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Preface

During the latter half of the twentieth century, basic research became indispensable
in advancing and improving geotechnical engineering theory and practice.
Fundamental principles of physics, chemistry, biology, and thermodynamics pro-
vide the underpinning knowledge needed to address existing and emerging chal-
lenges, to advance new engineering possibilities, and to discover better solutions for
problems and projects involving design, construction, and environmental man-
agement on, in, and with the earth and the many varieties of soil and rock materials
and conditions that are encountered.

In 2006, a report was issued by the National Research Council of the U.S.
National Academies of Sciences, Engineering, and Medicine: Geological and
Geotechnical Engineering in the New Millennium—Opportunities for Research and
Technological Innovation. This report, prepared under sponsorship of the National
Science Foundation (NSF), contains a vision for the future of geotechnology for
both NSF program managers and the geological and geotechnical community as a
whole. A decade later in the summer of 2016, a 2.5-day workshop, entitled
Geotechnical Fundamentals in the Face of New World Challenges, also sponsored
by NSF, was held. Forty US and international researchers, representing a range of
technical backgrounds, diversity, and career stages, focused on fundamental prin-
ciples that underlie current and anticipated developments in geotechnical and
geoenvironmental engineering. Emphasis was on recent and needed further
developments in the knowledge of the fundamentals underlying specific areas of
geotechnics and how the geotechnical research community can contribute to
addressing the real-world challenges of today.

Among the major challenges identified at the workshop where it is believed the
geotechnical community can make significant contributions are: (1) climate adap-
tation, (2) urban sustainability, (3) energy and material resources, and (4) global
water resources. Some specific areas of geotechnics where fundamental research is
greatly needed include: (1) updating and improving soil classification systems,
(2) development of physics-inspired, data-driven approaches for analysis and
design, (3) modeling multiscale, multiphysics problems in heterogeneous soils and
rocks possessing a wide range of properties, (4) understanding unsaturated soil
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behavior, and (5) upscaling property measurements and soil modification and
improvement technologies from the laboratory to the field.

This book has been prepared as a post-workshop activity by the workshop
participants to identify important geotechnical aspects of the major challenges, to
describe several current research areas relevant to addressing these problems, and to
identify future research that may yield the knowledge needed to address other
projects and problems that require high-level geotechnical inputs for their solution.

Chapter 1 “The Role of Geotechnics in Addressing New World Problems”
(Culligan et al.) describes four grand challenges and how fundamental geotechnical
research advances can contribute to specific actions for addressing them. The
remaining 10 chapters, organized sequentially and intertwined around the grand
challenges, provide specific needs along the commonly referenced research themes.

Rapidly emerging new sensing and measuring technologies for geotechnics are
described in Chapter 2 “Advances in Geotechnical Sensors and Monitoring” (Soga
et al.). In Chapter 3 “Soil Properties: Physics Inspired, Data Driven” (Santamarina
et al.), several important soil properties used in engineering practice are reviewed,
and data-driven guidelines are used to develop their descriptive parameters. The
powerful roles of fundamental soil physicochemical properties in characterizing
geotechnical engineering properties are illuminated through several recent devel-
opments in Chapter 4 “Linking Soil Water Adsorption to Geotechnical Engineering
Properties” (Lu). State-of-the-art and developing approaches to modeling multi-
physics processes in soil from continuum, discrete, and multiscale perspectives are
elucidated in Chapter 5 “Multiscale and Multiphysics Modeling of Soils” (Andrade
and Mital). Fundamental research frontiers in geochemical processes are high-
lighted in Chapter 6 “Fundamental Research on Geochemical Processes for the
Development of Resilient and Sustainable Geosystems” (Reddy et al.). Emerging
innovative and promising technologies through applications of biological processes
are provided in Chapter 7 “Bio-mediated and Bio-inspired Geotechnics” (DeJong
and Kavazanjian). Many uncertainties and emerging challenges in engineering with
soils under variably saturated conditions are addressed in Chapter 8 “Fundamental
Challenges in Unsaturated Soil Mechanics” (Likos et al.). Critical reviews of the
developments and future research opportunities in coupled fluid, heat, solute, and
electrical flows in soils are provided in Chapter 9 “Research Challenges Involving
Coupled Flows in Geotechnical Engineering” (Shackelford et al.). The fundamental
aspects of coupled thermo-hydro-mechanical processes derived from energy,
material, and water resource exploration and management are described in Chapter
10 “Emerging Thermal Issues in Geotechnical Engineering” (McCartney et al.).
Some future research opportunities in deep subsurface environments are described
in Chapter 11 “The Role of Rock Mechanics in the 21st Century” (Bobet et al.).

In writing the book, each chapter was spearheaded by the corresponding theme
leader (lead author), with contributions from the workshop participants. For each
chapter, up to 3 reviewers were identified, and they provided critical, constructive,
and thorough peer reviews. These reviews were invaluable in improving the clarity
and technical quality of the chapters. They are: in alphabetical order, Craig Benson,
Ronaldo Borja, Malek Bouazza, Susan Burns, Jason DeJong, Andrea Dominijanni,
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Matt Evans, Arvin Farid, Marte Gutierrez, Joseph Labuz, Lin Li, Qi Liu, Ning Lu,
Magued Iskander, James Mitchell, Anand Puppala, Alexander Puzrin, Kristin
Sample-Lord, Joseph Scalia, Greg Siemens, Zhonghao Sun, Andy Take, and
Michael Tsesarsky. The workshop and some post-workshop activities were funded
by NSF Award #1536733. This financial support is greatly appreciated.

Our hope is that this volume will stimulate geotechnical engineers to continu-
ously use fundamental research as a main thrust for addressing existing and yet
unknown new challenges in the twenty-first century in energy, materials, water
exploration, climate adaptation, and sustainability of urban and natural
environments.

Golden, USA Ning Lu
Blacksburg, USA James K. Mitchell
August 2018
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The Role of Geotechnics in Addressing
New World Problems

Patricia J. Culligan, Andrew J. Whittle and James K. Mitchell

Abstract There are many “new world”, or recently emergent, global challenges
whose solutions require geotechnical inputs. Included among these challenges are
climate change, enhancement of urban sustainability and resilience, energy and
materials resource management, and management of water resources. Fundamental
advances in the understanding of soil and rock properties and behavior, coupled with
advances in sensing, monitoring and modeling of geo-systems, are needed for solu-
tions to be found or implemented satisfactorily in each of these four areas. In addition,
there is need for fundamental research that can improve the subsurface characteriza-
tion andmonitoring of complex geo-material behavior, the handling ofmulti-faceted,
multi-scale geotechnical and geo-environmental processes, the integration of “big-
data” and data-science methods into geotechnical engineering research and practice,
and the management of uncertainty and risk. In addition to advancing fundamental
research in geotechnics, geotechnical engineers also need to lend expertise and lead-
ership to the interdisciplinary research and development efforts that are essential to
ensuring our sustainable future.

Keywords Geotechnics · Climate change · Urban sustainability and resilience ·
Energy and materials · Surface and groundwater water resources · Subsurface
characterization ·Multi-scale processes · Big-data · Uncertainty and risk
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2 P. J. Culligan et al.

1 Introduction

There are multiple ways by which fundamental geotechnical engineering research
and expertise can contribute to solving some of today’s pressing problems. The focus
of this Chapter is to present some “new world”, or recently emergent, global chal-
lenges whose solutions require geotechnical1 inputs. The four new world challenges
that are highlighted in this chapter are climate change, enhancement of urban sustain-
ability and resilience, energy and materials resource management, and management
of water resources. By nature, these challenges are broad and complex, and thus iden-
tifying viable solutions to each will necessitate the engagement of many disciplines.
Nonetheless, within each challenge area there are also clear gaps in understanding
that require knowledge and advances in geotechnical fundamentals for solutions to
be either found or implemented satisfactorily. The four highlighted challenges are
discussed under separate headings, and examples of how fundamental geotechni-
cal inputs might contribute to specific insights and solutions that address them are
provided. Many of these inputs incorporate, or are based on, the geotechnical fun-
damentals described in the remaining Chapters of this book.

The challenges described in this Chapter are only a sub-set of emergent global
challenges that need to be addressed as mankind advances further into the 21st
century. The list of geotechnical fundamentals described under each challenge is
also by no means exhaustive. Hence, the intent of this Chapter is not to present
a comprehensive overview of all new world challenges and attendant geotechnical
fundamental knowledge and research needs. Rather, the goal is to use examples to
illustrate the important roles that geotechnical fundamentals, and thus geotechnical
engineers, can play in shaping a sustainable future for our world.

2 Climate Change

We are living in what is becoming widely known as the Anthropocene Epoch [46],
where human activities are generally recognized as driving the process of climate
change principally through the production of greenhouse gases (GHG). The impacts
of anthropogenic climate change involve significant uncertainty, not least because
of unknown scenarios for future GHG emissions. For high emissions scenarios
(RCP8.52), global sea-level rise is projected to be about 2m (6.6 ft) over the course of
the 21st Century, while global temperature rise is projected to be about 4 °C (Fig. 1).
Local sea-level and temperature rises are projected to be above or below the global
levels shown in Fig. 1, depending on the region under consideration.

1Here, geotechnical is broadly defined to include applications involving all engineering aspects of
soil and rock properties, behavior and mechanics, as well as geo-environmental engineering.
2Representative Concentration Pathway (RCP) 8.5 assumes CO2—equivalent emissions continue
to rise throughout the 21st Century.
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Fig. 1 a Past and projected changes in global sea level rise (left, USGCRP [38] predict 1–4 ft rise
in mean sea level by 2100 for low and high CO2e emission scenarios, respectively), and b Past
and projected changes in global temperature rise (right, IPCC [14]—red and blue curves represent
the high and low CO2e emission scenarios, respectively. Figure credit: J. Willis, Jet Propulsion
Laboratory. Additional info: Figure created on November 15, 2013 and derived from the Global sea
level rise scenarios for the United States National Climate Assessment)

Nonetheless, despite uncertainties in the projected magnitude of climate change
effects, there are several general trends that climate scientists agree upon. These
include a raise in global mean sea-level; an increase in global average tempera-
tures; changes in the patterns and amount of precipitation; a decline in snow-cover,
permafrost and sea-ice; acidification of the oceans; an increase in the frequency, den-
sity and duration of extreme events (such as hurricanes, floods droughts etc.), and
a change in eco-system characteristics. These effects will impact water resources,
infrastructure, food supplies, eco-systems and, thus, human health and well-being.
They also present a host of specific geotechnical challenges ranging from the need
for new strategies to protect coastal cities against sea level rise, to dealing with the
consequences of melting permafrost on Arctic infrastructure. Increased severity in
extremeweather events (both floods and droughts) will also jeopardize existing dams
and levees, increase slope hazards and trigger excessive erosion and scour.

TheUnitedNations Framework Convention on Climate Change (UNFCCC) iden-
tifies two options to address climate change:mitigation of climate change by reducing
GHG emissions and enhancing GHG sinks, and adaptation to the impacts of climate
change [18].

2.1 Climate Mitigation: Low Carbon Economy

The United Nations (UNFCCC, Paris Agreement 2015) aims to control the long-
term rise in average global temperatures by regulating the production of GHGs. The
Agreement goals will only be met if industrialized nations move toward low car-
bon economies through investment in technologies for energy efficiency, renewable

https://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf
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energy resources, and methods to reduce impacts associated with current fossil fuel
usage (such as carbon capture and storage). While renewable energy sources (solar,
hydro, wind, geothermal) and nuclear energy are used primarily for electricity gen-
eration, fossil fuels account for most energy usage in transportation and industrial
processes (notably in the production of building materials, with Portland cement
being one of the largest generators of GHG worldwide). The transition to a low car-
bon economy will require disruptive changes in the infrastructure supporting power
distribution and transportation systems.We believe that the transition to a low carbon
economy will drive much future research in geotechnical engineering including:

Geothermal energy. To date geothermal energy accounts for a tiny fraction of
global energy usage (less than 1%; WEC [44]) and is primarily limited to electric-
ity generation and district heating from high-grade, hydrothermal resources (fluids
with temperatures greater than 200 °C) in a small number of geographic locations
(primarily in the U.S. and China). There is potential for massive growth3 of geother-
mal energy through development of technologies to support Enhanced Geothermal
Systems (EGS; sometimes referred to as universal heat mining) involving fractur-
ing of hot dry rocks with circulation of a carrier fluid. Such growth would require
advances in technologies for deep drilling, high-resolution geophysical and remote
sensing methods for online monitoring of heat reservoirs, and simulation models for
reservoir performance over different time scales that incorporate high-temperature,
high-pressure (HTPT) geomechanics. Improved understanding of coupled thermal-
hydrological-mechanical-chemical (THMC) process under unsaturated conditions
will also be key, aswill improved understanding of fluid-injection induced seismicity.

