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ABSTRACT: We argue that additional effort is required to understand two key
transitions in soil water retention (air-entry and residual saturation), as well as more
comprehensive consideration of unconventional material variables associated with
these transitions (air-water interface area, interfacial tension, particle and pore
microstructure, specific surface area, cation exchange capacity.) Efforts to understand
these transitions, these variables, and their roles on internal stress state for unsaturated
soils are identified as some of the most pressing future research challenges.
INTRODUCTION
One of the historical challenges required to establish a robust predictive framework
for unsaturated soil behavior has been to resolve a generally applicable and
practically implementable way to quantify internal stress state in unsaturated soils.
By internal stress, we refer to a notion similar to Terzaghi’s effective stress for
saturated soils, but also involving local interparticle forces that arise in both the
saturated and unsaturated condition. Terzaghi’s effective stress is intended to describe
skeletal forces that propagate through the soil particles, and is quantified (or
controlled in experiments) using macroscopic stresses at the boundary level (total
stress and pore pressure) (Santamarina et al., 2001). Internal stress state in soil
includes these skeletal forces, as well as active local forces that concentrate at or near
particle contacts. Such forces arise in both saturated and unsaturated soils from
physicochemical (e.g., van der Waals forces, double-layer forces) or cementation
effects, and uniquely in unsaturated soils from the effects of capillarity (e.g., matric
suction and surface tension at air-water interfaces). Under either condition, passive
particle-particle contact forces must develop to counterbalance the active skeletal and
local forces (Lu and Likos, 2006). It is this internal stress that governs a wide range of
saturated and unsaturated soil behavior.
By generally applicable, we refer to a predictive framework that may be applied to a
wide range of soil phenomena, including mechanical phenomena requiring knowledge
of strength, stiffness, or volume change, hydraulic or thermal phenomena requiring
knowledge of water retention, hydraulic or thermal conductivity, and hydro-thermo-
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mechanical coupling, or physicochemical phenomena requiring knowledge of
interparticle forces that depend on mineral surface properties and pore fluid
chemistry. By practically implementable, we refer to a predictive framework where
the relevant soil properties and stress variables may be readily measured, accurately
controlled in the laboratory or field, and where a smooth transition between saturated
and unsaturated states accommodates historical approaches for soil mechanics
problems. Despite well over half a century of effort, however, it is fair to say that
neither of these criteria has been satisfactorily achieved.
It is the contention of the authors that additional effort is required to understand two
key transitions in soil water retention, as well as more comprehensive consideration
of unconventional material variables associated with these transitions. These
transitions, referred to herein as “air-entry” and “residual saturation,” are implicitly
well known and have been ubiquitously quantified and discussed in the literature. The
implications of each toward internal stress state and corresponding mechanical soil
behavior, however, do not appear to be fully understood or appreciated.
Unconventional material variables associated with each of these transitions, including
air-water interface area (aaw), interfacial (surface) tension (γ), particle and pore
microstructure, specific surface area (SSA), and cation exchange capacity (CEC),
should be considered along with more conventional variables such as degree of
saturation (S), net normal stress (σn), and matric suction (ψ). This paper summarizes
the authors’ rationale for these contentions and recent efforts to explore them.
Transitions in Water Retention
Figure 1 is a conceptual illustration of the soil-water retention curve (SWRC) for a
typical soil along an initial drying path. Transitions in the retention curve are
identified at so-called air-entry and residual conditions. [Note: similar transitions
may be identified along wetting paths or hysteretic scanning loops but these are
neither sketched in Fig. 1 nor described herein for clarity.]
Air-entry marks the onset of air-water interfaces in the soil-water system and
complexity in how these interfaces contribute to the state of internal stress. As argued
below, we contend that proper consideration has not been given to the role of airwater interfaces on development of internal stress, nor to the evolution of air-water
interface area with drying and/or wetting. Implications of air-water interfaces to
coarse- and fine-grained unsaturated soil behavior remain unclear.
Residual saturation (Sr) is often defined as a lower bound of “irreducible” saturation,
beyond which pore water drainage no longer readily occurs with increasing suction.
We maintain the viewpoint that this conceptualization lacks physical significance and
that non-zero values of Sr (as often used in models for the SWRC) are merely for the
convenience of fitting experimental data where equilibrium is not truly met due to
loss of pore water continuity in the liquid phase. A more appropriate definition of
residual saturation is that which marks transition between a water retention regime
dominated by capillary mechanisms and a water retention regime dominated by
short-ranged particle surface hydration mechanisms. While much is already
understood about how water retained by capillary mechanisms contributes to internal
stress in unsaturated soils, mechanisms by which surface hydration contributes to
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internal stress remain far less understood and difficult to quantify or generalize.
Adding to these complexities, a key feature of the transitions at air-entry and
residual saturation is that neither occurs abruptly at a well-defined saturation or
suction, but rather occurs diffusely within some poorly-defined zone. The extent of
the transition zone at air-entry depends on a number of factors, including pore size
distribution, wetting history, particle and pore microstructure (pore connectivity), and
the properties of the liquid-solid-gas interaction (interfacial tension, contact angle).
The extent of the transition zone at residual saturation depends on these factors, as
well as on factors more closely related to short-ranged mineral-water interactions.
These include specific surface area (SSA), cation exchange capacity (CEC), pore
fluid chemistry, and soil mineralogy. Because each of these factors is generally more
pertinent for water retention by fine-grained soils, both air-entry and residual
saturation are often more uniquely defined for coarse-grained soils than for finegrained soils.

FIG. 1. Typical SWRC with transition zones at air-entry and residual saturation.
Transitions in Internal Stress
Three “internal stress regimes” are identified on Fig. 1 along with corresponding
variables that may be required to appropriately characterize soil behavior within them.
These correspond to three saturation regimes more commonly discussed in the
literature, including: (i) a capillary regime at relatively low suction, where the soil
remains effectively saturated under negative pore water pressure; (ii) a funicular
regime at intermediate suctions characterized by an unsaturated yet continuous water
phase; and (iii) a pendular regime at high suctions characterized by an isolated,
discontinuous water phase. This water is in the form of thin films adsorbed on particle
surfaces and as interparticle menisci or “liquid bridges.” Boundaries between the
capillary and funicular regime and the funicular and pendular regime are
approximated by the air-entry and residual transitions, respectively.
Following the suction stress conceptualization of Lu and Likos (2006), effective
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stress (σ’) for unsaturated (or saturated) soil may be quantified as:

σ ' = (σ − u a ) − σ s

(1)

where σ is total stress, ua is pore air pressure and σ s is the suction stress characteristic
curve (SSCC), which has the functional form:

σ s = − f (ψ ) = − f (ua − uw )

