surfaces. The escaping tendency due to diffusion and the
opposing electrostatic attraction leads to ion distributions adjacent to clay particles in suspension.
The charged surface and the distributed charge in the adjacent phase are together termed as the
electrical double layer (e.g. Van Olphen [4]).

The controlling variables for the magnitude of the electrical double-layer repulsive force are
illustrated in Figure 3, where the electrical double-layer repulsion is portrayed as a function of the
thickness of the electrical double layer 1/� and the inter-particle distance d .

For two spherical particles of radii r1 and r2, surface potentials �1 and �2, and a surface-to-
surface distance d , the repulsive force is [20]

U (d)= �εr1r2(�
2
1 + �2

2)

r1 + r2

{
2�1�2

�2
1 + �2

2

ln
1 + exp(−�d)

1 − exp(−�d)
− ln[1 − exp(−2�d)]

}
(1)

where � is the inverse of the double-layer thickness and ε is equal to ε0 ∗ D, where D is the
dielectric constant and ε0 the permittivity of the vacuum.

van der Waals attractive force (physico-chemical)

Since clay particles are highly polar materials and their faces carry a negative bulk charge, attraction
will result due to the 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 inter-particle pairs (e.g. Russel et al. [21]; Shaw [22]).
Figure 3 shows the nature of the van der Waals attractive force as a function of the Hamaker
constant for different clay minerals and the inter-particle distance.
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Figure 3. Nature of physico-chemical forces between two adjacent particles in a clay–water–electrolyte
system: electrical double-layer repulsion as a function of surface potential, particle separation distance,
the double-layer thickness, and the particle radii; and the van der Waals attraction as a function of clay

mineralogy, particle separation distance, and particle radii (from Anderson and Lu [9]).

According to Chen and Anandarajah [23], the van der Waals attractive force includes a non-
retarded contribution and a retarded contribution. For simplicity, the non-retarded force is consid-
ered here. For two spherical particles of radii r1 and r2, and a surface-to-surface distance d , the
attractive force is

F(d)= A
r1 + r2 + d

3

⎡
⎢⎢⎣

− 1

d(d + 2r1 + 2r2)
+ 1

(d + r1)(d + r2)

+ 2r1r2
d2(d + 2r1 + 2r2)2

+ 2r1r2
(d + r1)2(d + r2)2

⎤
⎥⎥⎦ (2)

where A is the Hamaker constant having an approximate value of 10−20 J for clay minerals (e.g.
Lyklema [24]).

Hydrodynamic viscous drag force (mechanical)

Hydrodynamic 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
velocity.

Our previous study [8] showed that without considering the viscous force, the gravitational force
dominated the system and did not allow the physico-chemical forces to act in a proper manner to
yield realistic predictions of settling velocity. To counteract this phenomenon, a drag force was
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added to model clay particles settling in a fluid. According to Stokes [25], the translational drag
resistance for spherical particles is

ci = 3�D (3)

where D is the diameter of the sphere, and subscript i indicates the principal directions of x and
y in a two-dimensional space [26]. The viscous drag can be expressed as

Fi = −�civi (4)

where � is the viscosity, and vi the velocity components in the principal directions. The resultant
drag forces in the horizontal and vertical directions are as follows [27]:

Fx = −3��Dvx

Fy = −3��Dvy
(5)

By combining Equations (3)–(5), together with weight, and buoyancy forces, the well-known
velocity estimation for spherical particles can be obtained

v = 2(Gs − Gf)

9�

(
D

2

)2

(6)

where Gs is the specific gravity of solid and Gf is the specific gravity of fluid. The settling velocity
for other shapes can also be obtained analytically following the same approach [27].