Exploitation of the subsurface environment for seasonal heat exchange or heat
storage (often referred to as ‘shallow geothermal’ resources) via the use of ground
source heat exchangers is increasing. Research in this field has taken root in the
geotechnical community largely through integration of heat exchangers with foun-
dation elements (‘geothermal piles’) and through potential applications of the tech-
nology to assist in district-scale heating and cooling of buildings. Inconsistent per-
formance reported in prototype projects suggests there is a significant research chal-
lenge to improve the reliability of these systems. Additional work is also needed to
understand the scale at which such systems can be adopted in dense settings without
disruption to the ground’s capacity to exchange heat, or to bear loads.

Current understanding, unresolved issues and needed basic research on geotech-
nical issues relevant to geothermal energy are summarized in several of the chapters
in this book; including Chapter 6 “Fundamental Research on Geochemical Pro-
cesses for the Development of Resilient and Sustainable Geosystems”, which dis-
cusses geochemical processes, Chapter 8 “Fundamental Challenges in Unsaturated
Soil Mechanics”, which discusses unsaturated soil mechanics, Chapter 9 “Research
Challenges Involving Coupled Flows in Geotechnical Engineering”, which discusses
coupled flow phenomena, Chapter 10 “Emerging Thermal Issues in Geotechnical
Engineering”, which discusses emerging thermal issues, and Chapter 11 “The Role

3MIT [21] estimate the potential for generating more than 100 GWe by 2050 in the US alone.
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of Rock Mechanics in the 21st Century”, which presents the role of rock mechanics
in the 21st Century.

Wind energy.TheUShas been relatively slow to develop off-shorewind resources,
primarily due to the distance between primary locations (i.e., those with the highest
wind power density) for onshore generation and the location of major consumers,
as well as the high costs of offshore wind farm installations. There are already
substantial geotechnical research activities to reduce foundation costs for offshore
wind turbines in Germany and the U.K.4 Complete understanding of the dynamic
soil-structure interactions is essential for both optimization of the design of structure
foundations and the assurance of their long-term stability. Looking forward, the
principal research needs will relate to local energy storage and power distribution
infrastructures. Here, compressed air energy storage (CAES) in underground caverns
is gaining attention as ameans of energy storage, and geotechnical expertise is crucial
to identifying feasible caverns for this approach.

Hydropower. Hydropower remains the biggest source of renewable energy in the
U.S. (10% of electricity generation) and one of the most strategically important
energy resources worldwide (with increased co-reliance on pumped storage sys-
tems5). Here, challenges in the future relate to reducing the environmental impacts
of major dam projects as well as uncertainties in the output production associated
with long-term changes in weather patterns. Geotechnical engineers have played a
key role in the siting of major dams and the assessment of their safety. There are
significant opportunities for improving methods of site characterization, long-term
performance monitoring andmethodologies for retrofit of existing hydropower facil-
ities.

Carbon capture and storage. Carbon capture and storage is considered critical
to reduce the atmospheric release of greenhouse gases from fossil fuels. Geological
sequestration of compressed CO2 in deep underground rock formations (typically in
depleted oil and gas fields, or saline aquifers) currently represents the only viable
solution for large-scale storage of greenhouse gases in the continental U.S. How-
ever, there are significant uncertainties in evaluating storage capacities and sustain-
able injection rates [36] and major challenges to monitoring and verifying that that
the CO2 remains trapped underground over very long-time periods (100s–1000s of
years), Fig. 2. The latter challengewill require basic research on natural and enhanced
mineralization processes, as well as complex fluid transport processes. Better under-
standing of the fundamental hydro-mechanical properties of clay and shale is also
needed, including the unsaturated properties, specific surface area, cation exchange
capacity, and long-term stability of these geo-materials. In addition, further research
is needed on the effectiveness and durability of seals in CO2 storage chambers.

4North Sea installations benefit from much shorter transmission distances to major population cen-
ters and possible power interconnects between the National Grids of countries that have substantial
pumped storage capacity (such as Norway).
5E.g., proposed use of an abandoned mine cavity as the lower reservoir for a pumped storage
project in Virginia http://www.enr.com/articles/42729-dominion-energy-eyes-2b-hydroelelctric-
storage-project-in-va (September 13, 2017).

http://www.enr.com/articles/42729-dominion-energy-eyes-2b-hydroelelctric-storage-project-in-va
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Fig. 2 Time lapse ‘4D’ seismic images of CO2 storage at Sleipner CCS pilot project (1994–2008)
showing lateral and vertical expansion of injected CO2 volume with time [4]

2.2 Climate Adaptation

The effects of global warming (of the atmosphere and oceans) can be seen in long-
term trends in sea level rise (and associated coastal erosion), melting of glaciers
and permafrost in Arctic regions, and in regional weather events including more
intense tropical storms, extreme rainfall events, longer drought cycles etc.6 Climate
adaptation refers to themyriad of policies and actions that are employed to reduce the
vulnerability of, and impacts on, human populations (public health and safety, water
resources, and food security) and ecosystems as a result of climate change. Climate
adaptation policies vary by region, by economic circumstance and by necessity. For
example, while most cities in wealthy nations have detailed adaptation plans,7 many
megacities in the developing world have yet to address the issue. Some of the most
dramatic effects of climate change are found in sparsely-populatedArctic regions and
present the dilemma of balancing economic opportunity with protection/preservation
of the environment. The geotechnical profession can contribute in several pressing
areas here, including:

Adapting to Too Much Water: Geotechnical engineers have a key role in advanc-
ing new solutions for climate adaptation especially in mitigating hazards associated
with flooding (coastal, surface water) and slope instability, ensuring reliable water
supplies, and making infrastructure more resilient. While cities such as New Orleans
have a long history in dealing with flooding (originating from the Mississippi River,
monsoonal precipitation and hurricane storm surge), subsidence and coastal erosion;

6At the time ofwriting (September 2017), Texas andLouisiana have just experienced record rainfalls
associated with Hurricane Harvey, and massive flood and wind damage from hurricanes Irma and
Maria has occurred in Florida and across the Caribbean islands.
7E.g., http://www.nyc.gov/html/dep/html/about_dep/climate_resiliency.shtml.

http://www.nyc.gov/html/dep/html/about_dep/climate_resiliency.shtml


The Role of Geotechnics in Addressing New World Problems 7

Fig. 3 Operation of stormwater management and Road Tunnel, Kuala Lumpur, Malaysia (from:
http://sspsb.com.my)

others such as Miami-ranked number 1 city in the world for assets at risk due to sea
level rise8—face long-term threats from sea level rise that have yet to be addressed
and will require new technical solutions. Coastal mega-cities in the developing world
lack the financial resources for major infrastructure projects and will need more cost-
effective solutions.

A good example of such a solution is the multi-purpose SMART tunnel in Kuala
Lumpur, which can operate as either a motorway or storm water drain, Fig. 3. Non-
structural solutions such as wetland restoration are also likely to play an increasing
role in coastal climate adaptation (e.g., [2]).

Adapting to Too Little Water: Prolonged droughts are potentially one of the most
significant threats associated with climate change due to their impact on food and
water security (as experienced already by populations in areas of desertification).
There are numerous hazards associated with drought cycles especially related to soil
erosion and dust (with concomitant effects on air quality and human health). Recent
studies by Pu and Ginoux [28] show that climate change (changes in regional and
seasonal precipitation etc.) is likely to produce increasingly dusty conditions in the
Southern Great Plains of the U.S. (while reducing dust levels in the Northern Plains).
There is already some geotechnical research on dust control using biopolymers (to
stabilize mine/mill tailings; e.g., [6]), and there is great potential for future research
to mitigate dust storms and fugitive dust arising from other sources. For example,
the National Science Foundation’s Engineering Research Center for Bio-mediated

8http://www.miamiherald.com/news/local/news-columns-blogs/andres-oppenheimer/
article166217947.html.

http://sspsb.com.my
http://www.miamiherald.com/news/local/news-columns-blogs/andres-oppenheimer/article166217947.html
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Fig. 4 Trans-Alaska pipeline with heat exchanger to protect permafrost from melting during the
summer months (from: www.en.wikipedia.org/wiki/Trans-Alaska_Pipeline_System)

and Bio-inspired Geotechnics is examining new biological approaches for fugitive
dust control, among other advances—as discussed in Chapter 7 “Bio-mediated and
Bio-inspired Geotechnics”.

Adapting to Change in the Arctic: Arctic regions have been experiencing transfor-
mative effects of climate change for several decades. Geotechnical engineers have
played a key role in solutions that enable Arctic development while protecting the
environment. The construction of the Alaska oil pipeline in the 1970s successfully
introduced novel heat exchangers to prevent thawing of permafrost (Fig. 4), while
other technical innovations enabled the crossing of major Arctic rivers and ensured
integrity of the pipeline during significant seismic events. Anticipated future changes
in climate are opening up important economic opportunities, principally due to reduc-
tions in perennial sea ice that will enable new trans-Arctic shipping routes, and access
to hydrocarbon andmineral reserves beneath theArcticOcean.Geotechnical research
can contribute to environmentally responsible development. Other challenges asso-
ciated with thawing of permafrost include the potential for large-scale release of
greenhouse gas emissions (principally carbon dioxide and methane). This is an area
of active scientific research (e.g., [35, 42]) where the geotechnical community can
contribute to understanding the carbon dynamics and rates of gas emissions from
melting permafrost (within diverse terrestrial, coastal and submarine sediments),
and to the development of new methods to stabilize or fix organic carbon insitu. All
of these advances depend on fundamental understanding of multiphase flows and
hydro-mechanical soil properties which are discussed in later chapters of this book.

http://www.en.wikipedia.org/wiki/Trans-Alaska_Pipeline_System
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3 Urban Sustainability and Resilience

The United Nations World Urbanization Prospects report noted that 2009 was the
year that theworld’s population crossed the line of beingmore than 50%urban—with
3.42 billion living in urban areas versus 3.41 billion in rural areas. Indeed, Ban Ki-
moon, then Secretary-General of the UN, stated that we are now living in “the urban
century”. As the world’s population expands, urbanization trends are only expected
to intensify, with the bulk of projected growth occurring in the less developed regions
of Asia, Africa and China. Meeting the global challenge of urbanization is key to
the future health and well-being of most of the world’s population. Geotechnical
engineering research can contribute to emerging interdisciplinary research in urban
sustainability and resilience in several key areas, including:

Underground infrastructuremapping,maintenance and development.Most essen-
tial urban infrastructure services (potable water, wastewater, energy and communica-
tions, etc.) are located below ground (in networks of pipes and conduits) along with
many vital transportation facilities (transit networks etc.), Fig. 5. Under-investment
in maintenance has left a legacy of aging underground infrastructures in many cities
worldwide, while underground space is increasingly seen as a panacea for future
urban development (from high-speed rail9 in London, to re-use of underground
space for the Lowline proposed space in New York City, to a necessity in space-
constrained states such as Singapore10). Given the high costs and complexity of
re-using underground space, cities such as Helsinki and Singapore have developed
long-term master-plans for underground space and utilization.

The restoration and improvement of buried infrastructure is part of a larger global
challenge related to the overall restoration and improvement of urban infrastructure,
and Geotechnical Engineers have much to contribute in this area. For example,
several issues related to underground construction, geology and geotechnical risk
are discussed, and important areas of needed research are noted in Section 2 of
Chapter 11 “The Role of Rock Mechanics in the 21st Century”.