(2)

where f is a function that quantifies the link between suction stress and matric suction.
Negative values of suction stress indicate tensile internal stress, and thus contribute to
the effective stress carried by the soil skeleton [eq. (1)].
While the suction stress formulation is similar in form to Bishop’s effective stress:
σ’ = (σ – ua) + χ(ua – uw), there are important differences between the function f and
the parameter χ. The χ parameter is a scalar and is treated as an averaging parameter
to weight the relative contributions of the pore air and pore water pressure. The
product χψ or χ(ua – uw) can only account for the effects of capillarity on internal
stress. Much of the historical effort following Bishop’s effective stress framework (or
“generalized” effective stress) has thus been placed on experimental and theoretical
evaluations of relations between χ and saturation S or various forms of effective
saturation Se. This is reasonable, as both are convenient macroscopic variables for
volumetrically averaging the relative contributions of the air and water pressure.
The function f is more general than χ and is intended to accommodate conventional
and unconventional material variables that may be required to capture all of the
internal stress mechanisms in unsaturated soils. At a minimum, these include
contributions from (i) van der Waals forces, (ii) cementation forces, (iii) electrical
double layer forces, and (iv) capillary forces from matric suction and surface tension
at air-water interfaces (Lu and Likos, 2006). Several of these variables are
summarized on Fig. 1, and include air-water interface area (aaw) and interfacial
tension (γ) in the funicular stress regime II and specific surface area (SSA) and cation
exchange capacity (CEC) in the pendular stress regime III. Clarifying the roles of
these variables (as well as less readily quantifiable variables such as soil fabric or
microstructure) and how they might be integrated into some functional form f to
quantify internal stress state remain much needed areas of research.
For saturated soils, f = 1, ua = 0, uw is a positive (compressive) stress, and eq. (1)
reduces to Terzaghi’s effective stress: σ’ = σ – uw. For soil at some suction prior to
the air-entry transition (within the capillary stress regime I), where the pore water
pressure is negative, yet the pore fabric remains saturated, the function f may be set to
unity for many predictive applications (e.g., shear strength, elastic stiffness). Suction
stress by eq. (2) is in this case equal to –ψ or –(ua – uw) (each is a negative value).
Effective stress by eq. (1) again reduces to Terzaghi’s effective stress, but where the
negative pore water pressure (uw) is an isotropic tensile stress that contributes in its
entirety to the effective stress carried by the skeleton. Because Terzaghi’s effective
stress holds in regime I, there is correspondence between material properties intended
to capture saturated soil behavior (e.g., Mohr-Coulomb strength) and those intended
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in some formulations to capture unsaturated soil behavior (e.g., φ’ = φb in the
Fredlund et al. (1978) independent stress formulation for unsaturated shear strength).
The situation within and beyond the air-entry transition (within the funicular stress
regime II) is less clear. A notable consequence of air-entry is development of airwater interfaces and liquid bridges throughout the pore matrix. Matric suction within
this regime influences unsaturated soil behavior in two different ways: by modifying
intergranular stress through negative water pressure in the saturated portions of the
pore structure, and by providing an internal bonding or stabilizing force through the
liquid bridges. The magnitude and relevance of each mechanism, however, depends
on the grain and fluid microstructure, both of which can be highly anisotropic and can
be altered with changes in suction, saturation, wetting direction, and deformation.
There is an inherent nonlinear coupling between suction, saturation, and internal
stress that is manifest as non-linearity in macroscopic stress, strength, and volume
change behavior. Material variables intended to capture saturated soil behavior no
longer correspond with variables intended to capture unsaturated soil behavior
(e.g., φb < φ’) unless the state of internal stress is properly quantified.
It could be argued that the situation becomes even less clear as residual conditions
are approached (stress regime III). Hydration of water on clay mineral surfaces and
capillary condensation of water in larger pores can influence soil behavior in different
ways. Transition between a sorption regime dominated by surface hydration at
relatively high suction to or from a regime dominated by capillary condensation at
relatively low suction is expected to correspond to transition in bulk behavior of the
soil system, yet the occurrence and implications of this transition remain unclear. The
concept of “a capillary-controlled macrostructure” and a “microstructure where
physicochemical forces and other phenomena occurring at particle level take place”
was recognized by Gens and Alonso (1992) and others. Alonso et al. (2010) explored
this notion in the context of “a microstructurally based effective stress,” where degree
of saturation (S) was separated into a macroscopic component (SrM) used to weight the
contribution of matric suction to effective stress (to account for capillary-induced
internal stress), and an arbitrarily quantified microscopic component (Srm) attributable
to short-ranged hydration of particle surfaces. Water in the latter case was assumed
not to contribute to internal stress. This is a necessary refinement of “residual”
saturation, but the unaddressed challenge is to identify the transition between
capillary-dominated water retention and hydration-dominated water retention for a
wide range of soil types, and to quantify how pore water in each form contributes to
internal stress.
Where Do We Go From Here?
Setting Bishop’s parameter χ or the suction stress function f to saturation S or some
form of effective saturation Se is a common choice for quantifying effective stress
within regimes I, II, and III. Effective saturation is usually formulated to establish a
lower bound of Se = 0 at residual saturation Sr [Se = (S-Sr)/(1-Sr)], which leads to a
convenient closed form equation for the SSCC that embeds the van Genuchten (VG)
SWRC fitting parameters α and n (Lu et al., 2010). Setting f = Se, however, does not
often yield satisfactory results over a wide range of saturation or for a wide range of
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soil types. This is illustrated in Figure 2 for representative sandy (Fig. 2a) and clayey
(Fig. 2b) soils available in the literature. Suction stress at discrete saturation values
(symbols) was back-calculated by analyzing experimental measurements of tensile
strength or shear strength in suction-controlled laboratory tests. Solid lines are
SSCC’s modeled by setting f = Se, such that σ s = -Seψ.
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FIG. 2. Measured and modeled SSCCs for (a) sandy and (b) clayey soils.
For the sandy materials (Fig. 2a), the magnitude of suction stress is very small and is
reasonably modeled as the product of suction and effective saturation. Good
performance of the model is interpreted to reflect the fact that the predominant
mechanism for suction-induced internal stress in coarse-grained soil is capillarity,
which is effectively captured by weighting the air and water pressures using
saturation. For the clayey materials, however, there is clear divergence between
suction stress back-calculated from observed mechanical response and modeled as the
product -Seψ. The divergence is more considerable at higher suction and lower
saturation, which suggests that there is some transition from a capillary-dominated
regime to a hydration-dominated regime. It is not clear, however, where the transition
occurs nor how to quantify internal stress once the transition does occur.
Even for the sandy materials in Fig. 2a, there is some discrepancy between the
measured and modeled SSCCs at low saturation. Here, the modeled SSCCs generally
fall below suction stress values back-calculated from the shear or tension tests. This
discrepancy is interpreted to reflect the increasing effect of air-water interfaces (aaw),
which are not explicitly accounted for by modeling suction stress as σs = -Seψ. Porescale model calculations, computational simulations, and multiphase tomography
studies for sandy materials (Fig. 3a) have shown that aaw increases along a drying
path from zero at saturation, to a peak interface area near ~20% - 30% saturation, and
then back to zero at fully dry conditions. How important are the contributions of
interfacial forces to internal stress in unsaturated soils? Previous theoretical
justifications for f = Se or χ = Se have either ignored or simplified the interfacial
contribution, but no convincing physical justification has been reported for doing so.
Likos (2014) explored the role of air-water interfaces for simulated coarse-grained
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soils using a water retention model for idealized particle packs (Likos and Jaafar,
2013). That study considered a more complete expression for σ s based on work to
expand an unsaturated soil system in tension (Lu et al., 2010; Nikooee et al., 2013)
that included interfacial tension (γ) and air-water interface area (aaw) in the form:

σ s = − S e (u a − u w ) − γ (a aw )

(3)

where the first term quantifies a contribution to internal stress from matric suction in
capillary-saturated pores, and the second term quantifies a contribution from surface
tension in partially saturated pores. Comparisons (Fig. 3b) between SSCCs calculated
with (solid lines) and without accounting for interfacial forces (dashed lines)
indicated that the contribution of interfacial forces to effective stress is most
significant at low saturation (S < ~0.2) and for wetting processes because air-water
interface area is largest. The percent difference between suction stress for drying
processes calculated with and without accounting for interfacial forces was zero at
100% saturation, negligible for saturation greater than ~70%, increased to ~10% at
50% saturation, and reached a maximum of ~50% at 10% saturation. [Note: While
these differences can be appreciable for some geotechnical problems, the practical
implications of neglecting interfacial forces in effective stress formulations for the
mechanical behavior of unsaturated soil depend on the range of saturation, suction
stress, and normal stress encountered in typical field environments. For coarsegrained materials, internal stress from interfacial forces is likely to be dominated by
total stress from body forces (e.g., soil self-weight), but the relevance for fine-grained
materials may be more significant and currently remains unclear.]

FIG. 3. (a) Air-water interface area as a function of saturation for sand (F75
Ottawa) and (b) SSCCs for the same sand modeled with and without accounting
for interfacial forces [from Likos (2014)].
For clayey materials, how can we identify the transition from capillarity to hydration
and how can we explicitly quantify how surface hydration contributes to internal
stress? The authors are currently making an effort to address the first question through
laboratory experiments for compacted kaolinite clay in the high suction range (7 MPa
- 480 MPa). Figure 4, for example, shows results from a suite of Brazilian tension
tests (ASTM D3967) for kaolinite specimens compacted to relatively dense and loose
conditions and equilibrated in humidity controlled chambers. Tensile strength as a
function of relative humidity (RH) decreases as RH increases from 0% to ~55% and
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then increases after ~80% RH. The initial decrease in tensile strength at very high
suctions is attributed to decrease in net interparticle forces associated with increasing
distance from the surface as water films grow in thickness. The increase at around
80% RH is attributed to the onset of capillary condensation in mesopores. Similar
trends are observed for dense and loose specimens, indicating that the transition
between adsorption and capillary condensation in mesopores is independent of the
soil fabric. Ongoing effort is being conducted to generalize these observations and to
clarify the role of variables such SSA and CEC on the transition between hydration
and capillarity and the corresponding internal stress.

FIG. 4. Results from Brazilian tension tests using unsaturated kaolinite disks
compacted to (a) dense and (b) loose conditions. Response within the vicinity of
the dashed lines is interpreted to reflect transition between capillarity and
hydration.
CLOSING THOUGHTS
This paper discusses some of the current challenges in establishing a predictive
framework for unsaturated soil behavior. The authors contend that this requires
additional effort to understand two key transitions in soil water retention (air-entry
and residual saturation), as well as more comprehensive consideration of
unconventional material variables associated with these transitions (air-water
interface area, interfacial tension, particle and pore microstructure, specific surface
area, cation exchange capacity.) Efforts to understand these transition, these variables,
and their role on internal stress state over a wide range of suction and saturation are
identified as one of the many pressing challenges in future research in unsaturated soil
mechanics.
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ABSTRACT: This article provides a critical review of particle transport in porous
media in geotechnical engineering and beyond. This fundamental subject has wide
applications in cross-disciplinary fields. Past and current research on this subject
within and beyond of the field of geotechnical engineering is reviewed, some of the
present research methodologies developed by the author are described. This review
shows particle transport in porous media continues to be an evolving subject.
Knowledge learned from many other fields could be used to address challenges and
promote advances in geotechnical engineering.
INTRODUCTION
The mechanistic study of the pore fluid and soil matrix interaction in pore scale has
been extensively studied as the subject of particle transport and fate in porous media.
This topic has been of significant research interest in chemical engineering and
environmental engineering (such as in contaminant transport and wastewater
filtration), petroleum engineering (such as in deep bed filtration process for enhanced
oil recovery), and in civil engineering (e.g. clogging of filters and drains, formation of
impermeable seepage barriers). The fate of fine particles due to flow in a porous
medium includes the processes of entrainment, transportation, and deposition. Once
soil particles are in suspension, their migration is governed by the particle
characteristics (concentration and size distribution), pore morphology and pore size
distributions, hydraulic conditions, and the interaction of colloidal particles and the
surface of soil matrix. The particle transport can be predicted using various forms of
the advection-diffusion equation (ADE) (Tien and Payatakes 1979; Gruesbeck and
Collins 1982; Govindaraju 1996; Reddi and Banala 1997). These mass balance
equations can then be coupled with pore structure models to simulate particle
deposition (Rege and Fogler 1988; Indraratna and Vafai 1997; Reddi et al. 2000b;
Xiao 2001).
Particle mobilization (erosion), transport, and immobilization (clogging) have been
studied, in the realm of geotechnical engineering, for the understanding of internal

Page 1

Xiao, M.

