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ABSTRACT: Fundamental understanding and control of geochemical processes in
soils/rock and groundwater are vital for rational design of new and innovative
resilient and sustainable geosystems. Geochemical processes such as adsorptiondesorption,
ion-exchange,
oxidation-reduction,
precipitation-dissolution,
complexation, acid-base reactions, volatilization, and biodegradation processes are
generally interrelated and are highly dependent on the soil/rock and pore-water
characteristics such as mineralogy, oxides/carbonate content, organic carbon content,
pH, solution chemistry, temperature, among others. Moreover, the geochemical
processes in engineered systems can be transient and reversible, drastically impacting
the performance of geosystems under different anthropogenic and natural
perturbations that could occur over their design life. Non-invasive, less energyintensive, and less resource intensive strategies and technologies are increasingly
being sought for rehabilitation and/or development of sustainable geosystems.
Harnessing natural biological processes has been emphasized recently towards
sustainable geoengineering, such as bio-cementation, bio-clogging, bioremediation,
phytoremediation, among others. However, an in-depth understanding of the
fundamental dynamic geochemical processes in all such cases has been lacking, and
future research agenda should embrace and encourage such fundamental research.
INTRODUCTION
Traditionally, geotechnical engineers have been focused on mechanical and
hydraulic properties and processes to understand the behavior of soils and rock. This
knowledge has often been applied to the design of geosystems, such as foundations
for roads, buildings, and other structures; earthworks for dams, roads, and tunnels;
and land-mass problems such as landslides and subsidence. Since the 1980s, however,
issues related to chemicals (contaminants) in soils, rock and groundwater have also
become major issues to geotechnical engineers, requiring an understanding of
physico-chemical processes and their effects on the extent of migration within the
subsurface environment and any changes in engineering properties of soil and rock.
The development of technologies for the containment and/or treatment of
contaminants have also emerged as a top priority for geotechnical engineers.
Currently, geotechnical engineers are challenged to develop sustainable geosystems
for civil infrastructure and for the protection of the environment. A parallel goal of
optimized sustainability may be achieved by preserving natural resources and
reducing the generation of wastes and pollution, including greenhouse gas emissions
(Reddy, 2014; Hoyos et al., 2015).
Various geochemical properties and processes that affect the properties and
behavior of soils and rock and therefore, geosystems, are not addressed in depth by
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geotechnical engineers. It is crucial to understand these geochemical properties and
processes so that they may be engineered to create favorable conditions for resilient
and sustainable geosystems. This paper first presents the most significant
geochemical properties and processes of soils, rock and groundwater, followed by a
discussion of recent advances that demonstrate the significance of geochemical
processes towards an understanding and development of effective geosystems.
Finally, areas of future research on fundamental dynamic geochemical processes
necessary for the development of emerging resilient and sustainable geosystems are
highlighted.
RECENT ADVANCES
The major geochemical properties of soils, rock and groundwater include pH, organic
carbon content, surface area, surface charge (cation exchange capacity), and
solution/pore-water chemistry. The major geochemical processes include adsorptiondesorption, redox reactions, complex formations, precipitation-dissolution of solids,
and acid-base reactions. With respect to organic constituents, additional processes
such as volatilization and biodegradation can be dominant processes. These
geochemical processes can be inter-related and can change dynamically with
changing geochemical properties such as pH, temperature and pore-water chemistry.
Several geochemical models have been developed (e.g., MINTEQA2, PHREEQC,
TOUGH2, and RT3D) to model possible adsorption-desorption, oxidation-reduction,
complexation, precipitation-dissolution, acid-base reactions, volatilization and
biodegradation processes in subsurface environment. These models calculate the
distribution (adsorbed phase, dissolved phase, solid or free-phase, gas phase) and
speciation of the chemical constituents in the soil-pore-water system. These models
are useful to assess the effects of changing geochemical parameters such as pH,
redox, ligand concentration, or ionic strength. It should be recognized that these
geochemical models are valid for equilibrium conditions; thus they do not account for
kinetic reactions (Sharma and Reddy, 2004).
Many recent studies have advanced the fundamental understanding of geochemical
processes in engineered geosystems. The author has investigated the fundamental
geochemical processes and developed engineered systems to remediate environmental
pollution in soils and groundwater. Al-Hamdan and Reddy (2008) and Cecchin et al.
(2015) demonstrated that with proper understanding of soil composition, geochemical
properties and geochemical processes (especially adsorption-desorption,
precipitation-dissolution, and redox reactions), various strategies (e.g., soil washing,
electrokinetics, stabilization, air sparging, oxidation, permeable reactive barriers, and
biodegradation) can be implemented to favor geochemical conditions for effective
remediation of heavy metals, organic contaminants, or when they co-exist.
Remediation strategies may be focused to remove, immobilize or degrade the
contaminants in the soils and groundwater. Yang et al. (2015) showed that appropriate
amendment selection based on targeted geochemical processes can be effectively
deployed in vertical barriers (e.g. soil-bentonite wall) to contain and simultaneously
treat groundwater contaminants.
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FUTURE RESEARCH
Many emerging sustainable geosystems aim to harness nature, resulting in resiliency,
conservation of natural resources, reduction in use of energy, and reduction in waste
and pollution. The fundamental basis for the design of such systems is to understand
and manage complex biological processes in soils/rock and groundwater. Recently,
new biologically-inspired strategies such as bio-cementation, bio-clogging,
bioremediation, and phytoremediation have received great attention from
geotechnical engineers. All of these strategies rely on microbes and microbial
processes that are highly sensitive to geochemical parameters/conditions as depicted
in Figure 1. This figure illustrates how different geochemical factors combine to
influence microbial activity by way of dictating energy availability for a given
reaction in a system (Gibbs free energy, determined based on analysis of
solution/system geochemistry using laws of thermodynamics), and thus which
reactions a microbe can use for energy.