Born’s repulsion (mechanical)

The mechanical contact forces are usually characterized in a DEM algorithm with elastic, inelastic,
and frictional behavior (e.g. Cundall and Strack [28]; Mustoe [29]; Williams and Mustoe [30];
Thomas and Bray [15]). It is important to recognize that the normal elastic resistance described
above originates from Born’s repulsion, which is the inter-atomic resistance. In other words, as
two molecules approach each other very closely and the outer electron shells start to overlap,
strong electrostatic repulsion occurs. Because outer electrons of one molecule are forbidden to
enter occupied orbitals of another, this leads to repulsion, increasing steeply with decreasing
inter-particle distance. This phenomenon is called ‘hard core’ or ‘Born’s’ repulsion [24].

No generally valid law exists for this repulsion. The most popular methods of modeling this
include exponential functions, power laws, and steep linear relations [24]. Here, Born’s repulsive
force is considered as a steep linear function that acts at an inter-particle distance of up to 6 Å (e.g.
Ryan and Elimelech [31]). 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 DEMs (e.g.
Cundall and Strack [28]).

Net inter-particle force system

The complex nature of the net force regime acting between two spherical particles due to the
presence of physico-chemical forces is illustrated in Figure 4. 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 shown in this example, is greater than 10 Å but less than 50 Å with a peak value at
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Figure 4. An illustration of the complex nature of the net force between two adjacent particles with
the following parameters: the particle diameter is 1 �m, the thickness of the double layer 1/� is
50 Å, the surface potential �0 of the clay particles is 500mV, and the Hamaker constant A for the

particle–water–particle system is 2.2E−20 J.

a distance of 15 Å. When the distance between the particles is in the range of 6–10 Å, the van
der Waals attraction dominates. The maximum attractive force occurs at about 8 Å. At very small
inter-particle distances, from 0 to 6 Å, Born’ repulsion dominates. This is the so-called contact
force that prevents the two particles from penetrating into each other.

The van der Waals attractive force regime illustrated here to be in the range of 6–10 Å is
considered to be the source of cohesion, whereas the electrical double-layer repulsive regime is
responsible for soil swelling and dispersion among clay particles. Both van der Waals attractive and
electrical double-layer repulsive forces are strongly pronounced in cohesive soils. In this study, the
role of these two physico-chemical forces in the formation of clay clusters during sedimentation
is investigated using an integrated numerical and experimental approach.

DISCRETE ELEMENT IMPLEMENTATION

The DEM is based on an explicit time-stepping 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 contact forces and motions of an assembly of disc-shaped particles are found
through a series of calculations tracing the motions of individual particles. These motions are a
result of the propagation through the medium of disturbances originating at the boundaries and
such propagation is a dynamic process. The speed of the propagation is primarily a function of
the pore medium (i.e. pore fluid).
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In describing the above dynamic behavior numerically, a series of time-stepping calculations
are performed. Note, within each time step calculation the particle accelerations are assumed to
be constant. Because of the use of the explicit time-stepping scheme in the DEM, the time step is
chosen so small that during a single step disturbances from any particle cannot propagate further
than its immediate neighbors. At each successive time step, the resultant forces on any particle are
determined exclusively by its interaction with neighboring particles that are either in contact or in
the region where the electrical double layer and van der Waals forces are acting. It is the simplicity
of the DEM algorithm, which makes it possible to model the complex non-linear interactions within
an assemblage containing a large number of particles without excessive memory requirements or
the need for an iterative procedure [32].

The calculations performed in the DEM alternate between the application of Newton’s second
law to all the particles and Newton’s third law, which is used in combination with the particle–
particle interaction forces for every pair of interacting particles. Newton’s second law determines
the acceleration of a particle resulting from the forces acting on it. From this information, a simple
velocity and position update for each particle is performed.

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

The forces, including both mechanical and physico-chemical forces, acting on a particle are
computed and summed. These forces in turn are used to find new accelerations using Newton’s
second law. These accelerations are assumed to be constant over the time step and can be integrated
to obtain the velocity and finally the new position of the particle.

This cycle is repeated again and again: the forces corresponding to the displacements are found
using the force–displacement law and the force sums, including physico-chemical forces, and are
substituted into Newton’s second law to obtain displacements.