In cities, underground mapping is urgently needed to improve the management of
existing subsurface infrastructure and the planning of future underground construc-
tion. Although temporal and spatial data on underground conditions exist in most
developed cities, including information on subsurface stratigraphy, depth to ground-
water, location of underground infrastructure, services, openings, foundations, etc.,
city-wide underground maps remain largely unavailable. This is because existing
data are housed in multiple, dispersed sets that have yet to be merged, analyzed and
visualized. By combining new data analytics approached with traditional expertise,
the geotechnical community can lead in merging available data with other infor-
mation to create geo-data banks, subsurface BIM (Building Information Modeling)
systems and comprehensive urban underground maps. Advances in technologies for
mapping the location and condition of buried infrastructure (within the congested

9http://www.crossrail.co.uk.
10http://www.straitstimes.com/singapore/experts-warn-of-hefty-price-tag-for-singapores-
underground-ambitions.

http://www.crossrail.co.uk
http://www.straitstimes.com/singapore/experts-warn-of-hefty-price-tag-for-singapores-underground-ambitions
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Fig. 5 Vertical planning of underground space in Singapore (modified from: www.citi.io/2017/10/
09/the-secret-underground-world-of-singapore/)

urban environment) can help accelerate the development and utility of such new
tools. For example, when combined with advances in sensing technologies (from
embedded sensors to ubiquitous platforms such as smart phones, as described in
Chapter 2 “Advances in Geotechnical Sensors and Monitoring”), these tools can
lead to new advance-warning systems for mitigating disruptions to underground ser-
vices, reducing maintenance costs and, more importantly, saving lives. For example,
Whittle et al. [43] have developed a wireless sensor network for real-timemonitoring
and detection of underground bursts and leaks in water distribution networks.

Stormwater management. Because of imperviousness (e.g. land surface coverage
by buildings, pavements, parking lots, etc.), a typical city block generates over five
times as much stormwater runoff as a woodland area of the same size [9]. This
runoff contains pollutants including oils, heavy metals, particulates and nutrients,

http://www.citi.io/2017/10/09/the-secret-underground-world-of-singapore/
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that are harmful to human health and the environment. In urban areas not served
by stormwater systems, overland flow discharges this polluted runoff directly into
local water bodies. In areas served by storm-drains the runoff will be collected in an
underground pipe network, however, the network also often discharges directly into
a local water body. In older cities, including New York, San-Francisco and Seattle,
among many others, stormwater is directed into the same pipe network that collects
the city’s sewage.

In so-called “dry-weather” flows, the combined stormwater and sewage are sent
to wastewater facilities for treatment prior to discharge. During wet-weather flows,
however, these older single-pipe systems do not have the capacity to dealwithmodern
day volumes.As a result, combined stormwater and sewage, often containing harmful
levels of human pathogens and other toxic waste, is discharged untreated. Overall,
urban stormwater runoff is estimated to be responsible for impairing more than a
third of the water bodies in the U.S. [24], and very many more globally.

Inadequate infrastructure for stormwater management is also blamed for catas-
trophic flooding events during extreme wet-weather flow, such as the devastating
flood Houston suffered as a result of Hurricane Harvey [31]. Tackling this prob-
lem requires the development of comprehensive, urban hydrologic models that
can improve our basic understanding of stormwater transport during wet weather.
Geotechnical engineers can contribute by advancing urban groundwater modeling
and monitoring approaches. In addition, research into new underground construction
techniques that could enable subterranean infrastructure for stormwater capture and
conveyance is needed. Furthermore, current trends toward the use of urban green
infrastructure for stormwater management can be supported by research into new
engineered soils for water and pollutant capture. Of special interest are engineered
soils that can sequester nutrients, especially nitrate, while supporting vegetative
health. Enhanced understanding of the long-term behavior of existing engineered
soils is also needed to understand the long-term sustainability of urban green infras-
tructure.

Mega-Scale LandReclamation.As theWorld continues to urbanize, existing cities
are seeking to expand their current footprints, and the rapid construction of new
cities is underway in many parts of the globe. As has been historically the case
(e.g., Boston), land-reclamation, the process of creating new land from estuaries,
oceans, rivers or lakes, is often a prominent part of urban expansion or growth.
In China, the coastal city of Longkou recently created seven new islands, with a
total land area of about 35 km2, which are expected to house 200,000 people by
2020.11 Singapore has added 720 km2 through land reclamation since 1965 (25%
of its total land area), and the United Arab Emirates has expanded its coastline
from about 70 km to approximately 1000 km via land reclamation activities. A
significant challenge here, is the sustainable, and ecologically sound, sourcing of the
fill needed to create new land.Another challenge is ground improvement of reclaimed
land, which is often needed prior to land usage to prevent excessive consolidation
and long-term secondary settlement, and assure seismic safety. In both situations,

11Wade Shepard, City Metric, August 25th, 2015.
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geotechnical engineers can contribute by advancing the re-use of waste materials
with novel chemical and or biological stabilization (currently demonstrated at scales
up to 800 m3; [41]) that meet the needs of mega-scale land reclamation projects.
In addition, new processes and techniques for large scale ground improvement are
needed, as well as better understanding of how land-reclamation impacts existing
systems, including the stability of natural coastlines.

Coastal cities and sea-level rise.Over seventy percent of the world’s metropolises
with a population greater than 5 million are located on or near the coast.12 Global
sea-level rise is projected to dramatically increase the damage of flooding due to
storm surges in many of these cities, as well as others. Interdisciplinary research on
adaptation and mitigation strategies to deal with the potential effects of coastal city
flooding is urgently needed if these cities are to avoid devastating impacts, including
cascading failures of critical infrastructure systems. Geotechnical engineers need to
be actively engaged in finding solutions to achieve the appropriate balance between
the design of robust flood defense systems and strategies to improve the resilience
of critical infrastructures. Figure 6 illustrates the novel flap-gate solution found for
Venice), Italy.

Natural hazard resilience for cities. In addition to sea-level rise, cities can also
be vulnerable to a multitude of other hazards including earthquakes, mudslides,
tsunamis, tornados, etc.As above, this is another areawhere interdisciplinary research
is needed, and where geotechnical engineers can play a leadership role. For example,
geotechnical expertise in earthquake engineering can feed into research that informs
new designs for buildings and infrastructures that are resilient to multiple hazards
(e.g., earthquakes and windstorms, flooding and slope instability13). Geotechnical
engineers can also collaboratewith colleagues on examining natural hazards and their
spatial and temporal relationships to each other, as well as to secondary hazards (e.g.,
the triggering of a landslide by an earthquake). Advances that enable the creation of
probabilistic event trees summarizing potential hazard scenarios for specific locations
are needed [25]. Geotechnical expertise can also contribute to advances in risk and
performance-based design and risk communication approaches.

4 Management of Energy and Material Resources

Current projections [37], Fig. 7, estimate that global energy demand is likely to grow
by more than 30% over the next 25 years (much of this growth is in non-OECD
countries, notably India and China). The U.S. Energy Information Administration
(EIA) expects this demand be met by large growth in renewable energy resources
(especially solar and wind) and natural gas (especially in the U.S. and China), with
smaller increases in oil and nuclear power generation. Nonetheless, the optimal

12United Nations Department of Economic and Social Affairs, 2012.World Urbanization Prospects
The 2011 Revision, New York.
13Exemplified by typhoon Morakot (2009 https://en.wikipedia.org/wiki/Typhoon_Morakot).

https://en.wikipedia.org/wiki/Typhoon_Morakot
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(a) Venetian Lagoon (55km2 with 
average water depth 1m) 

     (b) Concept of flapping gate 

      (c) Field demonstration 

Inject air 
Expel water 

Fig. 6 Novel design of buoyant flap gates for protecting Venice against frequent storm surge
events and preserving unique lagoonal environment (MOSE project). In calm weather the gates fill
with water and sit on the seabed. During high tide conditions the water is expelled by compressed
air, and the gates surface to provide the necessary flood protection (from: www.mosevenezia.eu/
mose/). Ministero delle Infrastrutture e dei Trasporti—Provveditorato Interregionale per le
Opere Pubbliche del Vento—Trentino Alto Adige—Friuli Venezia Giulia gia Magistrato alle
Acque di Venezia

management of conventional ad unconventional oil and gas supplies, as well as
nuclear energy, continues to be of importance. It should be noted that the current
EIA projections do not consider impacts of large-scale disruptions in energy use
within the transport sector (where large-scale electrification is likely to occur over
the next 25 years).

With technological advances and a growing need to source energy from more
diverse environments, new challenges are continually arising. At the same time,
increased attention to the sustainable use of natural and constructed resources, espe-
cially those that incorporate significant embodied energy, is also opening new areas
of inquiry. Geotechnical engineering inputs can contribute to meeting the challenges
associated with the management of energy and material resources in several key
areas, including:

Natural gas. Hydraulic fracturing (HF; ‘fracking’) has revolutionized the extrac-
tion of natural gas from tight formations (shales) and has reshaped the energy land-
scape of the U.S. over the last 10–20 years. While many consider natural gas an
intermediate step in the migration to a low carbon economy (e.g., as a replacement

http://www.mosevenezia.eu/mose/


14 P. J. Culligan et al.

Fig. 7 Current baseline projections on world energy consumption by energy source [37]

for coal in power generation) it presents an important set of research challenges of
special interest to geotechnical engineers. There are significant risks associated with
induced seismicity caused by disposal of large volumes of fracking wastewater that
remain poorly understood,while substantial advances are needed to better understand
and control fracturing of gas shales in order to reduce energy and water consumption
and potential groundwater contamination associated with this technology.

Gas Hydrates. Gas hydrate is an ice-like crystalline phase of methane (clathrate)
that occurs naturally (from underlying biogenic sources) within voids in marine
continental shelf sediments within a gas hydrate stability zone (GHSZ) that typically
ranges up to 300–500 m below the mudline worldwide. Other stable locations for gas
hydrates are within and beneath permafrost zones (depending on the combinations
of temperature and pressure). Current estimates suggest that up to 1.5 × 1017 m3

of methane is stored in gas hydrates worldwide (99% in the marine sediments).
Extraction of natural gas from gas hydrates is a major challenge due to: (i) the
low saturation levels of gas hydrates within the pore space; (ii) the difficulty in
accurately detecting the presence of gas hydrates using current geophysical methods;
and (iii) the need for new technology that can reliably control dissociation of gas
hydrates in productionwells. Advances inmultiphase geomechanics are fundamental
in addressing the latter problem (e.g., [10]). Recent reports14 suggest successful
performance of hydrate pilot wells in the Nankai Trough (offshore Japan), and this
may lead to the first commercial use of gas hydrates as a source of natural gas.

Uncontrolled dissociation of gas hydrate can generate hazards such as submarine
slope instability, while reformation of hydrates is a major problem for clogging of
submarine gas pipelines. While these hazards are well known, there is a continuing
need for better detection andmodeling of gas hydrateswithin themarine environment
to reduce risks in exploration and production.

14http://www.reuters.com/article/japan-methane-hydrate/japan-reports-successful-gas-output-test-
from-methane-hydrate-idUSL4N1IA35A.

http://www.reuters.com/article/japan-methane-hydrate/japan-reports-successful-gas-output-test-from-methane-hydrate-idUSL4N1IA35A
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Offshore Energy Resources. The development of offshore oil and gas resources
has generated some of the most significant challenges for foundation engineering
over the last 30 years, associated with oil production in deepwater environments
(e.g., [29]). There are large proven (commercially viable) oil reserves located in
extreme environments, including ultra-deepwater conditions (>1500 m), and areas
with unusual geological hazards (e.g., high seismicity, tsunamis), as well as large
potential reserves in previously unexplored areas of the Arctic Ocean. Exploitation
of these resources requires massive capital investments and present challenges and
opportunities for new technologies (such as subsea completions, safety of deepwater
pipelines etc.) that will rely heavily upon geotechnical expertise.