FIG. 1. Role of geochemistry on microbes and microbial processes.
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The major factors that affect microbes in soils include pH, metal content, moisture
content, temperature, and the solution chemistry/ionic strength of the pore water. The
site geochemistry then dictates which chemical reactions are favorable based on
Gibbs free energy of reaction ( ΔGr). If ΔGr is negative, then a reaction can
theoretically proceed and be utilized by microorganisms for energy. Thus, the
geochemistry of a system will impact which reactions can be catalyzed by
microorganisms, which in turn will impact which microorganisms are present. The
types and abundance of microorganisms will also be affected on a broad scale by pH
due to differences in optimal pH among various groups of microorganisms.
Future research should focus on investigating the fundamental geochemical
processes, followed by the development of strategies to utilize them to produce
innovative resilient and sustainable geosystems. With regards to geotechnical issues,
bio-cementation has drawn attention of many researchers recently as a sustainable
strategy for ground improvement. Though shown to be promising, several questions
remain unanswered. For example, what are the negative effects of NH4+ accumulation
due to ureolysis? How can spatially uniform rates and distributions of MICP be
achieved in-situ? How can the safety of amended bacterial strains be ensured during
field implementation? How can MICP be adapted for different soil types and
geochemical conditions? Is it possible to achieve dual benefits of contaminant
biodegradation and strengthening of the soil? Is it possible to use novel materials and
delivery methods to enhance bio-mediated soil improvement? How durable and
sustainable is MICP? With respect to geoenvironmental issues, leachability, fate and
transport of contaminants in soils, rock, wastes, and groundwater, and associated risks
could be accurately quantified. Based on these, green and sustainable remedial
strategies and technologies can be developed for complex subsurface and contaminant
conditions. For example, biologically mediated processes could be enhanced by
monitoring and managing the geochemical conditions. The use of a wide range of
biological diagnostic tools should also be encouraged (Yargicoglu and Reddy, 2015).
CONCLUSIONS
Assessment and management of geochemical processes is vital for the development
of resilient and sustainable geosystems. An in-depth fundamental understanding of
these processes in complex subsurface conditions will be necessary for the
development of resilient and sustainable geosystems and advance the field of
sustainable geotechnics.
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GEOCHEMISTRY AND SOIL BEHAVIOR
INTRODUCTION
It is well established that particle-level phenomena influence meso- and macroscale behavior of soil. For fine-grained soils composed of clay minerals,
predicting a soil’s response is further complicated by changing environmental
conditions as well as variation in soil mineral composition. In particular, both the
pore fluid and particle mineral chemistries determine the fabric of the fine-grained
soil, which in turn determine basic material properties such as void ratio,
permeability, and strength. In other words, the mineral surface geochemistry of
the particles play a critical role in the overall material properties, and thus,
influences the material’s response to applied chemical or mechanical forces.
Yet, much remains in discovering new insights that can be used for developing
geotechnologies that take advantage of geochemistry-related phenomena.
CLAY MINERALOGY
Clay minerals are classified as phyllosilicates, referring to the layered, or sheet,
structure and the base silica sheet. Layered silicates typically consist of some
combination of two sheet types with silicon tetrahedra and aluminum or
magnesium octahedra as the basic units. The silicon tetrahedron – four O2- at
the vertices surrounding a central Si4+ – is the basic unit of the silica sheet, while
the aluminum or magnesium octahedral – six OH- at the vertices around a central
Al3+ or Mg2+ – serves as the basic unit of the octahedral sheet. Gibbsite refers to
octahedral sheets whose cations are primarily aluminum, while brucite refers to
an octahedral sheet whose cations are mostly magnesium. These sheets are
held together through hydrogen bonding or with linking ions (Mitchell & Soga,
2005).
The clay mineral type depends on the
sheet stacking sequence. Two common
stacking arrangements form the 1:1 and
the 2:1 clay minerals. Kaolinite, a 1:1 clay
mineral, consists of individual layers of
one silica and one gibbsite sheet with a
Fig. 1. Kaolinite molecular model. Image
7.2 Å basal spacing. The sheets within prepared with MDL Chime® web browser
the layers are held together by sharing plug-in (Barak and Nater, 2003).
oxygen atoms between the silicon and the
aluminum (the oxygen at the silica tetrahedron tip also acts as an octahedron
vertex). Layers are held together with hydrogen bonds linking the silica
tetrahedral O2- to the gibbsite OH- (Mitchell & Soga, 2005; Bohn et al., 1985).
The silica and gibbsite stacking of kaolinite leaves O2- termination sites on the
silica face, OH- termination sites on the gibbsite face, and O2- and OHtermination sites along the edges (Figure 1). The 2:1 clay minerals, such as
montmorillonite, illite, and chlorite, are formed by layers of either a gibbsite or
brucite sheet stacked between two silica sheets. The sheets within the layers
are bonded through oxygen sharing as in the 1:1 minerals. Interlayer bonding
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occurs by van der Waals forces, linking cations, and/or water molecules. The
termination sites at the faces of the 2:1 clay minerals contain O2- from the silica
sheets, while both O2- and OH- occupy the edge termination sites.
Clay particles have a net charge, or ion exchange capacity, due to their
crystalline structure. Structural charge is considered to be quite stable, but it can
be affected by mineral dissolution and by very slow ionic diffusion within the solid
phase. Sources of structural charge include isomorphic substitution, broken
bonds along termination sites (mineral sheets have finite size), structural disorder
and crystal defects (Grim, 1968; Sposito, 1989).
Differences in clay mineralogy and formation processes lead to many types of
mineral grains. Figure 2 and Table 1 highlight 3 examples of clay minerals
commonly used in fine-grained soils research.
Note the contrasting
characteristics of the clay particles.
(a)