erosion of earthen embankments, such as levees and earthen dams, and the associated
filter design. Subsurface erosion manifests in two major forms: piping and suffusion,
such as shown in Figure 1. Subsurface erosion was blamed for many catastrophic and
high-profile failures such as the 1972 failure of the Buffalo Creak Dam in West
Virginia (Wahler 1973), the 1976 Teton Dam failure in Idaho (Sherard 1987), the
1990 Cyanide Dam failure in North Carolina (Leonards and Deschamps 1998), the
2004 Upper Jones Tract levee failure in northern California (California DWR 2004),
and three levee breaches during the Hurricane Katrina in 2005 (Seed et al. 2008a,
2008b; Sills et al. 2008).
Because of the cross-disciplinary nature, particle mobilization, transport and
deposition have been widely studied and there is a wealth of literature on this topic. In
subsurface erosion of soil matrix, the interaction between the flow and the soil surface
of a pore flow channel is mechanistically equivalent to the hydrodynamic process of
surface erosion in open channels. Therefore, research methodologies and findings in
sediment transport in open channel flow can be borrowed to understand the particle
detachment mechanisms in an initial crack inside a soil. Studies conducted by Hubbe
(1985, 1987), Sharma et al. (1992), and McDowell-Boyer (1992) attempted to
understand the hydrodynamic forces that are required to dislodge particles from flat
surfaces. These studies pointed out that the hydrodynamic forces vary with flow rate,
particle size, particle elasticity, ionic strength, pH, and the London-van der Waal
forces and electrical double layer forces between colloidal particles and the surface of
the solid matrix. In fact, sediment transport has been widely studied in hydraulic
engineering on issues such as stream stability, scour of bridge foundations, stable
channel design, and riprap design. Many researchers, such as Kramer (1935), Shields
(1936), White (1940), Tison (1953), Simons and Richardson (1966), Gessler (1971),
and Diplas et al. (2008) to name a few, have studied the problem of initiation of
particle motion. Buffington (1999) provided an excellent review of Shields research.
The Shields diagram is widely used as a tool to determine the incipient soil erosion at
different fluid characteristics; the diagram is expressed by the dimensionless
entrainment function (shear stress), , and the particle (or boundary) Reynolds
number, Re* (Shields, 1936).
Previous numerical and experimental studies on particle transport in porous media
have been largely focused on the permeating fluid as water, while the effects of
physicochemical characteristics of permeating fluids (such as the combined or
interactive effects of ionic strength, pH, viscosity, entrained particles in the fluid) on
particle’s fate have not been well understood.
Particle transport and deposition in the cardiovascular system is another application
of this fundamental subject, and it is directly related to atherosclerosis, which is the
most prevalent acquired cardiovascular disease and is caused by the accumulation of
fatty materials in the intima (inner layer) of arteries. The initiation of atherosclerosis
is generally understood as the deposition of lipid and low-density lipoprotein (LDL)
particles beneath the endothelium, such as illustrated in Figure 2. Hemodynamics is
speculated to affect the deposition of atherogenic substances (Schettler et al., 1983).
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The hemodynamic conditions may include artery condition (such as stenosis,
bifurcation), blood flow velocity, rheological properties of blood such as viscoelastic
characteristics, wall shear stress, etc. Although vast research has been conducted to
understand the development of atherosclerosis, the effect of hemodynamic conditions
on the early deposition and subsequent accumulation of atherosclerotic plagues is still
largely unknown.

suffusion
Seepage

Seepage

piping
Sand boil
and heaving

Through-seepage
induced piping
Under-seepage
induced piping

Silt
SJRRP Exploration

Figure 1. Internal erosion in earthen
embankment

Figure 2. Blood platelets flow around a
tumor cell in a blood vessel (Gaskin 2014)

Flow-induced particle transport in porous media is influenced by complex fluidparticle and particle-particle interactions. Such interactions can be further complicated
by polydisperse characteristics of particles. Polydisperse granular flows are a
common class of multiphase flow problems involving solid particles of varying sizes,
shapes, and densities. They have a wide range of industrial applications such as coal
gasification, slurry transport, waste processing, environmental cleanup,
pharmaceutical manufacturing, oil industry, mining operations, food processing, etc.
The key feature of polydisperse flows is the variable slip velocities with respect to the
fluid; this leads to variable settling velocities, a feature that complicates analysis
methods such as computational fluid dynamics. Knowledge from the developing field
of polydisperse granular flows can be used to further understand the particle transport
and deposition such as in the field of geotechnical engineering.
RESEARCH METHODOLOGY
Due to the cross-disciplinary nature of particle transport in porous media, various
experimental and numerical methodologies have been developed to study specific
applications. In this section, four experimental methods that were recently developed
by the author are briefly explained to provide limited examples of the research
methodology in geotechnical engineering.
Figure 3 shows an experimental setup that is used to investigate the effect of various
fluid characteristics on the incipient motion of a particle. The particle is positioned in
a flat flow cell and is subjected to flow of various combinations of viscosity, pH,
ionic strength and suspensions. A high-speed camera is positioned on top of the
particle can identify the time of incipient motion occurrence, which can be matched
the critical velocities that cause the particle mobilization. The critical velocities of the
fluids are analyzed to determine the dominating factor and the combined effects of
fluid characteristics.
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In order to understand how suffusion (a type of subsurface erosion) affects the
geomechanical properties of soil including permeability, volume change, compressive
strength, and soil grains gradation, suffusion tests was performed using a modified
triaxial apparatus that permits seepage through compacted specimens and allows
collection of effluent and eroded soils, as show in Figure 4. The research provided
evidence that suffusion may affect the physical and geomechancal properties of soils.
CMOS Camera
Image Acquisi on,
Processing, and Analysis

Fluid
Reservoir

Zoom
Lens

Flow Cell

Syringe
Pump
Transmi ed
Light Base

Figure 3. Microscopic study on particle
mobilization under various permeating fluid

Figure 4. Effect of suffusionon on
geomechanical properties of soils

Particle transport (migration) from a saturated fine subgrade into the overlying
subbase due to cyclic traffic loads can affect the expected behavior of the subbase,
thus affecting the serviceability of the transportation infrastructure. A model mobile
load simulator at 1/3 of field scale (MMLS3) is being used in the lab to study the
magnitude and rate of the particle transport and the effectiveness of preventive
measures using geotextile. Figure 5 shows the MMLS3 testing on a scaled pavement
section.
Particle image velocimetry (PIV) and particle tracking velocimetry (PTV) are
optical methods of particle flow visualization. The system can be used to obtain
instantaneous velocity measurements of the fluids (by PIV) and particles in the fluid
(by PTV). The fluid will be seeded with small tracer particles that have the same
density of the fluid and faithfully follow the flow dynamics. PIV/PTV is used in
hemodynamics, fluid dynamics, and multiphase flows. Figure 6 shows a PIV/PTV
system that is used to study the multidimensional fluid-solid momentum exchange
and interactions in polydisperse solids.