Offshore oil developments also impose very high environmental risks, as wit-
nessed by the massive oil spill from the Macondo well [20] and its impacts on the
Gulf Coast region. Geotechnical engineers can contribute in reducing these risks at
all stages in the lifecycle of oil production—from the use of advanced geocomposite
materials to improve wellbore integrity during drilling and production, to the sealing
of abandoned wells (an emerging environmental problem in the Gulf of Mexico),
to advances in remote sensing of leakage from wellbores, to innovative methods for
rapid well closure following a blowout event.

NuclearEnergy: According to theNuclear Energy Institute (NEI), as ofApril 2017
thirty countries are operating a total of about 450 nuclear reactors for energy gen-
eration worldwide, with a combined capacity of close to 400,000 MW.15 Although
some countries have put nuclear energy programs on hold after the 2011 Fukushima
disaster, other counties remain interested in the use of nuclear power and 60 new
nuclear plants are currently under-construction around the globe. A primary chal-
lenge with nuclear energy remains the disposition of spent fuel. In the U.S., the
Nuclear Waste Policy Act (NWPA) restricts consideration of geological reposito-
ries for high-level nuclear waste to Yucca Mountain, Nevada. Nonetheless, there has
been increasing interest in examining alternative disposal options, including a geo-
graphically distributed repository system that would involve deep (~5 km) borehole
disposal in crystalline basement rocks.16 Successful realization of this alternative
would require accurate site characterization of potential disposal sites, including the
thermal, chemical and mechanical characteristics of the host rock system. Funda-
mental understanding of the in situ stresses and the chemical and fluid flow regimes
generated by decaying heat from the emplaced waste will also be necessary for suc-
cessful borehole design, as will the design of effective seals for the waste disposal
zone that have high radionuclide sorption capacity, are self healing and durable.
There are many opportunities for fundamental geotechnical research to contribute to
evaluating the feasibility of this alternative disposal option.

Mineral Resources.Mining for critical and non-critical minerals is only likely to
escalate as demand for resources increases on a global scale. Locating viable mineral
resources will require better integration of expertise in geology, mineral economics

15https://www.nei.org/Knowledge-Center/Nuclear-Statistics/World-Statistics/World-Nuclear-
Generation-and-Capacity.
16http://prod.sandia.gov/techlib/access-control.cgi/2009/094401.pdf.

https://www.nei.org/Knowledge-Center/Nuclear-Statistics/World-Statistics/World-Nuclear-Generation-and-Capacity
http://prod.sandia.gov/techlib/access-control.cgi/2009/094401.pdf
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and geotechnical engineering. As mining extends into deeper, and potentially more
hazardous, environments, understanding of rock overstress conditions will become
more important, as will the use of automation and advanced sensing andwarning sys-
tems to improve mine safety. As the quality of available ore deposits decreases, there
is also a growing trend toward the extraction of ore from historic mining operations.
Bioleaching of existing mine tailings represents one promising avenue for extracting
metals from mining wastes [12]. Progress in this area will require research advances
at the intersection of geotechnics, microbiology and chemistry.

Sustainable Development. The concept of sustainable development is most suc-
cinctly defined as ‘development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs’ [3]. In practice,
this implies the need to balance the use of resources with economic, environmen-
tal and social equity considerations in the planning and design of projects. These
issues should be of utmost importance to geotechnical engineers who are involved in
the construction of major infrastructure projects that involve large energy costs, the
massive use of natural resources (including space) and have significant (and long-
lasting) impacts on the landscape. There are major opportunities for geotechnical
engineers to contribute to goals of sustainable development through the recycling
and re-use of waste materials and ground improvement, brownfield development
projects (including re-use and retrofit of foundations), and creative uses and man-
agement of underground space.

The last 10 years have seen the emergence of tools for appraising and comparing
the sustainability of projects through a series of indicator metrics (e.g., GeoSpeAR;
[13]). There has also been a great deal of work onmore quantitative tools that develop
sustainability indices through the application of methods of Life Cycle Assessment
(LCA—covering resource usage and environmental impacts over the lifecycle of a
project) with classic Cost-Benefit Analyses (CBA—that addresses social and eco-
nomic dimensions). LCA methods rely on indices such as embodied energy17 to
evaluate resource efficiency, and carbon or ecological footprint18 to characterize envi-
ronmental impacts, as described and illustrated by Shillaber et al. [33, 34]. Although
the principles and framework ofLCAhave been formalized by the InternationalOrga-
nization for Standardization [15], the U.S. has been slow to apply these methods in
construction projects. The geotechnical community should play amuch bigger role in
this process, which has great potential to spur innovation in design and construction
methods.

17Embodied energy of a material is defined as the sum total of all the energy required to produce
that material.
18Ecological footprint of a project is the area of productive land required for executing different
activities and for assimilating the emissions from such activities. Carbon footprint is an accounting
tool that calculates the total emissions from different activities that lead to global climate change.
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5 Management of Water Resources

According to the World Bank, if we continue with current water management prac-
tices against the backdrop of a growing world population, we will be facing a 40%
shortfall between forecasted demand of water and available supplies by 2030.19 This
is against a setting of changing climate, which will increase the risks of flooding in
some areas of the world, while inducing periods of drought in others. There is thus
an urgency to improve water security via better management of our groundwater and
surface resources.

5.1 Groundwater Resources

Groundwater is a vital global resource. In developing countries, and also for many
communities in developed countries, groundwater is often the only viable source of
drinking water [11]. Moreover, a majority of the world’s irrigation needs are pro-
vided by groundwater [27]. In addition, there are many parts of the globe where
groundwater supports industries key to the local economy. Despite recognition of
the significance of groundwater to human, as well as ecological, well-being, many
groundwater resources are being depleted at rates faster than natural recharge, and
groundwater contamination, via industrial, agricultural and waste disposal practices,
continues to be a serious problem. According to recent estimates, roughly one-third
of the world’s largest 37 aquifers are currently under stress [30], and factors such as
climate variability, climate change and population growth are only projected to make
matters worse. Geotechnical engineering research can contribute to better manage-
ment of the world’s groundwater resources in several areas, including:

Reversal of groundwater depletion. The United States Geological Survey (USGS)
defines groundwater depletion as “long-termwater level declines caused by sustained
groundwater pumping”.According to a 2013 report [17], groundwater depletion rates
in the US are rapidly accelerating, with 25% of the total groundwater depletion since
1900 estimated to have occurred within the first decade of the 21st century, Fig. 8.
Managed aquifer recharge, subsurface water banking and smart irrigation systems
are all approaches that might help reverse groundwater depletion rates. However, to
be effective, they require improved mapping of current aquifer resources and better
understanding of aquifer recharge and storage capacities. Fundamental research in
subsurface mapping technologies, including remote sensing and in situ monitoring
methods, can contribute in this area. In addition, better understanding of the multi-
scale impacts of large-scale aquifer recharge can be supported by advances in coupled
deformation and flow modeling. Wireless sensor network technologies have enabled
the next generation of real-time monitoring and control systems (the Internet of
Things, IoT) that are now impacting geotechnical engineering practice. For example,

19http://www.worldbank.org/en/topic/waterresourcesmanagement.
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Fig. 8 Cumulative groundwater depletion 1900–2008 in 40 major aquifer systems in the US [17]

the Opti Platform,20 has the potential to enable remote monitoring and smart, active
control of crop irrigation systems at aquifer-basin scales.

Long-Term containment of contaminants and buried waste. There remain many
instances where the extent of groundwater contamination or the hazard of buried
waste is too great to make aquifer restoration technically or economically feasible
with today’s knowledge. Examples include operational units at the U.S. Department
of Energy (DOE) legacy waste sites, such the Hanford 300 area—where 650,000 m3

of groundwater are believed to be impacted by uranium contamination [45]. To pre-
vent further degradation of groundwater resources, strategies for the safe, long-term
containment of contamination and buried waste are required. Research on geochem-
ical processes (Chapter 6 “Fundamental Research on Geochemical Processes for
the Development of Resilient and Sustainable Geosystems”) and coupled flow pro-
cesses (Chapter 9 “Research Challenges Involving Coupled Flows in Geotechnical
Engineering”) can be helpful in improving the strategies and technologies for safe
long-term containment of wastes and contaminants.

20Opti is an internet of things approach to manage distributed stormwater infrastructure—see:
https://optirtc.com/products. It is part of an emerging suite of geoenvironmental approaches to
“smart” water management.

https://optirtc.com/products
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Fundamental research that improves site characterization and the long-term mon-
itoring of contaminant fate and transport can also support long-term containment
of contaminants and buried waste, as can advances in the design and performance
evaluation of new barrier systems, such as capillary barriers. Geotechnical engineers
can also contribute, alongside others, to the development of publically acceptable
approaches for the risk-based management of long-lived, in situ contamination and
waste. Research needs in this area include probabilistic risk assessment tools that
combine human and ecological risk, as well as the incorporation of multiple stres-
sors, such as climate and land-use change, into risk assessment tools. In addition,
geotechnical engineers can work alongside others on research to improve risk com-
munication.

Pathogens in drinking water. The presence of fecal bacteria in groundwater
remains a primary cause of diarrheal disease, an illness that impacts nearly 1.7 bil-
lion people per year and remains the second leading cause of death in children under
five (World Health Organization, fact sheet No 330, 2013).21 Access to safe drinking
water is a key to preventing diarrheal disease. For the multitude of communities that
rely on untreated groundwater as their potable water source, this requires strategies
that stop fecal bacteria entering drinking water wells, as well as methods to detect
bacteria at harmful levels once contamination is present.

Bacteria are micron-sized particles, often classified as colloidal particles, whose
subsurface fate and transport are controlled by physical, chemical and biological
interactions between the particles and the solid phase of the aquifer material itself.
Despite almost half a century of research, robust models for predicting bacteria fate
and transport remain elusive, with model predictions often grossly under-estimating
the extent of fecal contamination detected at field sites [32]. As a result, the placement
and management of groundwater wells in many communities is not protective of
human health. Here, fundamental research is needed to improve understanding of
the bio-geo-chemical processes mediating subsurface colloidal particle transport,
from micrometer to kilometer scales. New, multi-scale modeling approaches for
predicting colloidal particle transport are also needed, in addition to low-cost, in situ
monitoring techniques for detecting fecal bacteria.

Emerging organic contaminants.Organicmicro-pollutants are a class of emerging
contaminants that canhave adverse humanand/or ecological health effects, andwhich
have been widely detected in aquifers in the U.S., Europe and elsewhere. Organic
micro-pollutants include nanomaterials, pesticides, pharmaceuticals, personal care
products, caffeine and nicotine, among others. Unless specifically removed by waste
water treatment processes, these synthetic contaminants can end up in receiving
waters, including groundwater, that are a direct or indirect source of drinking water
[23].

In a review of Emerging Organic Contaminants (EOCs) published by Lapworth
et al. [19], the authors note that EOCs are likely to have long residence times (decades
or more), and that future regulation of EOCs demands a better understanding of
their spatial extend and behavior in both the vadose zone and groundwater. Here,

21http://www.who.int/en/news-room/fact-sheets/detail/diarrhoeal-disease.
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geotechnical engineers can contribute to fundamental research that improves the
detection, monitoring, modeling and remediation of EOCs in the subsurface.

5.2 Surface Water Resources

Surface water resources include water in rivers, streams, creeks, lakes and reser-
voirs. In the U.S. the primary use of surface water withdrawals is thermoelectric22

followed by irrigation and then public water supply.23 Management of surface water
resources, both in the U.S. and elsewhere, frequently involves systems of dams and
levees. These systems are not only integral to water management on the supply side,
they are also often integral to flood management, as well as many energy supply
systems. The vast majority of dams in the world are earth embankments: In the U.S.
most of these are more than 50 years old, with close to 70% being managed by
private owners. The U.S. portfolio of levees remains largely unknown, with esti-
mates indicating up to 48,500 km of levees, which exceeds the circumference of
the world. Only 10 U.S. states even keep a list of levees within their borders, and
most states have no comprehensive levee safety program.24 Given the tens of mil-
lions of people in the U.S. alone who live behind levees, and the likely increasing
reliance on dam and levee systems to off-set water scarcity and manage flooding
and sea-level rise under climate change, dam and levee safety and management is
becoming a pressing challenge. Geotechnical research can contribute to several areas
that fall under this specific topic, including performance under partly saturated soil
conditions (Chapter 8 “Fundamental Challenges in Unsaturated Soil Mechanics”),
something currently not considered in analysis and design methodologies for major
levee systems.