(c)

(b)

5.0 um

10um

Fig. 2. Examples of mineral grains with contrasting characteristics: (a) illite (Images of Clay,
2009), (b) Geogia kaolinite, (c) and bentonite
Table 1. Properties of Clay Minerals Commonly Used in Fine-Grained Soil Research
Specific
a
CEC
Theoretical
Surface
CEC pH
Mineral
(meq/
pHPZNPC
a
a
b
Formula
Area
dependence
100g)
2
(m /g)
(K, H2O)2(Si)8(Al,
c
Illite
65-100
10-40
low
3.5
Mg, Fe)4,6O20(OH)4
Kaolinite

(OH)8Si4Al4O11

10 -20

3-15

high

(OH)4Si8Al4O20
80700-840
low
·NH2O
150
a
b
c
Mitchell and Soga (2005), Langmuir (1997), Lan et al. (2007)
Montmorillonite

≤2 – 4.66
≤2 – 3

b

b

DLVO. Particle associations in single minerals and their mixtures are a function
of Coulombian attraction, double layer osmotic repulsion and van der Waals
attraction. The summation of the double layer osmotic repulsion and van der
Waals attraction is known as DLVO (Derjaguin and Landau, 1941; Verwey and
Overbeek, 1948). The double layer or osmotic repulsion between two parallel
circular disks separated by a distance x can be estimated as (Israelachvili, 1992):
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FDL = 16π R T co d e

−

x

ϑ

(1)

where θ represents the Debye-Hückel length (double layer thickness), co is the
bulk fluid ionic concentration, R the gas constant R=8.314 J/(mol·K) and T the
absolute temperature. On the other hand, the van der Waals attraction force is
(Israelachvili, 1992),
1 Ah 2
FAtt =
d
24 x 3
(2)

Surface Charge
[C/m2]

where Ah is the Hamaker constant. Note that the Hamaker constant is not
sensitive to the ionic concentration; therefore, FAtt remains relatively constant as
co increases.
However, FDL decreases.
Hence, there is a threshold
concentration cth that once exceeded causes the two platy particles to
spontaneously approach each
other.
0.2
0.1

Adding further complication to
particle interactions in a polar
0
fluid environment is the pH
-0.1
dependency of surface charge.
-0.2
As shown in Figure 3, the point
2
44
66
8 8
10 10 12
of zero charge (pH at which the
pH
net particle charge is zero) for Fig 3. pH dependency of surface charge density for
various clay minerals (Stumm et al., 1992). The
several common clay minerals
curve data for CaCO3 is calculated assuming CaCO3
range from less than pH 2 to
-3.5
is in equilibrium with air, pCO2 = 10 atm.
over pH 12. This implies the
stabilizing, or self-buffering, pH of two mineral phases may lead to unexpected
particle interactions due to the dependency of DLVO forces on the surrounding
fluid pH.
EMERGING CHALLENGES: Climate Change & Fine-Grained Soil Behavior
Much of what is known about the impact of climate change on soil systems is
limited to hydrological, water resource, vegetative, and agricultural perspectives,
such as soil moisture availability, soil acidification, soil temperature, runoff,
ground freeze-thaw cycles, carbon content, permafrost response, organic matter
turnover and soil erosion (Komuscu et al., 1998; Rounsevell et al., 1999;
Mehrotra, 1999; Arnell et al., 2001; Poutou et al., 2004; Powlson, 2005; Cheng
and Wu, 2007; Henry, 2008; Salvador Sanchis, 2008; Griffiths et al., 2009;
Holsten et al., 2009; Reinds et al., 2009; Montagne and Cornu, 2010). From a
geotechnical perspective, Smith (1990) outlined suggested research topics for
investigating the impact of climate change – increasing temperatures – on the
melting of permafrost, while Pugh (2002) concluded that recent decreasing
precipitation lead to the subsidence of foundation structures in the UK.
Hudacsek et al. (2009) have explored the issue of climate change through
centrifuge modeling of clay embankment response to extreme wet-dry cycles.
3
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While these studies provide valuable insight, the impact of climate change on the
evolution of fundamental geomaterial properties until recently has been largely
ignored. Changes in climate have the potential to significantly alter the
properties of geomaterials by altering geochemistry and hydrological processes,
which in turn impact mechanical behavior.
Water Acidification. The solubility of CO2 in water can be written as (Drever,
1997):
CO2 + H2O ↔H2CO3
(3)
H2CO3 is known as carbonic acid and represents all the dissolved species of
CO2. Carbonic acid further dissociates and releases protons into the surrounding
fluid phase:
H2CO3 ↔H+ + HCO3-