Figure 5. MMLS3 to study fine migration
from saturated subgrade into subbase

Figure 6. PIV/PTV in study particle
motion and fluid dynamics
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CONCLUSIONS
This paper provides a review of particle transport in porous media in multidisciplinary fields. Several experimental methodologies that were developed by the
author illustrated the applications of this fundamental subject in geotechnical
engineering. This review shows particle transport in porous media continues to be an
evolving topic. Knowledge learned from many other fields could be used to address
challenges and promote advances in geotechnical engineering.
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Physical-based multiscale modeling of unsaturated soils

Multiphase porous media (e.g., wet clay and sand) play an important role in geo-environmental engineering (e.g., slope stability, embankment erosion, and sinkholes). However, our knowledge of the fundamental mechanism of the instability of multiphase porous media under the environmental loads (e.g.,
humidity and temperature) is limited. Computational experiments or modeling play an increasingly important role in obtaining a better understanding of the failures as well as the coupled deformation and
fluid flow in multiphase porous media. For example, most recent mesoscale mixed finite element modeling of unsaturated soils taking into account the material heterogeneities (e.g., density and degree of
saturation) demonstrated for the first time that both the spatial variations of porosity and the degree
of saturation have first-order triggering role in strain localization failures of unsaturated soils under the
isothermal conditions (Song et al., 2012; Borja et al., 2013; Song and Borja, 2014b,a; Song, 2014; Song and
Borja, 2015). Another example is that both concurrent and hierarchy multiscale computational modeling methodologies have been developed to study the instability of single phase materials (e.g., metal or
granular materials) (Liu et al., 2006; Fish, 2013). However, it is still a challenging job to formulate highfidelity multiscale computational frameworks for modeling multiphase porous media, such as unsaturated soils. This deficiency is rooted in our limited knowledge of physics (e.g., the interfaces among soil
particles, water and air for unsaturated soils) of multiphase porous media at different length scales (e.g.,
nano, particle and continuum scales) and the linkages between scales (e.g., bridge scales). To tackle these
issues, molecular dynamic (MD) modeling with coarse grain theory is a promising numerical methodology for investigating the interface physics within multiphase porous media. Furthermore, to solve a
real geo-environmental problem at the field scale (e.g., landslides), a computational model at continuum scale is needed. In this regard, peridynamics (PD) for modeling discontinuities in materials based
on the non-local theory can provide a reliable bridge between nanoscale (i.e., molecular scale), particle
and continuum scale (refer to Figure 1). The computational framework integrating molecular dynamics
modeling, peridynamics, and continuum scale methods (e.g., the finite element method) is a new frontier for computational modeling of multiphase porous media. There are numerous opening questions
on this topic that computational modelers can contribute in modeling multiphase porous media. This
review will present the current state of molecular dynamics modeling of unsaturated soils at nanoscale
and peridynamics modeling of unsaturated soils at continuum scale, and will identify the opportunities
as well as challenges on multiscale modeling of the multiphysical process in unsaturated soils with combined molecular dynamics and peridynamics.
Molecular dynamics simulation is a technique for computing the equilibrium and transport properties of a classical many-body system (Frenkel and Smit, 2001). MD modeling is a useful tool for investigating the physical and chemical properties of materials at atomic scales (Allen and Tildesley, 1989). MD
has been used to study the behavior of liquids, gases, colloids, crystal structures and sorption in porous
media, to name a few. In MD, a collection of atoms or molecules is placed in a control volume; and their
time-varying positions, velocities, and accelerations are calculated by numerically solving the equation
of Newton’s second law of motion (refer to Equation 1). For an MD system in which atoms interact only
via pairwise forces, the equation of motion for atom i is written,
X
m i ÿ i =
f i j (y i , y j ) + f ei ,
(1)
j ,i

1
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Figure 1: Relationship between local continuum, peridynamics and molecular dynamics models
(Madenci and Oterkus, 2014).
where m i is the mass of atom i , y i is its position, f i j is the force on atom i exerted by atom j , and f ei
is the external force exerted on atom i . The interactions between atoms are simulated using suitable
empirical potential energy functions. Forces are obtained from spatial gradients of potentials.
The assessment of the interparticle forces that arise in capillary liquid bridges and their evolution
(e.g., evaporation) are of primary importance because of their contribution to the deformation and flow
of granular materials, including unsaturated soils (Lu and Likos, 2004; Vandamme et al., 2010; Shinto,
2012; Mielniczuk et al., 2014b,a, 2015). MD can be utilized to study the capillary pressure at the molecular level. For example, Cheng and Robbins (2014) (see references therein) investigated the capillary
adhesion from a nonvolatile liquid meniscus between a spherical tip and a flat substrate using molecular dynamics modeling technique. The authors found that the capillary force has high oscillation at
smaller separation, i.e., less than 5 nm, between the spherical tip and the flat substrate. This oscillation
of the capillary force can’t be captured by the macroscopic theory because the macroscopic theory (i.e.,
the Young-Laplace equation) only considers contributions from the surface tension around the circumference of the meniscus and the pressure difference over the cross section of the meniscus.
Recently, MD has been used to study the soil-water-air systems by the geomechanics community.
Choi et al. (2009) presented a unified molecular dynamics/homogenization method to simulate the
molecular level behavior and the macro-continuum properties of solid-water systems such as the seepage problem in kaolinite. Ebrahimi et al. (2012) found the variation in elastic constants of Wyoming
Na-montmorillonite is dependent on the hydration state and basal layer spacing via MD simulations.
Choi et al. (2014) studied the transport mechanism of multiple chemical species in porous media under
various dry density and temperature conditions via a unified molecular dynamics simulation, homogenization analysis, and finite element method. Ebrahimi et al. (2014) studied mesoscale aggregates of clay
using Gay-Berne potential calibrated from full atomic simulations. This study showed that structural
and mechanical properties of the aggregates are related to the clay platelet size and applied external
pressure. Amarasinghe and Anandarajah (2011) and Anandarajah and Amarasinghe (2011) examined
the fabric variables (i.e., the angle between particles, edge-to-face separation, clay-water contact length,
and particle thickness) on the contact angle and curvature radius of a meniscus formed within claywater-air systems as well as the hysteresis of the soil water characteristic curve of fine-grained soils via
the MD modeling. Amarasinghe et al. (2014) investigated the influence of particle separation, particle
thickness, and strength of the clay-water van der Waals force on the capillary meniscus formed between
two parallel pyrophyllite clay particles via MD modeling. This study found that the van der Waals energy
parameters had a profound influence on contact angles and meniscus radii.
The MD modelings mentioned above were based on a standard MD modeling, which suffers from
computational limitations in the length and time scales of the problem that it can simulate even on
larger parallel supercomputers. A coarse-grained representation may dramatically decrease the compu2
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tational cost of a standard MD modeling of systems at the atomic scale (Tozzini, 2005; Dupuy et al., 2005;
Padding and Louis, 2006). In the coarse-grained representation, each particle comprises hundreds of
subparticles. These subparticles physically represent a significant number of atoms, but the behaviors
of the atoms would be coalesced into a single subparticle. Via the coarse-grained representation, the MD
model would still represent the net interactions on the atomic level, but the coarse-grained model can
simulate the problem at a larger scale. Therefore the same hardware can simulate a greater number of
particles. The coarse-grained molecular dynamics approach has been applied to simulate the kaolinite
clay behavior (e.g., 1D consolidation) (Sjoblom, 2015).
While molecular dynamics focuses on the nanoscale, peridynamics is a continuum theory that employs a nonlocal model to describe material properties, whose Greek roots are for near and force (Refer
to Figure 2). The essence of PD is that integration, rather than differentiation, is used to compute the
force on a material particle (refer to Equation 2) (Silling, 2000; Silling et al., 2007). PD has been proved to
be an effective method in studying multiphysical process and failures in multiphase materials. Katiyar
et al. (2014) formulated a general state-based peridynamic model for convective single-phase flow of a
liquid of small and constant compressibility in heterogeneous porous media. This model is a generalization of the peridynamic model for transient heat conduction in bodies with evolving discontinuities
(Bobaru and Duangpanya, 2010, 2012). Using a similar method, Jabakhanji and Mohtar (2015) formulated a peridynamics model for transient flow in unsaturated soils. The model is an alternative to the
Richards’ equation (Richards, 1931) but formulated by a nonlocal integral functional based on Silling’s
peridynamics theory for solid mechanics (Silling, 2000). Jabakhanji (2013) developed a coupled peridynamic model for mechanical deformation and transient moisture flow in unsaturated soils. The formulation for fluid flow is based on the hypothesis that moisture flow in soils can be conceptualized as a
phenomenon emerging from pairwise exchanges of moisture driven by the difference in hydraulic head
between pairs of material points in a continuous domain. This model is capable of simulating the inception and propagation of cracks triggered by volumetric strain (elastic) in the soil which are associated
with variations in moisture content. Ouchi et al. (2015) formulated a state-based non-local peridynamic
model which couples the peridynamic formulation for fluid flow in porous media and the peridynamic
formulation of solid and fracture mechanics. The generalized state-based peridynamic equation of mo-