Particle generation and selection of an appropriate time step are very important in the framework.
All of the simulations have spherical particles with different size distributions generated for the
initial particle distribution. For unambiguous comparison, particles with different diameters are
initially uniformly positioned in a two-dimensional rectangular domain.

A small time step is chosen so that each particle can only interact with its nearest neighbors.
This ensures that the resultant forces, physico-chemical and mechanical, are determined solely by
the particles whose force fields overlap.

SIMULATION RESULTS

The DEM framework investigates the size and density of kaolinite aggregates formed during
sedimentation under the influence of solutions of differing ionic strength and differing surface
electric potential. Ionic strength is defined as (e.g. Langmuir [33])

I = ∑ 1

2
n�2 (7)

where n is the absolute chemical concentration and � is the valence of the ion. The surface charge
is a characteristic of the clay mineral type.
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Table I. Pertinent parameters with which all DEM simulations are run for Georgia kaolinite.

Hamaker Particle Surface Specific Solution
constant, size range potential, � Cation surface area concentration

Clay type A (J) (�m) (mV) valence, � (m2/g) (mol)

Georgia kaolinite 3.1× 10−20 0.5–2.0 50–250 1 20 0.001–1.0

All the DEM simulations are run with discrete particle groups, uniformly positioned, containing
about 700 particles. The particles range in diameter from 0.05 to 1.0 �m based on the values from
previous experiments [6]. The electrolyte concentration of the solution varies from 0.001 to 1.0M
and the surface charge varies from 50 to 250mV, which is a common range for kaolinite [34]. Each
of the simulations is specified to run for 7000ms or 7 s, long enough to ensure that flocculation
occurs and allows equilibrium to occur within each of the discrete particle groups.

All numerical simulations are run with parameters representative of Georgia kaolinite as shown
in Table I. Probability distributions were generated for each of the simulations and the majority of
the aggregate sizes are in the 2–14�m range, less than 10% of the population of aggregates fell
outside this range.

The DEM framework presents data for each of the 700 particles considered in the simulation.
The data include size, location, and mass as well as settling velocity. Aggregate size and density
are calculated by fitting a sphere around each aggregate as shown in Figure 1. Aggregates are
treated as separate clusters if the closest distance between the adjacent particles is less than
10 Å. By idealizing the aggregates as spheres and having data for each particle, it is possible to
approximately calculate the size (diameter) and the density of each aggregate.

The time evolution of kaolinite aggregate formation during sedimentation in an assembly of
colloidal clay particles under the influence of van der Waals attraction, electrical double-layer
repulsion, Born’s repulsion, hydrodynamic viscous drag, and gravity is presented in Figure 5.
Figure 5(a) depicts the aggregate formation under the influence of an electrolyte solution of
0.001M, a relatively low ionic strength. Figure 5(b) and (c) shows the aggregate formation under
concentrations of 0.1M (a medium to high ionic strength) and 1.0M (a high ionic strength),
respectively. In all the three series of simulations (a)–(c), the initial positions of particles are the
same. With a concentration of low ionic strength, the electrical double-layer force is dominant and
the tendency of particles to flocculate is less likely. As the ionic strength of the solution increases,
the ability of the opposing attractive forces to overcome the electrical double-layer force becomes
more likely and the maximum density is asymptotically approached at a cluster size of 10�m (see
also Figure 2). Finally, at high ionic strength, almost all of the particles will flocculate and settle at
a much higher velocity but as the aggregate size approaches 15 �m, the density of the aggregates
begins to decrease. By comparing Figure 5(a)–(c), it can be observed that the difference in the
cluster formations between Figure 5(a) (I = 0) and Figure 5(b) and (c) (I = 0.1 and 1M) is much
larger than the difference between Figure 5(b) and (c).