(4)
This reaction results in a decrease of pH. Furthermore, the concentration of
dissolved carbon dioxide in water is proportional to its partial pressure in the gas
phase, PCO2, according to:
KCO2PCO2 = [H2CO3 ]
(5)
where KCO2 is Henry’s law constant. In other words, as the partial pressure of
CO2 (atmospheric concentration) increases, the equilibrium concentration of
carbonic acid in water also increases. Worldwide, the pH of lake waters can
range from 4 to 10, corresponding to partial pressures of 10-1.7 to 10-6.0 bar. CO2
concentrations in surface and groundwaters can also be affected by
photosynthesis, methane fermentation, nitrate uptake, sulfate reduction,
denitrification, carbonate mineral dissolution, calcite precipitation, and chemical
weathering of Al-silicate minerals (Langmuir, 1997). Altered pH impacts mineral
dissolution and precipitation as well as and weathering rates of geomaterials
(Langmuir, 1997; Kennedy, 1992).
Both pH and ionic concentration of soil waters will be impacted by climate
change through acidification, drought (increasing ionic concentration), increased
precipitation (decreased ionic concentration), permafrost melting (decreased
ionic concentration), and sea level rise (salt water intrusion into fresh waters).
POTENTIAL RESEARCH QUESTIONS
1. What is the expected magnitude of climate change-based impact on the
evolution of fine-grained geomaterials and their subsequent behavior? Is the
climate change impact significant enough to consider in future geotechnical
design and practice?
2. Over what time scale do climate change-based impacts on fine-grained
geomaterials occur? What is the time scale of the evolution of fine-grained
geomaterial properties as a function of climate change?
3. Clay mineral dissolution occurs when the pH of the surrounding fluid phase
shifts away from the self-buffering pH of the mineral. Protonation occurs
when the surrounding fluid phase contains an excess of H+ ions. How will the
current and predicted levels of acidification impact the behavior of claymineral fine-grained materials?
4
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ABSTRACT: The substitution of chemically modified bentonites (CMBs) for
traditional sodium bentonite (Na-bentonite) has gained popularity because of the
potential for CMBs to provide improved performance compared to Na-bentonite. The
engineering properties of several CMBs including a dense pre-hydrated geosynthetic
clay liner (DPH-GCL), multi-swellable bentonite (MSB), bentonite polymer composite
(BPC or BPN), Hyper clay (HC), and several contaminant resistant or polymer treated
bentonites with proprietary formulations have been investigated and preliminary
hydraulic conductivity, k, results are promising (82 % of the 96 reported k values for
the CMBs permeated with a variety of liquids were lower than 10-9 m/s). However, at
k < 10-9 m/s diffusion is a significant transport mechanism with diffusion becoming the
dominant transport mechanism around k < 5 x 10-10 m/s. Therefore, in order to evaluate
the performance of CMBs, the diffusive properties of the CMBs also should be
measured. Total contaminant flux is comprised of both advective and diffusive flux;
evaluating CMBs based on advective properties (i.e., k) alone is unconservative when
diffusion is a significant or dominant transport mechanism.
TRADITIONAL SODIUM BENTONITE
Sodium bentonites (Na-bentonites) commonly are used in barriers or components of
barriers in hydraulic containment applications because of the high swell potential and
correspondingly low hydraulic conductivity, k, to water and dilute aqueous solutions.
In addition, Na-bentonite can exhibit substantial semipermeable membrane behavior
for dilute concentrations of simple salts (e.g., Malusis et al. 2001; Malusis and
Shackelford 2002). Membrane behavior and low k are beneficial in hydraulic
containment applications; low k results in limited advective contaminant transport
whereas, membrane behavior results in hyperfiltration, chemico-osmosis, and reduced
diffusion of aqueous-phase chemicals (e.g., Shackelford 2013). Examples of bentonite
based barriers include geosynthetic clay liners (GCLs), highly compacted bentonite for
radioactive waste storage, compacted soil-bentonite mixtures for compacted clay liners
and soil bentonite backfills used in vertical cutoff walls (Estornell and Daniel 1992;
Evans 1994; Gates et al. 2009).
However, Na-bentonite is thermodynamically unstable in most naturally occurring
pore waters in earthen materials and most leachates where multivalent cations are
predominant (Sposito 1989; Scalia and Benson 2010). These environments promote the
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exchange of multivalent cations for monovalent cations leading to a reduction in the
osmotic swelling, an increase in the k, and a destruction in the membrane performance
of the Na-bentonite. Therefore, this exchange potentially results in an increase in the
advective and diffusive chemical mass flux and a decrease in hyperfiltration and
chemico-osmotic counter flow (Malusis and Shackelford 2002b; Manassero and
Dominijanni 2003; Kolstad et al. 2004).
MODIFIED BENTONITES
The incompatibility of Na-bentonite with chemicals in solution has led to great
interest in creating chemically modified bentonites, or CMBs (e.g., bentonites amended
with organic modifiers, such as polymers) that may be more compatible with the
surrounding environment. There is potential for CMBs to offer greater chemical
resistance and more sustainable performance (Bohnhoff et al. 2013). These CMBs
include dense-prehydrated bentonite used in GCLs (DPH-GCL), multi-swellable
bentonite (MSB), and polymer modified bentonite such as bentonite polymer
composite (BPC or BPN), Hyper-clay (HC), and many commercially available forms
or contaminant resistant clays (CRC) or polymer treated bentonite (PTB). To create
DPH-GCLs, bentonite is prehydrated with dilute solutions of sodium carboxylmethyl
cellulose (Na-CMC), and then the hydrated bentonite is densified (Malusis and
Daniyarov 2014). The MSB is a sodium-rich montmorillonite modified with propylene
carbonate (Mazzieri et al. 2010). Formation of BPN, also referred to as a bentonite
polymer alloy (BPA) and bentonite polymer composite (BPC), occurs through
polymerization of an organic monomer in a bentonite slurry (see Bohnhoff and
Shackelford 2013). HYPER-clay (HC) is another polymerized bentonite that is
modified with 2 % or more by dry weight of the Na-CMC anionic polymer (Di Emidio
et al. 2015). The many forms of CRC and PTB are commercially available but have
proprietary formulations; thus, the exact compositions of many of these products are
unknown.
There is a growing body of knowledge regarding the k of CMBs to various permeant
liquids (refer to Bohnhoff and Shackelford 2014 and Figure 1). For example, recent