Remote Inspection: Techniques for evaluating the conditions of dams, and most
especially levees, that can enable remote inspection and monitoring are urgently
needed to better understand the portfolio and conditions of these assets —now and
into the future, Fig. 9. High-resolution image capture techniques, via satellite tech-
nology, unmanned aircraft and/or drones, coupled with advanced image processing
offers promise in this area. As data banks of remote, and on-the-ground, inspection
outcomes grow, statistical andmachine learning techniquesmight also aid the predic-
tion of conditions and settings that are more or less hazardous, enabling inspections
to be prioritized. Collaborations between the geotechnical community, the remote
sensing community and data-scientists could lead to significant advances under this
topic area.

Evaluating RiskUnder aChangingClimate: Climate change impacts are expected
to lead to wetter conditions in some areas of the globe and dryer conditions in

22Water for thermoelectric power is used in generating electricity with steam-driven turbine gener-
ators.
23https://water.usgs.gov/edu/wusw.html.
24https://www.nap.edu/read/13393/chapter/5#59.
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Fig. 9 A broken levee under repair in the Sacramento River delta (from [39]). California has more
than 21,000 km of levees to protect dryland from floods

others. In addition, increased intensity of rainfall during precipitation events is also
projected over many regions. These changes in hydrology are going to impact the
conditions under which earthen dams and levees have to operate, so understanding
when changing conditions lead to increased hazards is important for the protection
of lives and property. Collaborations between climate scientists and geotechnical
engineers, which can help introduce the non-stationarity of environmental conditions
into geotechnical risk assessments, are needed to create climate-based hazards maps
for dams and levees. Such maps can be used to help develop and prioritize adaption
and mitigation strategies for assets and populations at risk.
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Enhancing stability: Cost-effective methods for stabilizing, or extending the life-
time of, dams and levees are needed. The development of new physical, chemical
and/or biological methods for enhancing earthen dam and levee stability can con-
tribute to addressing this challenge. Here, collaborations between the geotechnical
and material science community might yield innovative, new approaches. In addi-
tion, there is a need to develop new, and reliable, methods for injecting and mixing
additives into large volumes of earthen materials. This will require improved under-
standing of complex fluid and soil behavior in porous systems at multiple scales and
at varying degrees of saturation, as well as methods for monitoring the effectiveness
of injection and mixing processes.

6 Over-Arching Challenges

The field of geotechnical engineering is defined by a set of common underlying chal-
lenges (after [26]), some of which were called-out in the preceding sections: (1) the
incomplete or inadequate state of knowledge regarding subsurface conditions; (2)
the resulting uncertainty in design and associated construction risks; (3) the increas-
ing availability and need for better management of data; (4) the limited ability to
predict engineering properties/behavior of complex geomaterials at the macroscale
based on knowledge of their structure.25 These challenges require long-term sus-
tained research if major advances are to be achieved. The following paragraphs offer
some perspectives for potential research in subsurface characterization, multiscale
modeling of geomaterials, geotechnics and big-data, and handling of uncertainties
and risk in design and construction.

SubsurfaceCharacterization.Subsurface characterization is critical for all aspects
of geotechnical engineering from site characterization, flow and transport processes,
condition assessment, identification of subsurface resources and monitoring appli-
cations. As a result, geotechnical practice uses a wide range of invasive (drilling and
sampling), non-invasive (geophysical and remote sensing)26 and structural health
monitoring techniques. Recent advances in geophysical imagingmethods and remote
sensing tools (notably in Interferometric Synthetic Aperture Radar [InSAR], Light
Detection and Ranging [LIDAR] and Ground Penetrating Radar [GPR]27), have
addressed some of these topics and are useful for ground surface characterization
as well. For example, InSAR enables high resolution mapping of ground displace-
ments; i.e., 1 cm over large surface areas [10–100 km2], while LIDAR is widely
used to map landslide hazards. Similarly, new paradigms in wireless sensor net-
works and low-cost, low-power sensors have greatly increased the spatial and time
resolution for structural health monitoring. However, there remain major challenges

25I.e., Interparticle forces and fabric (particle orientation and distribution).
26Often used in combination (e.g., seismic cone penetrometers).
27InSARmainly uses spaceborne antennae, while LIDAR and GPR can be measured from airborne
or ground stations.
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in mapping subsurface stratigraphy, rock mass fracture systems and other geological
features at scales that are important for geotechnical projects (such as urban tunnel-
ing) and geo-environmental projects (such as buried waste management). Advances
in invasive techniques such as directional drilling also offer many intriguing oppor-
tunities to expand the capabilities of subsurface investigation. Sampling remains a
critical component of site characterization that is essential for characterizing engi-
neering properties. There have been few advances in technology in this field (with
the noted exception of pressure coring used in offshore engineering) and new innova-
tions are urgently required. Emerging sensor technologies are discussed in Chapter 2
“Advances in Geotechnical Sensors and Monitoring” of this book.

Engineering Properties of Geomaterials. Major advances in understanding the
behavior of idealized granular materials (with particles of mm scale) have been
achieved through combinations of experimental measurements (notably microCT
scanning technology), numerical simulations (notably using Discrete ElementMeth-
ods, after [7]) and multi-scale analyses that bridge between micro- and macro-scales
(using hierarchical or concurrent modeling approaches). However, there remain
major challenges in understanding the behavior of geomaterials with clay-sized
particles. This is due, in large part, to the complex surface properties of these
(sub-micron sized) particles and resulting surface/interfacial forces, as discussed in
Chapter 3 “Soil Properties: Physics Inspired, Data Driven” and Chapter 4 “Linking
Soil Water Adsorption to Geotechnical Engineering Properties”. Advances in
micro- and nano-scale imaging and testing capabilities (e.g., confocal microscopy,
cryo-SEM, nano-indentation, Atomic Force microscopy) and molecular simulations
methods (with specific force fields for clays; e.g., [8]) provide the basis for major
advances in understanding the fundamentals of clay behavior. Further advances in
characterizing properties for a broader range of geomaterials will require additional
research relating to the ‘geotechnical cycle’ [5] including processes of diagenesis
(lithification of sediments through compaction, precipitation of mineral cements
and phase transformations), mineralization of organic matter, and formation of
residual soil from weathering processes. Better understanding of the properties and
characteristics of so-called “soft rocks” is also needed [16].

Geotechnics and Big-Data. As with many fields of research and practice, the
role of “big-data” in geotechnical engineering is taking on increasing importance,
although few results of geotechnical “big data” studies have been reported to date.
The agglomeration of existing geotechnical data sets into common data bases offers
enormous promise to improve understanding of the state of the subsurface, as well as
the behavior of geo-materials under wide-ranging conditions. Data science methods
can be used to agglomerate data sets, while new observation, sensing and monitoring
techniques can be used to expand data bases and fill in data-gaps. Common data
bases will also afford the geotechnical community with common platforms formodel
development, testing and validation. The application of advanced statistical analyses
and machine learning techniques can also aid with development of new predictive
methods that are based on a combination of statistically meaningful patterns in large
data sets and fundamental geotechnical understanding.
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Uncertainty andRisk.Geotechnical engineers are used to handling physical uncer-
tainties associatedwith variability of natural geologicalmaterials (aleatoric) andwith
epistemic sources associatedwith incompletemeasurements ormodel limitations [1].
Indeed, scales of physical variability in natural geological materials range from the
micro-scale (e.g., particle and pore characteristics) to mega-scale features associated
with geomorphological processes. The scales of variability are increasingly consid-
ered in geotechnical design, notably through random field representations [40] and
Monte Carlo simulations. Micro-scale variability is also central to multi-scale mod-
eling of material behavior and transport processes, while mega-scale variability has
to date been principally linked to understanding rock mass behavior. There are many
opportunities for further research to incorporate physical variability in geotechnical
analyses. Chapter 5 “Multiscale and Multiphysics Modeling of Soils” addresses the
multiscale and multiphysics modeling of geological materials, with an emphasis on
soils.

Methods of probabilistic risk assessment are now well established within the
geotechnical field, especially for seismic hazards. Other hazards (from landslides
to flood events etc.) are closely linked to the consequences of climate change. The
underlying assumptions of stationarity in the magnitude-frequency relationships for
these events are clearly no longer valid [22] and hence, new non-stationary proba-
bilistic models will need to be developed to enable more rational planning and design
to mitigate these risks.

7 Conclusions

Several areaswhere geotechnical research can contribute to solving someof the press-
ing challenges of today have been highlighted: These include climate change, urban
sustainability and resilience, the management of energy and material resources, and
water resource management. Each of the following chapters in this book deals with
topics that are relevant to the role of geotechnics in addressing key aspects of these
four, global challenges. Over-arching themes that were also highlighted included the
need for fundamental research to address issues associatedwith subsurface character-
ization and monitoring of complex geo-material behavior, multi-faceted, multi-scale
processes, “big-data” and the management of uncertainty and risk. In addition, the
need for geotechnical engineers to lend expertise and leadership to interdisciplinary
research and development efforts aimed at protecting natural resources, infrastructure
and human life in the face of stressors, such as climate change, rapid urbanization,
global energy demands, resource depletion and water scarcity, was under-scored.
The authors believe that the future of geotechnical engineering will require research
advances within the field itself, as well as advances at the intersection of geotechni-
cal engineering and a myriad of other disciplines, including those within the natural,
social and computational sciences.
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Advances in Geotechnical Sensors
and Monitoring

Kenichi Soga, Amr Ewais, James Fern and Jinho Park

Abstract The recent advances in sensor and communication technologies are mak-
ing significant impacts on themonitoringmethods used for geotechnical engineering.
This chapter introduces several emerging technologies that have shown to provide
new types of dataset that were not available a decade ago. Technologies such as com-
puted tomography scanning, environmental scanning electron microscope, microflu-
idics, particle image velocimetry and transparent soils are now used to observe the
behavior of geomaterials under various changes in the surrounding environment at
the laboratory scale. Computer vision technologies, distributed fiber optic sensing,
LiDAR, wireless sensor network and satellite images produce data of high resolution
and large spatial coverage at relatively low cost at the field scale. They can be used
for life-time performance monitoring of geotechnical structures. The new dataset
obtained from these new emerging technologies can be the catalysts to transform
the geotechnical engineering methods used for risk assessment, design, construction
and maintenance to a higher level.

Keywords Monitoring · Sensors · Communications · Emerging technologies

1 Introduction

Observing the behavior of geomaterials under changes in the surrounding environ-
ment (hydro-mechanical, chemical, thermal and more recently biological) has been
one of the core activities of geotechnical engineering. There are twomotivations why
geotechnical engineers wish to monitor geotechnical-related processes.

Type I ‘mechanism’ monitoring: This activity is to monitor the behavior of geo-
materials at different scales (from the particle scale to the field scale) so that new
design and construction methodologies can be developed. This type of monitoring
is often conducted in the laboratory (particle-scale characterization, element testing,
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and physical/centrifuge testing) and sometimes in the field (i.e., heavily instrumented
sites). The ultimate goal is tomake a step change in geotechnical engineering practice
for improved safety, better economy and minimal damage to the environment.

The recent advances in microscopic imaging techniques (e.g., computer tomogra-
phy scanning, particle image velocimetry) and testing methods (e.g., microfluidics,
transparent soils) have enabled geotechnical engineers to observe the micro-particle
scale behavior of a particle assembly of different solid minerals with various com-
ponents (fluids, chemicals, biological organisms in various phases) inside the pores.
This chapter introduces some notable achievements made in observing the micro-
scopic behavior of geomaterials.

Type II ‘performance’ monitoring: This activity is to observe the actual perfor-
mance of an operational geotechnical structure so that the risk of various uncertainties
inherent to the site can be reduced. This type of monitoring involves monitoring dur-
ing construction (e.g., the observational method) and ideally during its lifetime for
better maintenance and improved safety against hazards (such as earthquakes, flood-
ing). The ultimate goals are to extend the asset life and to reduce the management
cost of the geotechnical structures that are monitored.