Impact of ionic strength on aggregate density and size

Figure 6 illustrates the calculated aggregate density as a function of the aggregate size and the
ionic strength of the solution. The results in Figure 6 depict a similar trend of the effect of ionic
strength on the aggregate size and aggregate density compared with the experimental results (also
shown in Figure 2). The aggregate density reaches a maximum at a floc size of about 8–10�m
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5a. I = 0.001M

5b.  I = 0.1M 

5c.  I = 1.0M 

t = 0 t = 2s t = 4s t = 7s 

t = 0 t = 2s t = 4s t = 7s

t = 0 t = 2s t = 4s t = 7s

Figure 5. DEM simulation of the sedimentation of kaolinite under the influence of physico-chemical
forces: (a) low ionic strength; (b) medium ionic strength; and (c) high ionic strength.

for all the three values of ionic strength. When the aggregate size exceeds this value, the density
begins to slowly decrease. These trends are consistent with experimental results obtained using
laser diffraction by Likos and Lu [6].
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There exists some discrepancy in aggregate density between the experimental and numerical
results, this is most likely because of the shape of the particles used in the simulations. Kaolinite
particles are platy shaped, but are simulated in the DEM algorithm as discs due to computational
limitations. Previous works by others (e.g. see the edited volume by Williams and Mustoe [30])
indicate that particle shapes are important in many mechanical behaviors of granular media. This
approximation may lead to a higher volume than that of platy particles. Because of this difference,
the density of the aggregates are continually overestimated in the DEM simulations but the trend
between the DEM and experimental data is similar.

Impact of surface charge on aggregate density and size

Figure 7 illustrates the effect of varying surface charge on the aggregate size and aggregate density of
a colloidal system of kaolinite particles. The trends evident in Figure 7 are qualitatively consistent
with double-layer theory [19, 34]; as the surface charge decreases, the double-layer thickness
decreases and the density of the kaolinite aggregates increases. Based on these simulations, it is
observed that the effect of the surface charge, however, is not as pronounced as that of the ionic
strength with respect to aggregate size and density. For example, as the surface charge decreases
from 250 to 50mV, the maximum density of the aggregates increases from 1.47 to 1.53 g/cm3. On
the other hand, as the ionic strength increases from 0.001 to 1.0M, the maximum density increases
from 1.275 to 1.59 g/cm3 (Figure 7).

DISCUSSION

The aggregate size and aggregate density trends present in the DEM simulations for solutions
of differing ionic strength are qualitatively consistent with experimental evidence and double-
layer theory. As the electrolyte concentration of the solution increases, the electrical double layer
collapses. As the double layer collapses, the repulsive force between individual particles decreases
and the tendency for those particles to flocculate increases. With a decrease in the repulsive
forces and an increase in flocculation in the clay–water–electrolyte system, the fabric of individual
aggregates becomes less porous and an increase in density is observed. This is consistent with the
experimental evidence obtained by Kuroda et al. [35] for kaolinite aggregates in NaCl solutions
ranging from 0.03 to 0.5M using photographic techniques for quantifying aggregate sizes.

Experimental studies have been performed for aggregates formed with a variety of materials in-
cluding bentonite and alum aggregates (e.g. Matsumoto and Mori [36]), activated sludge [5, 16, 37],
quartz [38], and marine sediment [39]. These previous studies show that the density decreases as
aggregate size increases for aggregate sizes larger than approximately 25 �m and the relationship
between aggregate density and size was consistent with power-law relationships. However, there
is some uncertainty involved in the above data because of the definition of clusters.