studies have shown that CMBs maintain lower k than Na-bentonite even after exposure
to “aggressive” permeant solutions (500 mM CaCl2) where k was < 10-11 m/s for the
BPC versus 4.5 x 10-7 m/s for the Na-bentonite (Scalia et al. 2014). In addition, for the
different types of CMBs considered in Figure 1, some data indicate low k (<10-10 m/s)
despite low swell index (SI < 20mL/2 g), indicating that the correlation between SI and
k of CMBs can be complicated by the chemistry of the CMB. For example, Scalia
(2012) reported that the SI of BPN correlated with the k for concentrations up to 50 mM
CaCl2. However, at concentrations greater than 50 mM CaCl2, the k was de-coupled
from swell, such that the BPC maintained a low k (< 3 x 10-11 m/s) even with a low SI
(< 8 mL/2 g). Bohnhoff and Shackelford (2014) reported that 82 % of the 96 reported
k values for the CMBs permeated with a variety of liquids were lower than 10-9 m/s,
suggesting a generally improved performance relative to what typically has been
reported for Na-bentonites permeated with similar liquids. However, in some cases, the
CMBs provide results that are similar or poorer compared to traditional Na-bentonite.
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DIFFUSION IN MODIFIED BENTONITES
At k values < 10-9 m/s diffusion has been shown to be a significant transport
mechanism contributing to total contaminant flux. In fact, diffusion becomes the
dominant transport mechanism around k < 5 x 10-10 m/s (Shackelford 2014) which is in
the range of many CMBs that have been investigated. Bohnhoff and Shackelford
(2014) reported that 70 of the 96 k values (72%) summarized for CMBs were ≤ 10-10
m/s. Therefore, based on the k data alone, conclusions regarding the superior
performance of CMBs relative to Na-bentonites cannot be developed with certainty.
The purpose of clay barrier systems is to limit the total contaminant flux into the
environment. The total contaminant flux is comprised both of advective flux and
diffusive flux. Therefore, evaluating the performance of clay barrier systems based on
advective properties alone is unconservative when diffusion is a significant or dominant
transport mechanism (i.e, when k < 10-9 m/s). In order to achieve effective containment
of contaminants, low k is necessary but not a sufficient condition to ensure containment
(Shackelford 2014).
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FIG. 1. Hydraulic conductivity versus swell index for various chemically modified
bentonites (from Bohnhoff and Shackelford 2014).
Therefore, an understanding of the diffusive properties of CMBs is essential to
confirm the enhanced performance of CMBs. Limited information on the diffusive
properties of CMBs is available and the test methods for determining diffusion
properties (e.g., through-diffusion testing) are time consuming and require relatively
expensive equipment (> $10,000). Figure 2 presents effective diffusion coefficients for
a non-reactive tracer, Cl-, for a polymerized bentonite (BPC) and a traditional Nabentonite GCL. Values of the effective diffusion coefficient for Cl-, D*Cl-, for the BPC
evaluated by Bohnhoff and Shackelford (2016) were similar to those reported
previously for the traditional Na-bentonite, as would be expected for a conservative
tracer. However, results of the effective diffusion coefficients for K+ (D*K+, not
included) were lower for the BPC than the Na-bentonite likely because steady-state
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diffusion had not been achieved (even with test durations of 105 days or more) due to
cation exchange with Na+.
Thus, additional experimentally measured values of diffusive transport properties of
CMBs are necessary. Innovative methods to determine diffusive properties, such as
those described by Sample-Lord and Shackelford (2016) and Sample-Lord (2015),
should be investigated. In addition, correlations of diffusion coefficients with index
properties such as SI or fluid loss should be considered.
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Fig. 2. Comparison of the effective diffusion coefficients at steady state for
polymerized bentonite (PB) versus a geosynthetic clay liner (GCL) reported by
Malusis and Shackelford (2002b) as a function of source KCl concentration [RW
= rigid-wall test; FW = flexible-wall test] (from Bohnhoff and Shackelford 2016).
FUTURE RESEARCH AND CHALLENGES
The k and compatibility results for many of the CMBs are promising. However, the
improved performance of the CMBs may be limited to the extent that such improved
performance may decrease with increasingly chemically aggressive permeant liquids.
In addition, Bohnhoff and Shackelford (2014) reported that several CMBs show limited
improved performance or poorer performance compared to a traditional Na-bentonite.
Thus, compatibility testing with site specific liquids is recommended for practical
applications.
In addition, there are lingering questions regarding the long-term integrity of CMBs
due to issues such as the potential for the organic (polymer) amendment to be eluted
out of the material over time. The proprietary formulation of many of the commercially
available products makes understanding the chemistry involved with the behavior of
the material even more difficult.
Finally, experimentally measured values of diffusive and advective transport
properties of CMBs are necessary in order to determine the expected contaminant flux
attributed to each transport mechanism in clay barrier systems. These values are
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necessary in order to accurately compare the performance of clay barrier systems
containing Na-bentonite and CMB and make predictions regarding potential
contaminant flux into the environment with modelling.
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ABSTRACT
Clay-water dispersions, which fall within the broad class of materials that is referred to as soft
matter, have significance in a number of contexts within and outside the geotechnical field. The
dependence of structure and rheology of clay dispersions on geochemical parameters and on
polymeric additions provides the opportunity to control the properties of these complex colloidwater systems to achieve a desired response at the macro-scale. Due to their low strength and
stiffness, investigation of the mechanical response of these materials must rely on techniques
outside those of traditional geotechnical engineering. Specifically, rheological tests allow
probing the mechanical response under a broad range of conditions and characterizing the
visco-elastic properties of these materials.
Two applications related to the modification of laponite dispersions to control their sol-to-gel
transition, and the polymer treatment of fine tailings generated from the extraction of bitumen
from oil sands are used to highlight some of the opportunities and challenges in the field.