Although Type I mechanism monitoring has been the dominant one so far in
geotechnical engineering, there is increasing interest and demand for Type II per-
formance monitoring. This is driven by the societal demand for a better economy to
manage aging geotechnical structures and improved safety of such structures against
natural hazards and human-induced disasters. Sensing technologies are now becom-
ing more affordable than before for large scale field implementation.

A list of conventional soil characterization and monitoring technologies currently
used in geotechnical engineering is given in Table 1. Further details of these conven-
tional technologies can be found in [10, 11, 21, 32]. The recent advances in sensor
and communication technologies are making significant impacts on the monitor-
ing methods used for geotechnical engineering. Table 1 also presents a selection of
emerging technologies that may change the way soil characterization andmonitoring
are conducted in the future. Some are suitable for Type I mechanism monitoring, but
others have potentials to be used for Type II performancemonitoring. Emerging tech-
nologies that can potentially fulfill the latter role (e.g., satellite imaging, distributed
fiber optic sensing, LiDAR and computer vision techniques) are introduced in this
Chapter.

A detailed review of the emerging technologies listed in Table 1 is beyond the
scope of this Chapter. For more information, readers are encouraged to check pub-
lications dedicated to sensors and monitoring such as [73, 93, 114].
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Table 1 Soil characterization and monitoring technologies for geotechnical engineering

Parameters Established technologies Emerging technologies

Density • Nuclear gauge
• Ground penetration radar
• Xray imaging

• Micro-Xray computed tomography
scanning

Porosity • Electrical resistivity (+tomography)
• Nuclear magnetic resonance (NMR)
• Mercury intrusion porosimetry

• Micro-Xray computed tomography
scanning

Water
content

• Nuclear gauge
• Time domain reflectometry (TDR)

• Magnetic resonance imaging (MRI)
• Frequency-dependent permittivity
measurement

Soil fabric • Scanning electron microscope
(SEM)

• 3D sectioning and reconstruction

• Micro-Xray computed tomography
scanning

• Transparent soil testing

Movement
and dis-
placements

• Linear variable differential
transformer (LVDT)

• Vibrating wire and foil strain gages
• Extensometer and convergence
gages

• Inclinometer and tilt sensors
• Crack meter
• Electro-level sensors
• (Robotic) Total station
• Acoustic emission sensing

• Particle image velocimetry (PIV) or
Digital image correlation (DIC)

• Fiber Bragg grating (FBG) sensing
• Distributed Fiber Optic Sensing
• Shape accelerometer arrays
• Differential Global Positioning
System

• Interferometric synthetic-aperture
radar (InSAR)

• Light Detection and Ranging
(LIDAR)

• Computer vision coupled with
structure for motion (SfM)

• MEMS-based systems

Stress/load • Load/stress cell • Tactile pressure sensor

Small strain
stiffness

• Bender elements
• Multichannel analysis of surface
waves (MASW)

• Spectral-Analysis-of-Surface-Waves
(SASW)

• Fiber optic based distributed
acoustic sensing (DAS)

• Ambient noise tomography

Water
pressure

• Piezometers
• Pore pressure transducers

• Suction probes

Temperature • Thermo-couples • Fiber optic based distributed
temperature sensing (DTS)

• Thermal integrity testing

Acceleration • Accelerometer
• Geophones

• Fiber optic based distributed
acoustic sensing (DAS)

Soil-Water
interaction

• Sampling and chemical analysis • Environmental scanning electron
microscope (ESEM)

• Microfluidics
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2 Sensing and Monitoring at the Laboratory Scale

2.1 Computed Tomography (CT) Scanning

The earlier work of studying the behavior of grains in granular assemblies utilized
radiography equipment used for medical application, but image-based techniques
such as radiographic computed tomography (CT) scanning are now available to
perform detailed microscopic-scale studies of granular assemblies (e.g., [111]). A
work on CT scanning of specimens in triaxial compression tests was presented by
Desrues et al. [19], who showed that the void ratio in shear bands reached a unique
value locally. Although this work was pioneering, CT scans at that time could not
distinguish individual grains or small granular assemblies. Using the latest CT tech-
nologies, it is now possible to track the kinematics of individual grains (e.g., [7]),
grain orientation (e.g., [20, 33]), and the number of inter-granular contacts (e.g.,
[26]).

High resolution CT scans and imaging (e.g., Micro-Xray CT scanning) are used
to conduct 3D studies of individual grains. Karatza et al. [41] studied the behavior of
individual grains crushed inside shear bands. Druckrey et al. [22] improved the image
processing of synchrotron micro-computed tomography (SMT) scans to monitor the
evolution of strain localization at the particle scale. Zhao et al. [122] carried out
CT scans to study the breakage of an individual grain and were able to track the
formation of fragments, as shown in Fig. 1.

CT scanning has also been used to explore the deformation and failures patterns of
soils in different states. For example, Higo et al. [34, 35] observed the failure patterns
of Toyoura sand specimens compressed in triaxial compression in dry, saturated and
unsaturated states and showed that partial saturation favored the development of shear
bands. Bruchon et al. [14] monitored the changes in homogeneity of an unsaturated
sand specimen during imbibition. Viggiani et al. [111] visualized the progression of
freezing inside a kaolin specimen (Fig. 2). Sato and Ikeda [87] monitored the pore
fluid diffusion phenomena in porousmedia by tracking themovement of solid grains.
Matsumura et al. [58] used X-ray tomography imaging of natural gravel specimens
to create synthetic gravel-size resin specimens using 3D printer (Fig. 3). Triaxial

Fig. 1 3D CT-scan of a
crushed grain [122]
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Fig. 2 CT scan of frozen kaolin: a photograph of specimen, b horizontal cross section and c vertical
cross section [111]

Fig. 3 3D image of
a original unbonded gravel
specimen and b synthetic
specimen using 3D printing
technology [58]

compression tests were performed on original gravel specimens and the synthetic
specimens, and the results were compared.

Although the accuracy and resolution of CT scans have significantly improved in
the past years, the scanned volume is still small to observe the particle scale behavior
of soils. Tests have to be paused to scan the specimen and creep may occur during
this period, which in turn affects the data interpretation. Further advances in the CT
technology are expected to overcome these issues.
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2.2 Environmental Scanning Electron Microscope
and Microfluidics

Scanning electron microscope (SEM) is used in geotechnical engineering to investi-
gate soil structure in its dry state. The environmental scanning electron microscope
(ESEM) is an imaging technique that permits the visualization of soil grains and their
structure in the presence of water [83]. Lourenco et al. [55] obtained ESEM images
at inter-granular contact in which the meniscus is visible (Fig. 4). They showed that
not all the pore water was at inter-granular contact, but some water droplets were
located in grain dips. Romero et al. [84] used ESEM to investigate the different scales
of porosity and the form of menisci in the voids. Manca et al. [59] used ESEM to
study the distribution of macro and micro-pores in sandy soils, giving insight into
the inhomogeneity.

Microfluidic technology enables manipulation of small amounts of fluid using
channels of tens to hundreds of micrometers [119]. The channels are built into a
small device, called a microfluidic chip. Microfluidics has revolutionized fundamen-
tal and applied research to investigate and observe small-scale physical, chemical,
and biological processes in the fields of chemical, biological, medical and environ-
mental engineering (e.g., [53, 107]). Soft lithography technology, which utilizes the
advances in microanalytical methods and microelectronic circuits, creates microflu-
idic chips based on patterned elastomeric polymers [117].

Wang et al. [115] fabricated a microfluidic chip that replicated key features of the
porous matrix of sandy soil as shown in Fig. 5a, b. The surface properties such as
wetting properties (hydrophobic and hydrophilic) and charges (positive and negative)
can be varied using different surface treatment technologies. Wang et al. [115] used
this microfluidic chip to observe the particle scale behavior of microbial-induced
calcite precipitation process. The observation of nucleation and crystal growth inside
the porousmediumwasmade tofind themechanisms responsible for the development
and spatial distribution of calcite at the particle scale, aswell as by estimating possible
reasons for the formation of different types, sizes, and amount of calcite (Fig. 5c, d).

Fig. 4 ESEM image of water meniscus/droplets on soil [55]
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Fig. 5 a Microfluidic pattern, b Manufactured microfluidic chip, c movement of bacterial and
calcite precipitation process at a pore throat, d calcite particles in pore space

2.3 Particle Image Velocimetry or Digital Image Correlation

The recent advances in photogrammetry-based movement tracking techniques,
including particle image velocimetry (PIV) (as part of digital image correlation
(DIC)—see Sect. 3.2), offer new sensing opportunities for laboratory scale mea-
surement of soil deformation. PIV was originally developed for fluid mechanics [3].
It consists of taking a series of photographs in sequence and calculating the veloc-
ity field by comparing them. PIV was made popular in geotechnical engineering by
White et al. [118] thanks to the falling prices and increasing image quality of digital
cameras.

PIV is an alternative to radiography, which is difficult to carry out in large physical
model tests. Teng et al. [104] used two sets of cameras to obtain large and small
scalemeasurements and demonstrated the usefulness of the technology for centrifuge
testing of a foundation footingwith images of ‘macro’ failuremechanism and ‘micro’
scale deformation. Tran et al. [106] developed new image processing technologies
to increase the accuracy of the measurements and demonstrated its performance by
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Fig. 6 Contour plot of vertical strains of an unsaturated sample of soil in which a shear band has
developed [49]

measuring the surface roughness of the kaolin samples. There are also attempts to
use PIV to measure the local deformation of unsaturated soil specimen in triaxial test
(i.e., [49, 86]). Figure 6 shows the contour plots of vertical strain inside an unsaturated
sample, showing the development of a localized shear band.

Some technical difficulties exist with the currently available PIV algorithms for
dealing with rotation and large deformation of thematerial. Pinyol and Alvarado [77]
developed a new algorithm dedicated to large deformation granular flows, whereas
Stanier et al. [96] improved the algorithm for rotating and deforming objects. Other
issues ranging from camera noise to image analyses have been discussed by Take
[100].

PIV is restricted to measurements at the ‘observable’ boundary of the model,
where photos can be taken. It is therefore only possible to apply this technique to
planar models, which can be the top surface of the model or a cross-section obtained
by truncating the model with a transparent panel. Take [100] pointed out that it
was possible to obtain a 3D PIV image by using two cameras. However, the third
dimension is only obtained by interpolation of the boundary measurement without
any direct measurement of the movements within the soil. Some researchers have
overcome this issue by using transparent soil (see next Section) and creating a 2D
cross-section with a laser [52, 67]. De Cataldo et al. [18] used fluorescent markers
and tracked the movements in three dimensions (see Fig. 7).

2.4 Transparent Soils

Transparent soil is a mixture of solid particles and saturating fluids that have the same
refractive index [36, 37, 39]. Solid particles that can be used as transparent soils are
shown in Fig. 8. The saturating fluids are either oil-based or water-based mixed
with mineral oils and/or organic chemicals. Kong et al. [47] studied 19 mixtures of
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Fig. 7 Three dimensional surface deformation obtained from PIV with fluorescent markers [18]

saturating fluids for transparent soils. Some fluids are hazardous and may degrade
materials in contact such as latex membranes used in triaxial tests [24, 123]. It may
have a higher viscosity than that of natural pore fluid, and the refractive index may
changewith temperature.Careful selection ofmaterials for a given aimof the research
is necessary.

Iskander and Liu [38] proposed that the movement of soil particles within the
transparent soil could be done using laser light sheets to slice the soil and adapt-
ing PIV, as shown in Fig. 9. Transparent soil allows the visualization of internal
movements within the soil mass. Transparent soils have been used for different
geotechnical, geoenvironmental and geoenergy applications. These include (i) soil
deformations underneath footings [38], (ii) unsaturated soil [74], (iii) quicksand [27]
(iv) grout injection in soils [28], (v) geogrid soil reinforcement (Fig. 10., [12, 24,
25]), (vi) soil-pile interaction [46], and (vii) soil-projectile interaction [69]. See also
transparent soil wiki (wp.nyu.edu/ts).