Our numerical study shows that as aggregate size increases, the aggregate density also increases
for a range of aggregate sizes from 2 to 10�m. As aggregate size becomes larger than 10�m,
a slight decrease becomes apparent in the density of the aggregates for solutions of higher ionic
strength; this is consistent with several other studies of larger aggregate sizes (e.g. Tambo and
Watanabe [5]). These numerical results are comparable with experimental results obtained by
Likos and Lu [6] who used a laser particle counter to measure aggregate density and size. Their
results showed that as aggregate size increases from 1 to 6�m, there is an increase in aggregate
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density. However, there is no sufficient data for aggregate sizes over 6�m. Figure 5 also illustrates
the effect that aggregate size has on the settling velocity of particles immersed in solution. Our
simulation results also demonstrate that as the sizes of the aggregates and the settling velocity
increase, the amount of particles at the top of the sedimentation column decreases.

The scale of the aggregates that are investigated can explain the discrepancy between the
previously mentioned experimental work and this study. In this study, the size of aggregates
investigated is in the range of 2–14�m. At this scale, the soil fabric is dominated by face-to-
face interactions between particles including electrical double-layer repulsion and van der Waals
attraction (e.g. Mitchell [34]). As the size of the aggregate increases from the tens of microns
range to the hundreds of micron range, edge-to-face attractions are likely to be the dominating
mechanisms for the soil fabric. The edge-to-face interactions add a degree of porosity to the
aggregates thereby increasing the size; this may account for the inconsistency in the results, as
these edge-to-face interactions are not considered in this numerical study.

SUMMARY AND CONCLUSIONS

A DEM framework is developed and employed to quantitatively model the formation of kaolinite
aggregates during the sedimentation process. Inter-particle forces of the electrical double-layer
repulsion, van der Waals attraction, and Born’s repulsion are considered in the DEM formulation.
Hydrodynamic viscous drag is also considered. Born’s repulsion is the basis for the normal contact
force between two contacting particles.

The simulation results for the sedimentation tests are compared with the experimental results
obtained using a laser particle counter [6]. Sensitivity simulations were also conducted to determine
the effect of ionic strength and surface charge on aggregate size and aggregate density. The following
conclusions can be drawn from this study:

(1) The numerical simulations predicted similar trends when compared with the experimental
data. The numerical simulations slightly overestimated the density of the aggregates for
the entire range of aggregate sizes and electrolyte concentrations. However, there was only
a difference of about 10% when comparing the experimental and numerical data. These
similar trends validate the hypothesis that for small aggregate sizes, 2–14�m, face-to-face
interactions dominate the force regime between two particles.

(2) The implementation of the microscopic physico-chemical forces for clay particles demon-
strates that the DEM can be an effective tool for studying the flocculation behavior of clay
particles in solutions of differing ionic strengths.

(3) The sensitivity simulations show that ionic strength has a substantially more profound effect
on the flocculation behavior of clays when compared with that of the surface charge. As the
surface charge increases from 50 to 250mV, the density of the aggregates increases by a
modest 9%. However, when the concentration of the solution increases from 0.001 to 1.0M
which is commonly encountered in geotechnical and environmental engineering, the density
of the aggregates increases by 25%. Also, as the ionic strength the increases, the aggregate
density asymptotically approaches a maximum around 1.60 g/cm3, which is confirmed by
some previous experimental studies.

(4) The difference between the experimental and numerical results can be attributed mainly to
the fact that in this study, the clay particles are modeled as spheres and not as platy-shaped
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particles, which are much more indicative of the real shape. Other physical mechanisms
and computational limitations may have also caused these differences such as the number
of particles. Examples of other physical mechanisms are clay hydration and edge-to-face
attractions, both of which occur in clays.

Future work in this area will have to include the ability to specify non-circular-shaped particles
and the ability to use significantly more particles in each of the simulations to better represent the
formation of aggregates during sedimentation. Some recent works by others demonstrate that the
DEM simulation of granular media with various shapes and large number of particles is possible
with the current computational capabilities. Physical and chemical heterogeneties in the formation
of clay aggregates may also be incorporated to reflect the reality. Current computational limitations
exist when attempting to model a representative elementary volume of particles that is smaller than
1mm. Finally, the hydrodynamic viscous drag forces could be better simulated by some detailed
fluid–solid interaction models.
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