Figure 2: Schematic diagram of a peridynamic material point x and its interaction (bonds) in its nonlocal neighborhood (horizon) H x of length δ (Ouchi et al., 2015).
tion for a material point x is given as
ρ ü[x] =

Z

¡
Hx

¢
T [x]〈ξ〉 − T [x 0 ]〈−ξ〉 dVx 0 + b[x],

(2)

where H x is the neighborhood of x with characteristic length δ, T is the peridynamic force vector state,
x 0 is the position vector of the neighboring material points of x, and dV x 0 is the differential volume of
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x 0 inside the horizon of x. The state-based peridynamic approach allows constitutive material response
at a point to collectively depend on the deformation of all the bonds connected to that point. It can
also incorporate any classical constitutive model into peridynamics via the method of correspondence
(Silling et al., 2007). A state-based formulation of flow of single Newtonian fluid of constant and small
compressibility in porous medium is written as (Katiyar et al., 2014; Ouchi et al., 2015)
¢
∂ ¡
ρ[x]φ[x] =
∂t

Z
Hx

³
´
Q[x]〈ξ〉 − Q[x 0 ]〈−ξ〉 dV x 0 + R[x] − I [x],

¶
µ
1
ξ K [x] − tr(K [x])I ξ
¡
¢
γ ρ0
4
Q[x]〈ξ〉 =
Φ[x 0 ] − Φ[x] ,
4
2 µ
kξk

(3)

(4)