2.5 Pressure Sensors

Although there have been notable advances in movement measurements (strain,
displacement, velocity, and acceleration) in the past decade, measurement of forces,
stresses and pressure remains to be challenging, and there are ongoing developments.
For example, Talesnick [101] developed the null soil pressure system to remove the
compliance of the soil pressure sensor.

Tactile pressure sensor (Fig. 11) is used in physical model experiments to measure
a profile of pressure over a certain area rather than a conventional load cell, which
provides measurement at a given point in space [72]. Palmer et al. [71] reviewed

http://wp.nyu.edu/ts
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Fig. 8 Photos of different types of transparent soil solid particles: a spherical fuse quartz particle
for transparent sand (1 mm division) [45], b crushed fused quartz particles for transparent sand [24]
and c Laponite for transparent clay [17]

the use of tactile pressure sensors for soil-structure interaction studies. El Ganainy
et al. [23] and Muszynski et al. [66] used tactile pressure sensors to measure earth
pressures in centrifuge tests and showed that these sensors could be effectively used,
even though the data requires some processing to take into account the interaction
between the sensor and the soil.

Investigating the mechanics of unsaturated soils has been one of the hot topics of
geotechnical engineering research in the past decade. Compared to the measurement
of positive pore pressures, measurement of soil suction is proven to be difficult,
especially in the field. Although matric suction can be accurately measured and
controlled in the laboratory (Fig. 12), reliable fieldmeasurements are still challenging
[56]. Rahardjo and Leong [79], Tarantino et al. [103] and Toll et al. [109] reviewed
various techniques for measuring suction.
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(a) (b)

The First Plane  
The Second Plane 

The Third plane 
The Fourth Plane 

Fig. 9 a Visualization inside a transparent soil model at different vertical planes using laser light
sheets, b tracking the particle level movement of transparent soils by a footing along the second
plane [36]

Fig. 10 Image of a geogrid embedded in transparent soil in a large pullout box apparatus. Note
that the geogrid can only be seen because the soil is transparent [12]

Fig. 11 A tactile pressure sensor [71]
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Fig. 12 A high-capacity tensiometer [108]

3 Sensing and Monitoring at the Site Scale

3.1 Fiber Optic Sensing—Point and Distributed Sensors

Byusing the light scattering feature of optic fiber, different types of fiber optic sensors
have been invented in the past three decades tomeasure strain, temperature, vibration,
and humidity. The development of fiber optic sensor goes in two directions: point
sensor and distributed sensor.

Fiber Bragg grating (FBG) sensor is a well-established fiber optic-based point
sensor. It provides highly accurate measurement of strain or temperature through
the refractive index grating on the fiber core. FBGs are fabricated by photolithog-
raphy using a grating mask-covered UV light, as shown in Fig. 13a. The distance
between each grating is selected by a wavelength of the light that is designed to be
reflected. When the temperature or strain changes in the fiber, the spacing of the
grating changes. This in turn changes the wavelength of light that is scattered. By
measuring the wavelength, the temperature or strain at that point can be deduced.
Normally the resolution is less than 1με. The multiple points on a single fiber can be
achieved by distributing different wavelength ranges at different points. At present,
FBG sensor is a popular point sensor because of its wide application in many disci-
plines [29].

Distributed Fiber Optic Sensing (DFOS) is one of the emerging technologies for
monitoring geotechnical structures at the site scale (e.g., [42, 91, 92]). When a light
wave travels through an optical fiber, it interacts with the constituent atoms and
molecules, and the light is forced to deviate from a straight trajectory due to their
non-uniformity. This deviation creates back scattering that brings a very small portion
of the beam to go back to the source.When a fiber experiences a strain or temperature
change, there is density fluctuation, which in turn changes the characteristics of the
back scattered beam. DFOS technologies use these changes in the recovered beam
to quantify strain, temperature or vibration occurring along the standard optical fiber
cable. By attaching an optical fiber cable to a geotechnical structure or embedding it
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Fig. 13 a Fiber Bragg grating, b Backscattered lights from different locations of fiber and (c) three
scattering modes

inside a structure or soil, it is possible to monitor the changes of ambient parameters
of the monitored object.

When light is launched fromone endof thefiber, backscattered lights are generated
at every point of the fiber as shown in Fig. 13b. A backscattered light coming back
earlier in time is the one close to the original launching point. The location of each
backscattered light can be evaluated by the recorded flight time and the speed of
light. For each backscattered light coming back from a given location along the
fiber, a frequency profile is plotted as shown in Fig. 13c and this is used to evaluate
the strain/temperature/vibration at every location along the fiber. A DFOS analyzer
measures physical quantities (such as temperature, strain, and vibration) of the fiber
continuously (e.g., 5 cm reading interval) along its length for long distance (e.g., a
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few to tens of kilometers) due to its low-loss characteristic. Typical resolutions are
10–30 με for strain and 0.1–1 °C for temperature [92].

Figure 13c shows the frequency bands of three types of scattering (Rayleigh,
Brillouin, and Raman), in relation to the frequency of input light. Different types
of analyzer detect different scattering signals differently. Rayleigh scattering based
Distributed Acoustic Sensing (DAS) system detects ambient vibrations for seismic
surveying. Raman scattering is used to measure the temperature profile along a fiber
optic cable, whereas Brillouin scattering is used to measure the strain and temper-
ature profiles. Distributed temperature sensing system (DTS) is a Raman scattering
based system, which can be used for power cable and transmission line monitor-
ing, fire detection, leakage detection at dikes, dams, and sewers. It is widely used
in downhole temperature monitoring of oil and gas wells. Brillouin scattering based
techniques such as time domain techniques called ‘Brillouin optical time-domain
reflectometery (BOTDR)’ and ‘Brillouin optical time domain analysis (BOTDA)’
are used for distributed strain measurement.

The main advantage of DFOS is its high sensitivity over large distances (a few to
tens of kilometers) and the ability to interface with a wide range of measurands in a
distributed manner (data samples of every 2 cm to 1 m). The system provides thou-
sands of strain gauges, thermo-couples, or accelerometers along a single fiber optic
cable, which results in a low-cost monitoring solution considering the density of the
data obtained. As the loading patterns on geotechnical structures such as retaining
walls, underground structures, tunnels, and pipelines are often a distributed load, the
distributed nature of movement measurement is attractive in geotechnical engineer-
ing. Moreover, the deterioration rate of the glass optical fiber material is slow. Hence
it is considered to be an ideal measurement method for long-term monitoring by
embedding it into structures. Figure 14 shows photos of fiber optic cable installation
in different geotechnical structures.

Mohamad et al. [63] used DFOS to examine the performance of an old masonry
tunnel during the construction of a new tunnel beneath it in London. Fiber optic cables
were attached along the intrados of the tunnel lining, recording the relative strains
of tunnel deformation and detecting localized strain such as cracking in the masonry
tunnel (Fig. 15). Flexural behavior along the longitudinal section of the tunnel was
examined by measuring strain along the springlines and crown. Pelecanos et al. [76]
used DFOS to provide a continuous strain profile within a test pile, offering more
confidence in determining the shaft friction profiles along the pile at different pile
loads. The dataset was used to estimate the shaft friction development curves with
the applied load or vertical displacement (i.e., load-transfer relationship) (Fig. 16).
The continuous strain measurements provided the condition assessment of the entire
pile, and hence any localized regions of weakness, shaft area inhomogeneity, or
strain concentration could potentially be detected. Rui et al. [85] used the DFOS
technology to measure the changes in concrete curing temperature profile inside a
pile. The dataset was used to infer concrete cover thickness through modeling of heat
transfer processes from the concrete to the adjacent ground. The shape of the pile
was estimated from the thermal data as shown in Fig. 17.
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Fig. 14 Installation of optical fiber cables for monitoring distributed strains in pile, tunnel and
diaphragm wall

Fig. 15 DFOS monitoring of an old tunnel affected by a new tunnel construction underneath.
a Geometry, b Cable attachment diagram, c FO cable installation, d strain development around the
old tunnel [63]
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Fig. 16 DFOSmonitoring of a test pile a Geometry, b Strain profiles at different loads, c evaluated
shaft friction and displacement curves [76]

Fig. 17 DFOSmonitoring of a cast-in-place pile during hydration a distributed temperature profile
rising during hydration, b peak temperature profile and c estimated pile shape [85]
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Fig. 18 DFOS monitoring of slope movements a detection of sliding shear zone, b DFOS instru-
mented slope of the Majiagou landslide, c Distributed strain profiles over a 1 year period, showing
the locations of sliding surfaces [121]

The DFOS technology can also be used to monitor landslides. Zhang et al. [121]
show its usage for identifying sliding direction, shear zone width and the magnitude
of shear displacement as shown in Fig. 18. They used this technology for monitoring
the movement of Majiagou landslide in Three Gorges Reservoir region, China. The
distributed strain measurements captured two sliding surfaces of this landslide: (i)
at the contact between surface deposits and bedrock and (ii) the main sliding sur-
face occurring within the bedrock. The monitoring results show that the landslide
responded more to the fluctuation of the reservoir water level than to rainfall.

Other examples of DFOS technology applications on geotechnical structures
include (i) pipeline monitoring [50, 62, 68, 113], (ii) ground movements [40, 95,
120, 121], (iv) performance monitoring of soil retaining wall [64, 88–90], (vi) tun-
nel movement monitoring [1, 16, 30, 31, 44, 63, 65], and (vii) pile performance
monitoring [13, 43, 75, 76].

Further details of this technology can be found in [42, 91, 92].

3.2 Digital Image Correlation (DIC), Structure from Motion
(SfM) and Change Detection

Recent advances in digital image quality have reached to the stage of renewing
existing surveying techniques. The use of DIC (or PIV) does not need to be limited
to laboratory environments (see Sect. 2.4). It has been implemented in the field for
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Fig. 19 Convergence monitoring of an existing tunnel affected by other nearby underground con-
struction in London [5]

structural health monitoring of infrastructure assets. Challenges in the field become
more rigorous than in the laboratory when considering the real-world illumination
conditions. Lighting is non-homogeneous due to the varying usage of flashlights,
and shadows and darkness are observed in local areas.

Themost common application of DIC has been on bridgemonitoringwith deploy-
ment over a short period and for applications that need high levels of frequency of
images, such as vibration monitoring (e.g., [60]). Alhaddad et al. [6] show the use
of DIC for monitoring a distortion of an old tunnel subjected to a new tunnel con-
struction nearby (see Fig. 19). The displacement resolution is shown to be better
than 0.012 mm for convergence and 0.008 mm for the radius of curvature (ROC)
measurement.

3D point cloud-based image mosaicing and model reconstruction are accom-
plished based on multiple overlap 2D images with various camera position using the
technique called Structure from Motion (SfM) (Fig. 20a). A 3D model construction
algorithm typically starts with the SIFT matching algorithm to extract features and
their associated descriptor vectors for each image [54] (Fig. 20b). The object appear-
ing in the image can then be constructed as a three-dimensional one using surveying
technique. Figure 20(c) and (d) shows 3D point cloud models of tunnels and rock
slopes made from their images.

3D point clouds were created to measure ground movements after a landslide in
a residential suburb in the City of North Salt Lake, Utah in August 2014 [80]. After
the landslide occurred, an unmanned aerial vehicle (UAV) was used to capture 700
photographs of the landslide from the air at two different times (8 months apart).
Figure 21a, b show the 3D point cloud models of the two acquisition times, and
Fig. 21c gives the displacement vector amplitudes by comparing the two point cloud
datasets (see Sect. 3.3 for the challenges to achieve this). The largest computed
displacements (2–3 m) occurred at the edges of the main scarp, and these areas
represent zones of sloughing that occurred between the acquisition of the two sets
of images.
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Fig. 20 a Structure-from-Motion (SfM) concept to create a 3D model, b SIFT matching algorithm
to identify the same points in two images, c 3D construction of a Barcelona Metro tunnel [15] and
d 3D construction of a rock slope in Northern Ireland [98]

Visual inspection is one of the maintenance works of civil engineering structures
to detect abnormalities such as cracks. Comparing the two images can be difficult
because the camera positions are different. However, if these images are linked to
the three-dimensional model, it is possible to digitally transform the two images as
if they were taken from the same location. Stent et al. [99] proposed a tunnel change
detection system for detecting, localizing, clustering and ranking visual changes on
tunnel surfaces (Fig. 22a). A 3D model of a tunnel in London is created using a
series of images taken from the inside (Fig. 22b). A 3D point cloud of a tunnel was
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Fig. 21 A SfM 3Dmodel of a landslide in the city of North Salt Lake in Utah a Soon after the slide
in August 2014, b 9 months later in May 2015, c Displacement magnitude contours (in meters) by
comparing the two 3D models [80]

Fig. 22 A3Dmodel of a new tunnel inLondonwith images aremosaiced to themodel aAcquisition
process, b camera robot, c 3D view and d a 2D unwrapped view. (after [99])

created from uncalibrated images using SfM, and then a cylindrical proxy is fitted
onto the point cloud (Fig. 22c). By this operation, all the images are associated with
their point cloud coordinates (Fig. 22d).