Ionic strength (M)

INTRODUCTION
Clay-water dispersions are geomaterials, whose structure is dominated by the presence of
water, and which are characterized by mechanical properties (e.g. strength and stiffness), which
fall much below those characteristic of traditional soft clays examined in the geotechnical
literature. Being colloidal dispersions, they fall within a broad class of materials, referred to as
soft matter, which display “ordering generally intermediate between that of a crystalline solid
and that of a liquid” (Hamley 2007). It has been pointed out (www.lcsoftmatter.com) that one of
the most interesting properties of soft matter is the fact that diverse very complex structures with
unique properties can arise depending on the conditions, and can evolve as a result of even
subtle changes in chemistry, flow, and thermal, electric or magnetic field. This is certainly the
case also for clay-water dispersions, and the foundation for our ability to control their response
and for their potential use in a number of applications. Within the geotechnical field, the study of
these geomaterials is relevant in a range of contexts including: the behavior of dredged
sediments, of surficial coastal and underwater
a) 0
10
deposits, and of tailings generated from various
b)
Flocs
mining operations; the performance of drilling fluids
-1
A4rac7ve
Gel
10
used in reservoir exploration and trenchless
technologies; grouts for soil treatment; and slurries
10-2
used for cutoff walls and ground support.
Sol
Moreover, clay based dispersions find application in
c)
10-3
a range of fields outside of civil engineering. These
include traditional applications in the cosmetic,
10-4
Repulsive
paint, paper, and ink sectors, as well as newer uses
Glass
10-5
in electronics and biotechnology.
2

STRUCTURE AND BEHAVIOR OF CLAY
DISPERSIONS
The structure and properties of clay dispersions
depend on molecular and colloidal interactions
which occur at the nano-scale, and which are
affected by a variety of factors including the type of

3
φ (wt %)