where ρ is the fluid density, φ is the medium porosity, R and I are the mass source and sink respectively
per unit volume of the material point per unit time, Q is the peridynamic mass flow scalar state that maps
a bond onto mass influx density in that bond, K is the material permeability tensor, ρ 0 is the density of
the fluid at reference pressure p 0 , µ is the fluid viscosity, Φ is the flow potential and γ is a scaling factor
dependent on the horizon size and dimension of the problem (Ouchi et al., 2015).
Peridynamics and molecular dynamics have similarities since peridynamics computes the force on a
continuum point by summing the forces from surrounding continuum points, similarly to what molecular dynamics does at the atomic scale. Seleson et al. (2009) demonstrated that peridynamics model
could be cast as an upscale of classical molecular dynamics. Using this concept, Rahman and Haque
(2012) formulated a hierarchical multi-scale modeling framework which seamlessly couples peridynamics and atomistic models. In this framework, PD particles at coarse scale interact with fine scale PD
particles by transferring pressure, displacements and velocities among each other, and the fine scale PD
model is interfaced with the molecular model through an intermediate mesoscale region, i.e., a coarsegrained atomic model. Parks et al. (2008) presented how to implement peridynamics within a Large-scale
Atomic/Molecular Massively Parallel Simulator- LAMMPS (Plimpton, 1995) so enabling mesoscale and
macroscale modeling on an existing platform.
In summary, MD can be used to model the physical properties (i.e., contact angle and curvature)
of interfaces among soil grains, water, and air in unsaturated soils both under the isothermal and nonisothermal conditions at micro or nano scales. PD can be used to simulate the multiphysics phenomena and failures in thermal unsaturated soils at the continuum scale. MD and PD can be combined to
formulate high-fidelity physical-based multiscale computational models to simulate the failures of unsaturated soils under environmental loads (e.g., temperature and chemical reactions). Both MD and PD
can also be utilized to improve the mesoscale finite element model based on local continuum theory
(Song, 2014) to model multiphysical process and failures in unsaturated soils. This type of research has
the potential to benefit the society regarding the prediction and mitigation of extreme geohazards (e.g.,
landslides and sinkholes). The challenges of such an effort to build the multiscale and multiphysics
numerical model are nontrivial. Firstly, the researchers need to have a solid knowledge of scientific
computing (e.g., programming on Linux platform), solid mechanics and geomechanics. Secondly, the
suitable representative force fields for MD and PD need to be carefully selected or determined. Thirdly,
to validate such multiscale and multiphysics models, tremendous numerical experiments need to be
conducted to compare with solutions obtained from macroscale or continuum scale theory since the
experimental data to validate such a model is rare. However, these challenges also provide opportunities for educators to develop strategical education plans and to train a new generation of geomechanics
modelers who have a substantial multi-disciplinary knowledge background and are capable of tackling
the toughest geomechanics problems via the scientific computing.
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White Paper: Characterization of micro-properties of clays and cement-stabilized clays
Amy B. Cerato, Ph.D., P.E., Professor at the University of Oklahoma
Expansive soil, the type of clayey soil that experiences volumetric swelling or shrinkage
with adsorption or desorption of water, covers one-fourth of the United States, and is also
distributed worldwide in semi-arid or arid regions in China, Brazil, and the Middle East. Expansive
soil poses potential damage to foundations of structures, bridges and roads or induces potential
landslides along transportation corridors. On the other hand, expansive soil can be beneficial when
used as impervious lining material for canals or irrigation ducts, engineered clay barrier (ECB)
material for nuclear waste repositories (NWR) or other types of pollutant containments and
disposal sites such as landfills, due to its extremely low hydraulic permeability.
Understanding the microstructure of expansive soils is of vital importance in physical
interpretation and mechanical modeling of expansive soil at the macro-scale. Currently, design
engineers have a difficult time accurately predicting how an expansive will behave at the
macroscale, in terms of volume change and shear strength, because the mechanisms controlling
behavior are extremely complex and include a high composition of clay platelets/aggregates that
are governed by surface physicochemical forces rather than mechanical forces due to their micron
size (~2 μm) and the diffuse double layer formed around clay platelets. In addition, since expansive
soils, as well as saturated soft clays, are often chemically stabilized to reduce plasticity and
increase strength, it becomes important to understand the microstructure evolution of cementstabilized clay in order to better understand how that improved soil will behave at the macro-scale.
Consequently, an innovative approach to fully understand expansive soil identification and
quantitative movement prediction lies in understanding the surface phenomena of individual clay
platelets (or aggregates) within the soil matrix and the interaction of contacting particles (or
aggregates) under the influences of various surface forces. The impact of incorporating such
physicochemical fundamental material properties into unsaturated soil mechanics research will
provide more accurate parameters for physical models to better predict the macroscopic behavior
of unsaturated clays.
Above all, it is necessary to clarify the concepts of microscale properties and macroscopic
behavior of expansive soils. Microscale properties typically defined as the soil properties that are
determined by the particle/aggregate level electro-physico-chemical mechanisms and indicative of
the effects of three independent variables as mineralogy, structure and pore fluid. Macroscopic
behavior comprises engineering level properties related to volume change or shear strength of an
entire soil sample during laboratory tests or in-situ. Common engineering level properties include
Atterberg limits (LL, PL and PI), activity (A), density (ρ), void ratio (e), water content (w), dry
density (ρd, or dry unit weight, γd), grain size-distribution, hydraulic conductivity (k), percent of
swell (δh), coefficient of linear extensibility (COLE), swell pressure (ps), wetting/drying-caused
and shear-induced volume changes (δv), linear shrinkage (LS), unconfined compressive strength
(qu), saturated/unsaturated drained/undrained shear strength (q) and modulus (E) that represents
soil stiffness.
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The conventional study of expansive soil characteristics can be divided into two categories,
namely, the study of microscale properties like clay mineralogy and soil fluid chemistry, and the
investigation on macroscopic features such as plasticity and density (Nelson and Miller 1992).
Many researchers have developed empirical relationships to estimate the swelling characteristics
of expansive soils based on simple geotechnical properties, including Atterberg Limits, water
content, dry density and grain size distribution (Holtz and Gibbs 1956, Seed et al. 1962, Van der
Merwe 1964, Raman 1967, Richards et al. 1984, Chen 1988, McKeen 1992, Lytton 1994,
1995&1997, Puppala et al. 2006a).
Although these studies were useful in understanding some aspects of expansive soils, there
are several problems associated with relationships that depend solely on properties like water
content and Atterberg Limits. The first is that Atterberg Limits have high variability (Hammitt
1966, Johnston and Strohm 1968, Ledbetter and Krinitzsky 1982, Koester 1992, Cerato and
Lutenegger 2004, Gutiérrez 2006), meaning that a wide range of results for a given soil are typical.
Another problem is that the Atterberg plasticity index (PI) is not a fundamental soil property
because soils with similar PI’s have been shown to exhibit different shrink-swell behavior (Buhler
and Cerato 2007) and shear strength characteristics (Puppala et al. 2006a), while soils with similar
specific surface area (Sa) and cation exchange capacity (CEC) behave alike (Cerato and Lutenegger
2005). It is the surface area and mineral composition of the soil solid phase, and available cations
of the external pore fluid that largely determine the nature and behavior of the soil, namely its
internal geometry and porosity, its mineralogy and geochemical composition, its interactions with
fluids and solutes as well as its compressibility, strength in the thermodynamic regime. An
innovative and fresh aspect to fully understand expansive soil identification and quantitative
prediction lies in understanding the surface phenomena of individual clay particles/aggregates
within the soil matrix.
For a given clay species, Sa and CEC are two commonly investigated physicochemical
properties that dominate the fine-grained soil behavior. Specific surface area (Sa) is defined as the
surface area (m2) per unit mass (g). It has long been recognized as one of the most important factors
controlling many physical and chemical properties of fine-grained soils (Peterson et al. 1996). Sa