4

Figure 1. (a) Phase diagram of puriﬁed Wyoming Namontmorillonite (M40A) in NaCl soluGons (adapted from
Abend & Lagaly 2000); and schemaGcs of (b) aLracGve
gel, (c) repulsive glass (adapted from Tanaka et al. 2004)
and (d) sol.
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clay mineral(s) present, solid concentration and pore fluid chemistry, in particular pH and type
and concentration of the ions present in solution.
This dependence is illustrated in a phase diagram such as the one shown in Fig.1 for a purified
Wyoming Na-montmorillonite. The diagram illustrates how, for a given clay mineral and given
ions in solution, the structure of the dispersion changes depending on solid concentration and
ionic strength. Specifically, the diagram distinguishes between sol, gel, and glass structure and
a region in which the formation of flocs leads to phase separation. Associated with the change
in structure is a modification in the mechanical response. Sols are characterized by a
rheological behavior typical of fluids. Gels and glasses are both arrested disordered states with
solid-like behavior at rest. They differ based on the mechanism of arrest: in the first case it
arises from the formation of a particle network, due to attractive forces, which spans through the
whole sample volume; in the second from a caging effect, which is, in general, the result of
repulsive interactions.” See Tanaka et al. 2004; Ruzicka et al. 2011 for a more in depth
discussion. Diagrams similar to the one shown in Fig. 1 have been obtained for other clay
minerals, using a range of techniques including rheological, osmometric, sedimentation and
scattering measurements. In some cases additional states have been identified.
ENGINEERING THE RHEOLOGY OF CLAY DISPERSIONS
The dependence of structure and rheology of clay dispersions on geochemical parameters
provides the opportunity to control the properties of these complex colloid-water systems to
achieve a target rheological response at the macro-scale. Beyond inorganic salts (Fig. 1),
modification of the modes of particle association in clay dispersions can be achieved primarily
through manipulation of electrostatic interactions, using other compounds including alcohols,
surface-active agents, betaines, organic cations, and acids (see Bergaya and Lagaly 2013).
Depending on the application/circumstance, a different structure/response may be targeted. In
some industrial applications (e.g. in paper coating) liquidity
at high solids concentrations is typically desirable. This is
the case also in the case of grouts, where injectability in
the porous medium to be treated is often the primary
concern. In the case of trenchless technology fluids, the
clay dispersion may be engineered to achieve one or more
of the following objectives: maximize the lubrication
properties, enable the fluid to carry spoil and to seal the
formation, or improve the ability of the fluid to tolerate
changes in environmental condition (e.g. water salinity).
Finally, when engineering tailings, the goal is generally to
accelerate the separation of water and solids.
Polymers offer additional means to modify the properties
and functionality of clay-water systems, further expanding
Bentonite
BBC disp.
dispersions
the application and significance of these materials.
Depending on type and concentration and nature of the
solvent, the presence of the polymer may produce
flocculation through either bridging of particles by the
polymer molecule or charge neutralization, as the polymer
Laponite
is adsorbed on particle surfaces of opposite charge. At
dispersions
higher polymer concentrations stabilization generally
occurs through a steric hindrance effect.
Untreated
The use of “additives” allows in some cases the ability to
MFTs
“tune” the response as a function of time (e.g. see use of
sodium pyrophosphate to control time dependent rheology Figure 2 Shear stiffness of clay geomaterials
(adapted from Santagata 2008)
of bentonite and laponite dispersions, as discussed in
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more detail below), environmental conditions (e.g. see the development of tunable polymer-clay
nanocomposites [e.g. Kim and Paolomino 2011]), or shear rate level (e.g. see work on
reversible shear gelation of polymer-clay dispersions [e.g. Pozzo and Walker 2004]).
RHEOLOGICAL TECHNIQUES FOR THE CHARACTERIZATION OF CLAY DISPERSIONS
As illustrated in Fig. 2 which presents shear stiffness data for a wide range of clay based
geomaterials, the mechanical properties of clay dispersions fall significantly below those
measured even on soils that would be classified as extremely soft from a traditional
geotechnical engineering perspective (e.g. shear stiffness G in the Pa to kPa range). As a
result, with the exception of wave propagation measurements, traditional geomechanics
experimental methods are, in general, not suited for the investigation of clay-water dispersions.
Instead, rheometrical techniques, extensively used to date to study soft materials in other fields,
represent an effective way of characterizing these geomaterials. Of particular interest are
oscillatory tests (also termed dynamic tests), through which it is possible to probe the viscoelastic response of a material. The tests involve the application of shear strain (or stress)
oscillations while measuring the resulting shear stress (or strain). The storage (G’) and loss (G”)
moduli, which represent the elastic and viscous components of the response are derived from
these measurements. The results of
amplitude sweep tests (oscillatory tests in
G’ (6%)
which the amplitude of the applied oscillation
is gradually increased) conducted on
G’ (4.5%)
bentonite
dispersions
of
different
G” (6%)
concentrations shown in Fig. 3 illustrate the
G” (4.5%)
different response of a material in sol state
G” (3%)
(3% dispersion in which G”>G’ at rest, and
over the entire strain range examined), and
G’ (3%)
in the gel state (4.5% and 6% dispersions in
which G’>>G” at rest). In the second case,
the
response
is
observed
to
be
predominantly elastic (G’>>G”) over a very
large shear strain range, with the solid-liquid
transition occurring at a shear strain greater Figure 3. Amplitude sweep results on bentonite-based drilling
fluids (Huang 2013)
than 50% (cross-over strain where G’=G”).
Clear patterns are identified between the
measured values of the rheological parameters (G’, G”, stress and strain at the cross-over point)
and the characteristics (concentration and salinity) of the dispersion, allowing inferences on the
architecture of the dispersion and the inter-particle interactions which control the response (see
also Coussot 2007). Oscillatory tests can be also used probe the response as a function of
frequency and time. This latter test type is especially useful to monitor state changes and
structuring processes.
Finally, the most modern instruments allow today to combine rheological testing with scattering
(e.g. using light, X-rays, or neutrons) and spectroscopic measurements, and to conduct tests
under the application of thermal, magnetic or electrical fields to investigate specific aspects of
material behavior.
EXAMPLES
Two examples are discussed below to illustrate practical applications of the concepts outlined in
the paragraphs above in the geotechnical field. They pertain to: the use of laponite dispersions
for improving the liquefaction resistance of liquefiable deposits (example 1) and the treatment to
accelerate the consolidation of mature fine tailings generated from the processing of oil sands
(example 2). The examples differ in a number of respects, and thus showcase some of the
3
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opportunities and challenges in this field. Key differences are in:
- the nature of the clay mineral that makes up the solid fraction of the dispersion: a highly
pure synthetic clay in the first; and the heterogeneous by-product of a mining operation in
the second.
- the means by which the rheology of the dispersion is modified: an inorganic salt (sodium
pyrophosphate decahydrate) and a high-molecular-weight, polyacrylamide polymer,
respectively.
- the outcome sought through the treatment: the creation of a laponite-based pore fluid with
solid-like properties that restricts sand grain mobility during shaking; and the formation of a
structure in the treated tailings that promotes expulsion of water and accelerates strength
gain.
- the primary challenge faced: a controlled time dependent sol-to-gel transition in the first
case; the treatment of literally millions of cubic meters of a complex, highly heterogeneous
mixture of clay, water, bitumen, and other organics, in the second.
Example 1: Control of time-dependent rheology of laponite dispersions
This first example pertains to dispersions of laponite, a synthetic clay with characteristics similar
to natural hectorite, which can be modified through the addition of sodium pyro-phosphate
decahydrate (e.g. Mongondry et al. 2004) to control the development of the rheological behavior
over time. Laponite is a material used in a number of applications, ranging from cosmetics to
electronic films, to surface coatings; and control of the rheology of laponite dispersions is key in
many of these applications. In the geotechnical field, dispersions of laponite are being
considered for improving the liquefaction resistance of granular deposits (e.g. Ochoa-Cornejo et
al. 2014, 2016). This follows earlier work with sodium bentonite dispersions (El Mohtar et al.
2012, 2014) that indicated that the delivery of controlled amounts of a highly plastic clay in the
pore space of a granular medium with no disturbance to the soil skeleton, led to an increase in
the liquefaction resistance of a sand. Moreover, this work (see also Santagata et al. 2014a)
ascribed the observed increase in liquefaction resistance to the creation inside the sand pore
space of an attractive clay gel with solid-like properties that restricted particle mobility during
shaking (refer to behavior observed in amplitude sweep tests shown in Fig. 3).
Laponite potentially offers some advantages over bentonite for this application, due to: the
significantly smaller particle size (when fully dispersed laponite is formed by disk-shaped
particles with 1 nm thickness, and diameter of approximately 25 nm, 5-10 times smaller than
bentonite), which should allow permeation of finer deposits; its higher plasticity (LL=1280% and
PL=180%); and the lower solids concentration required to produce gels with mechanical
properties equivalent to those of bentonite dispersions. Both in the case of bentonite and
laponite, careful engineering of the colloidal interactions is required to facilitate “delivery” of a
concentrated clay dispersion inside the pore space, and delay the formation of the gel structure,
ultimately critical to limiting particle mobility during shaking. From this point of view laponite
offers a further advantage, as through the use of sodium pyro-phosphate decahydrate
(Na4P2O7.10H2O) (referred to in the following as SPP), the rheology of high laponite dispersions
can be carefully “tuned” to deliver high concentrations of clay in the sand pore space, and
achieve the desired time dependent rheological properties (this is possible also in the case of
bentonite, but partially at the expense of the long term mechanical properties of the gel – see
Santagata et al. 2014b). Specifically, by controlling the amount of clay and SPP dosage, it is
possible to control the early age viscosity (which determines the injectability of the dispersion),
the time period over which the dispersion exhibits Newtonian behavior (which controls the time
window for permeation), the time associated with the transition of the dispersions from sol to
gel, and the mechanical properties of the gel ultimately formed.
An illustration of this is provided in Fig. 4. Figure 4a shows flow curves for a 6.5% laponite
dispersion with 5% SPP obtained 15’, 1h, 2h, 4h after preparation of the dispersion, and
4

highlights the Newtonian response with viscosity of less than 10 times that of water up to 2
hours. Note that without SPP, for this clay concentration, the dispersion would gel
instantaneously. With time the rheology of the dispersion shows a dramatic evolution, as shown
in Fig. 4b, which presents the variation of the phase angle, δ (tan δ=G’/G’) measured through
oscillatory tests in the linear viscoelastic region. Over the three week testing period, δ transitions
from a value of 90° corresponding to a completely “liquid-like” response (G”>>G’, consistent with
the Newtonian behavior observed in Fig. 4a) to values close to 0 (G’>>G”, solid-like behavior
corresponding to the formation of a gel). Measurements of the storage (elastic) modulus, G’
after the liquid to solid transition (δ=45° at ~ 10 hours), show a continuous improvement in the
mechanical response (Fig. 4(c)). Also included in the figures is data for a second dispersion with
9% laponite and 7% SPP (curves with red solid circles). While with this material there is an
improvement in the longer term mechanical properties (Fig. 4(c)), the data show that this occurs
at the expense of the short term viscosity (which at 15 min is ~ to the value measured on the
first dispersion after 2 h - see Fig. 4(a)), and the earlier sol to gel transition (Fig. 4(b)). Overall,
the data shown illustrate that design of materials for this application requires careful
consideration of both short term and long term flow and visco-elastic properties.
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Example 2: Control of flocculation of mature fine tailings (MFTs)
Tailings are another class of clay dispersions that have significant interest from a geotechnical
perspective.
This
second
example
Undisturbed t-MFT
pertains to mature fine tailings (MFTs)
1000 Disturbed t-MFT (CWR= 43%)
(CWR= 43%)
generated from the processing of oil
sands in the Athabasca region in Canada.
MFTs are soft gel-like materials, formed
100
by ~70% water and 30% fine clays, along
with
residual
hydrocarbons
and
hydrocarbon diluents (e.g. naphtha) added
10
to improve bitumen extraction, and, in
some cases, the presence of a gas phase
Untreated MFT
Highly disturbed
(CWR= 40%)
deriving from bacterial activity in the MFT
t-MFT (CWR= 43%)
1
ponds. While small, the ultrafine fraction
0.01
0.1
1
10
100
1000
γ (%)
formed by sub-micron (20-300 nm)
particles dispersed during extraction plays
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these materials has led to a growing
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inventory of tailing ponds, estimated, in 2011 (Kasperski and Mikula 2011) at over 800 million
cubic meters. Management of MFTs represents a significant engineering and environmental
challenge, a prime example of the significance of understanding and characterizing the behavior
of this class of geomaterials.
High molecular weight anionic polymers represent to date the most effective approach to
dewatering MFTs (e.g. Wang et al. 2010, Demoz and Mikula 2012). The active sites on these
polymers interact with the clay particles, binding them together, resulting in the elimination of
water previously held between the particles. Rheological tests on polymer-treated and untreated
MFTs (Fig. 5), reveal that the treatment results in a modification of the “architecture” of the clay
particle arrangement, which is reflected in a tenfold increase of the cross-over strain from ~30%
to over 400%. From a geotechnical perspective, the resulting geomaterial can be considered
extremely sensitive, with the stiffness degrading with increased disturbance and ultimately
falling below that of the untreated material at similar clay-water ratio (CWR) (Note: clay-water
ratio rather than solid-water ratio or water content has been shown to provide better correlations
with material behavior). The treatment is greatly dependent on the characteristics of the MFT, in
particular amount and nature of organics. Moreover, the effectiveness of the treatment is very
sensitive to small changes in polymer dosage and mixing conditions, and laboratory
experiments show that overmixing by as little as a few seconds negates the formation of the
desired microstructure. This is obviously an enormous challenge, for a process that is intended
to be implemented at a very large scale.
Polymer addition affects not only particle-particle interactions (evident also from the different
degree of thixotropy observed in small strain oscillatory tests conducted to monitor structure
build-up following a disturbance stage on treated and untreated materials), but also the
interactions between mineral phase and organics, as demonstrated by surface chemistry
analyses. This highlights the importance of a coupled chemo-mechanical approach for the
characterization of these materials and the design of the treatment.
FINAL COMMENTS
In their introduction to the 2013 Handbook of Clay Science, Bergaya and Lagaly (2013) state
that “clays and clay minerals, either as such or after modification, will be recognized as the
materials of the 21st century because they are abundant, inexpensive, and environment
friendly.” This potential stems in part from the unique nature of clays (nanometer size,
anisotropy of particles, existence of several types of charged surfaces, ease with which surfaces
can be modified) which allows control of the structure and properties of clay-water systems, and
in particular of clay-water dispersions, which represent the focus of this white paper.
At the same time, soft materials are today an important new class of materials, with innovative
applications in numerous fields, and the field of soft matter is well established with well
developed approaches for both investigating these materials in the laboratory, and modeling
their behavior both at the micro and macro scale.
In light of the above, there appear to be great opportunities in: applying existing knowledge from
the field of soft matter to the investigation of clay-water dispersions encountered in geotechnical
settings; leveraging our ability to control the structure and rheology of clay-water systems to
devise new solutions to problems facing the geotechnical profession; and utilizing clays and clay
minerals in new applications in our field.
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