consists of total Sa, external Sa and internal Sa, with the first being the sum of the last two. The
external Sa represents the surface area of clay particles and aggregates exclusive of the areas in the
interlayer zones of phyllosilicate unit cell layers whereas the internal S a comprises areas of
interlayer surfaces only (Mitchell and Soga 2005). The CEC is the quantity of exchangeable
cations required to balance the negative charge on the surface of the clay particle and expressed in
milliequivalents per 100 grams of dry soil (Nelson and Miller 1992). CEC reflects surface activity
and high CEC values indicate high swell potential of expansive soils (Mitchell and Soga 2005).
Combined with the study of CEC is the investigation of pH as a measure of acidity of the soil
solute.
Sa and CEC may not be the only two physicochemical properties controlling fine-grained
soil behavior, however, and other tests and techniques can be used to try to understand the microstructural interactions of individual particles or aggregates. X-ray diffraction (XRD) provides a
means to reveal the mineralogical makeup of expansive soils, while scanning electron microscopy
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(SEM) and environmental scanning electron microscopy (ESEM) can directly image soil structure.
Studying combined results of the XRD, SEM and ESEM results provides an insightful view of the
microscopic nature of expansive soil from which the macroscopic behavior, especially swell
potential, can be qualitatively assessed. The volume change and water retention behavior vary with
the differences in the mineralogical properties of the clays (Fleureau et al. 1993, Tripathy et al.
2010), while the swelling of natural expansive soils correlates well with percentage of
montmorillonite (Al-Rawas 1999, Lin and Cerato 2012a). Meanwhile, the particle/aggregate
configuration and alignment affect the expansive soil behaviors such as water retention (Cui et al.
2006), swelling/shrinkage/consolidation (Ito and Azam 2010), anisotropic swelling (Avsar et al.
2009) and drainage conditions (Langroudi and Yasrobi 2009).
Scanning electron microscopy (SEM), which has been widely used in geology,
geochemistry, material sciences and biology fields, can provide a direct characterization of this
microstructure (particle/aggregate scale, <100 mm) to help explain the mechanical responses of
clayey soils at a macro scale (Romero and Simms, 2008). In the SEM technique, soil or rock
samples must be completely dried, fractured and coated with gold or platinum before observation
under the electron beam. No single sample preparation technique is considered most appropriate
(Al-Rawas and McGown, 1999), since air drying, freeze drying and critical point drying all have
associated sample disturbance concerns (Tovey, 1970; Barden and Sides, 1971; Collins, 1978;
Smart and Tovey, 1982). These sample disturbance concerns include (i) air drying induces
volumetric shrinkage in wet clayey soils; (ii) freeze drying introduces overall swelling owing to
unavoidable partial recrystallization of water (to ice); (iii) critical drying can cause particle
breakup. Recent technological developments introduced the application of environmental scanning
electron microscopy (ESEM), which is an advanced SEM equipped with a (i) separate dedicated
vacuum pump that controls the vapor pressure of the chamber; (ii) gaseous secondary electron
detector (GSED) that prevents charging on the sample; and (iii) thermoelectric Peltier cooling
stage that allows for the control of sample temperature. The technique, therefore, is capable of
maintaining desired environmental conditions across a range of relative humidity (RH) during the
detection of sample structure. No sample desiccation and coating are required; as a result, the
micrographs are more representative of how the structure exists in nature, since the sample
disturbance is minimized. The main drawback of ESEM is associated with the image quality, in
terms of contrast and brightness, which strongly depends on the chamber humidity (Maison et al.,
2010). The observed images could be dimmed by interference of water, to various degrees,
dependent on vapor pressure; the higher the vapor pressure, the lower the image resolution.
Furthermore, the structural information of assemblages bounded by the water film cannot be
accurately determined because the electron beam does not penetrate through water. While
observing the original structure of soil samples at a specific state is useful, the compromised
resolution of the ESEM makes it essential to pair the information with conventional SEM that is
able to produce micrographs of high resolution and provide complete structural information.
Applications of SEM and ESEM have been reported to analyze the effects of structure of
clayey soils/rocks on their engineering behavior, or vice versa. For example, by using SEM, Katti
and Shanmugasundaram (2001) found that an increase in volumetric swelling, or reduction in
swelling pressure, results in a decrease in clay aggregate size. Cui et al. (2002) investigated the
microstructural modification of swelling clay with decreasing suction and discovered that the
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macropores were being closed by aggregate deformation while the micropores remained
unaffected. Avsar et al. (2009) studied the relationship between swelling anisotropy and structure
of Ankara clay and disclosed higher swelling pressure perpendicular to the sheeting direction of
the face-to-face sheeting sample. Langroudi and Yasrobi (2009) elucidated the impact of drainage
conditions on the swelling behavior of unsaturated expansive clay. Applications of SEM were also
reported in investigations of the structural alterations related to lime/cement or sludge/flyash
stabilizations that lead to an increase of sample stiffness (Choquette et al., 1987; Lin et al., 2007;
Lin et al., 2013). The applications of ESEM have been successful, for instance, in displaying
microstructure of clayey soil samples at a specified environment of vapor pressure and temperature
(Komine and Ogata, 1999, 2004; Zhang et al., 2004); visualizing structural swelling at macro and
mesostructural scale (N100μm) under constant temperature (Baker et al., 1995; Villar and Lloret,
2001; Viola et al., 2005, Koliji et al., 2010, Maison et al., 2010), and studying the microstructural
(<100μm) modifications along hydration and dehydration paths by varying chamber temperature
(with accompanying modification of vapor pressure) (Montes-H et al., 2003a, 2003b; Monte-H et
al., 2004). The major conclusion of these studies was that the inter-aggregate macropores are filled
by expanded clay particles or aggregates upon hydration, as was summarized in Romero and
Simms (2008). The highlighted work was volumetric quantification of swelling and shrinkage of
a single MX80 bentonite aggregate (Montes-H et al., 2003a, 2003b) using the ESEM technique
coupled with a digital image analysis program. Additionally, microstructure information, based on
ESEM or SEM, aided in proposing conceptual (Zhang et al., 2004) and constitutive (Man and
Graham, 2010) models for highly plastic clay. Another technique that is able to provide
quantitative information of the porosity structure (e.g., intra/inter-aggregate size/space) is mercury
intrusion porosimetry (MIP), which can be used together with SEM or ESEM in microstructure
investigation of clayey soils or rocks (e.g., Romero et al., 1999; Cui et al., 2002; Romero and
Simms, 2008; Li and Zhang, 2009, Koliji et al., 2010, Tabet 2015).
Thermogravimetric (TG) analysis has been widely used to characterize minerals,
particularly hydrous phases such as clays and zeolites, as well as determine hydration products in
cement paste (Midgley 1979, Stucki and Bish 1990, Taylor 1990, Horpibulsuk et al. 2010). Cheng
et al. (2010) used thermogravimetric analysis-mass spectrometry (TG-MS) to characterize eight
different kaolinites. They concluded that the dehydroxylation temperature of kaolinite is around
450 oC but could vary due to the degree of disorder of the kaolinite structure and the type and
amount of impurities such as calcite and sulfide. Wang et al. (2004a) implemented several
analytical techniques including XRD, SEM, TG, and x-ray absorption near edge structure
(XANES) to study the mineralogy of soil susceptible to sulfate attack after stabilization by Type I
Portland cement. Several studies using TG were performed on Portland cement pastes to determine
the hydration products including CSH, CAH, CASH, Ca(OH)2, and ettringite (Midgley 1979, ElJazairi and Illston 1977 and 1980, Wang et al. 2004b, Horpibulsuk et al. 2010). One outcome from
these studies was that four distinct regions related to different reactions were identified from the
TG/DTG curves, where DTG is the derivative of the TG curve. Tabet (2015) found that there was
a linear correlation between the increase in the amount of CSH, as estimated from the mass loss
between 105 and 440°C, and strength gain of a cement-stabilized kaolinite.
A deep understanding of the macroscopic behavior of stabilized soils based on changes
made at the microscale level can be very challenging especially when dealing with natural soils
and a complex chemical stabilizer. However, the advances in the understanding of an expansive
or soft clay, both improved and unimproved, at the micro-scale need to form the framework for
constructing future constitutive and physical models to predict the macroscopic behavior.
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