Once images are linkedwith their coordinates, those that are taken from a different
camera at different times can be geometrically transformed as if theywere taken from
the camera positions where other images from other times are taken. Figure 23a
shows images that contain changes from older transformed images of Fig. 23b. They
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Fig. 23 aNew images,b older images that are geometrically transformed, c outcomes of the change
detection algorithm proposed by Stent et al. [99], d ground truth, and e results of unsupervised
clustering and ranking, where changes of similar features were extracted [99]

are now localized accurately within the model, and changes are detected versus the
reference images of Fig. 23a andmodel geometry. Stent et al. [99] further formulated
the problem of detecting changes probabilistically and evaluated the use of different
featuremaps and a novel geometric before achieving invariance to noise and nuisance
sources such as parallax and lighting changes (Fig. 23c, d). The use of unsupervised
clustering and ranking method were also proposed to efficiently present detected
changes and to further improve the inspection efficiency (Fig. 23e).

3.3 LiDAR

The light detection and raging (LiDAR) is a remote sensing technique that measures
distance with pulsed laser light and collects the measurement points to build a 3D
point cloud model of the scanned object. Terrestrial laser scanners are geomatic
devices equipped with a laser beam and precise servomotors. They collect 3D point
data and can carry out similar surveying operations to total stations. Figure 24 shows
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Fig. 24 a Aerial photo (by courtesy of Snohomish County Sheriff) and b LiDAR image of the
2014 Oso Landslide [78]

a LiDAR image of the 2014 Oso Landslide in which the surface topography can be
seen in the absence of any vegetation. In the recent years, there have been attempts
to carry out LiDAR measurements from unmanned aerial vehicles (UAV).

Aryal et al. [8] discuss the use of LiDARand point clouds for deformation tracking
using PIV for the slow-moving Cleveland Corral landslide in California. Using this
dataset, Aryal et al. [9] evaluated a 3-D ground displacement field to estimate the slip
depth and slip magnitude of the slide, as shown in Fig. 25. The estimated slip surface
depth matches in situ observations from shear rods installed in the slide within the
±0.45 m for investigating the landslide geometry and slip behavior.

Comparing different point clouds taken at different times is challenging. Regis-
tering clouds to the same coordinate system accurately is critical, as slight errors in
registration may render further comparisons unreliable. Robust surveying registra-
tion techniques are needed, and the survey grid coordinates of optical targets (which
are recognized by laser scans) need to be used for a resection-based registration and
georeferencing.

Computing displacement fields from feature-less clouds is another challenge.
Currently, the existing approaches to comparing point clouds can be grouped under
two approaches. The first approach computes distances between clouds. Existing
methods include the determination of the closest point-to-point distance between
two point clouds. Lague et al. [48] proposed a method called Multiscale Model
to Model Cloud Comparison (M3C2), where local plane fits to the cloud reduce
measurement noise errors and allow determination of the distance between clouds
in predefined directions. The second approach is the computation of displacement
vectors by identifying corresponding sections of two point clouds. These methods
determine the rigid body roto-translation matrix of the displaced object between two
scans. The piecewise alignment method (PAM) by Teza et al. [105] uses the Iterative
Closest Point algorithm to compute thismatrix. In thismethod, the distances between
the corresponding object in two clouds areminimizedwith an optimization algorithm,
starting with an initial guess based on the closest distance between clouds.
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Fig. 25 Three dimensional displacement fields of the Cleveland Corral Landslide evaluated from
LiDAR data taken at different times [9]

Acikgoz et al. [1, 2] conducted movement monitoring of a masonry structure
before, during and after piling using a commercial laser scanner, as shown in Fig. 26a.
Piles were constructed inside historic brick barrel vault of a stration. To ensure safe
operation of the tracks above, movements of the vaults were regularly monitored
by total stations. Figure 26b shows a comparison of vertical deformations estimated
from total stations and cloud comparison techniques M3C2 and PAM. Typical dis-
placement resolution was about a few mm. The M3C2 method resulted in vertical
movement estimates of high accuracy but low precision, whereas the PAM described
movements in three dimensions but with decreased accuracy. Using these data, the
two hinge-response mechanism of the vault was revealed. The rich distributed data
enable the calibration of the 2D mechanism and the finite element models, elucidat-
ing the contribution of arch stiffness, arch and backfill interaction, potential lateral
movements and inter-ring sliding to the response.

3.4 Wireless Sensor Network

For monitoring large-scale infrastructure, introducing a wired monitoring system
takes a great deal of time and cost. On the other hand, wireless sensor network (WSN)
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Fig. 26 a A laser scanner in operation, a colorized point cloud and cleaned point clouds from laser
scan surveys before and after piling, b Comparison of vertical deformations estimated from total
stations and cloud comparison techniques M3C2 and PAM [1]

is an attractive technology because cable installation is not necessary. By combining
it with high precision and low-cost sensors, it enables large scale monitoring which
was not possible in the past. The advantages of WSN to monitor the behavior of
civil infrastructure are as follows. (i) multiple numbers and types of sensors can
be deployed without installing cables, (ii) sensing in areas difficult to connect is
possible, (iii) since it is possible to obtain a wide range of data in real time, decision
making can be made quickly, and (iv) each node is self-sustainable with its internal
battery over long period of time without battery change. An advanced WSN system
contains mesh network capability and hence any node can behave as a sensor node as
well as a relay node. This gives the maximum flexibility to non-radio professionals
to deploy the system with the minimum efforts (time and cost).

Figure 27 shows the evolution of typical WSN systems developed in the past
decade for geotechnical applications. The key features are ultra-low power, small
size, and artificial intelligence. The performance of WSN hardware and software
has dramatically improved in recent years, not only in data collection and abnormal
signal detection but also in data compression processing, data analysis and network
processing.Data communication is optimized, and power consumption is suppressed.
With low power high-performance CPUs, it is now possible to perform data process-
ing at the sensing level, which in turn saves energy by sending only the necessary
data.

WSNs have been already recognized as a low-cost and resource-efficient alterna-
tive to these wired technologies for deployments in structures (e.g., [82]), enabling
numerous monitoring opportunities that would hardly even be thought of a decade
ago. Uchimura et al. [110] developed a WSN monitoring method for the early warn-
ing of rainfall-induced landslides (Fig. 28). Tilting angles in the surface layer of the
slopeweremainlymonitored using aMicroElectroMechanical Systems (MEMS) tilt
sensor. Coupled with a volumetric water content sensor, they developed an optional
arrangement of tilt sensors that gave distinct behaviors in the tilting angles in the
pre-failure stage. Based on several field sites in Japan and China, they proposed that
a precaution would be issued at a tilting rate of 0.011 per hour and a warning would
issued at a tilting rate of 0.11 per hour.
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Fig. 27 a Original WSN system developed at the University of Cambridge in 2009, b tilt mote
(Wisen innovation), c laser distance mote (Wisen innovation) and d displacement/accelerationmote
(Utterberry)

IfWSNs are to be used pervasively on civil infrastructure, they need to be deployed
by site engineers; they must be straightforward to install. Radio connectivity is not
automatically guaranteed, and neither is the security of the resulting installation.
Data interpretation and presentation offer their challenges [97]. One must carefully
consider the trade-off between fast network set-up, network stability and resistance
to routing attacks on one hand, versus system availability on the other.

When using the 2.4 GHz ISM frequency band, standard WSN technology estab-
lishes an upper limit of 250 kbps, which is much lower than the achievable trans-
mission bit rates of wired alternatives. Also, the size of information units exchanged
among nodes is 127-bytes long, out of which around 80 to 102 bytes are available
for actual useful information (e.g., measurement data). More recently, sub-1 GHz
transceivers that utilize a low-power band frequency of 315 MHz (North America),
426MHz (Japan) and 433MHz (Europe, Asia, Africa, South America and Australia)
have been introduced into the monitoring market (e.g., LoraWSN). This narrowband
application provides the optimum tradeoff between range and transmission time for
ranges over 10 km and data rates of 1.2 kbps. Narrowband systems are characterized
by excellent link budgets because narrow receiver filters remove most of the noise.
These practical limits might not be a problem in low-rate data collection applications
where only a few bytes of sensor data are delivered at the sink on an hourly or daily
basis.
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Fig. 28 WSN system to monitor slope movements a System overview and b tilt sensors [110]

Applications involving high data rate sampling, such as vibration monitoring,
where millions of data points can be observed every day, still pose a big challenge to
the system designer as for how to transmit such amount of data while accomplishing
the monitoring system requirements, e.g., regarding battery lifetime. A solution to
this concern is exploited by data compression and/or data reduction techniques along
with the embedded processing capabilities. Also the future is expected to permit
vastly denser networks (such as 5G protocols) and higher throughput than what has
been achieved today.

One of the recent research interests in WSN is the application for underground
communication (B(uried)-WSN). Buried systems are much more challenging to
deploy in the field because of the significant attenuation of electromagnetic (EM)
waves in soils. Several studies have addressed radio propagation in below-ground
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Fig. 29 B(uried)-WSN system tested to detect water leakage from pipeline joint breakage in a fault
movement induced pipeline rupture experiment conducted at Cornell University [51]

conditions. Akyildiz et al. [4] conducted a review of the methods for predicting
path losses in underground link applications, and Vuran and Silva [112] reported
the parameters critical to B-WSN, such as burial depth, reflection, refraction, and
multipath fading effects on EM waves. Lin et al. [51] recently tested their newly
developed B-WSN system for monitoring pipeline joint leakage (Fig. 29).

Another alternative for buried WSN is to use the magnetic induction technique,
which can penetrate much deeper underground. Sun et al. [94] proposed a mag-
netic induction (MI)-basedWSNsystem calledMISE-PIPE for underground pipeline
monitoring, whereas Tan et al. [102] examined MI underground communication and
evaluate its performance in a small-scale testbed by measuring essential character-
istics, such as path loss, bandwidth, and packet error rate (PER).

Further details on WSN application to civil engineering monitoring can be found
in [82].

4 Sensing and Monitoring at the District Scale

4.1 Satellite Images

Satellites take images of the earth. For example, WorldView-3 satellite captures (i)
panchromatic data of 450–800 nmwavelengths at 0.30m resolution, (ii)multispectral
data (spectral bands of 50–60 nm wide between 400 and 1000 nm wavelengths at
1.25 m resolution and (iii) shortwave infrared data of 1000–2500 nm wavelengths
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Fig. 30 Horizontal displacement amplitudes from optical image correlation from Satellite images
taken before and after the Christchurch earthquake. The fieldmapped ground cracking is also shown
[81]

at 4 m resolution. Passive sensors are mounted on the satellite to capture the solar
radiation reflected from the earth surface. This is in contrast to an active sensor
capture system, which sends an energy wave to the earth surface and records the
reflected wave (see Sect. 4.2).

Rathje et al. [81] present a lateral displacementmap of Christchurch, NewZealand
by comparing satellite images taken before and after the 2010–2011 Canterbury
Earthquake Sequence, as shown in Fig. 30. Using techniques similar to PIV and
DIC, the displacements were estimated to be less than 20 m intervals. Horizontal
displacements as small as 0.2–0.3 m were measured. Cracks (larger than 50 mm
wide) identified in the field run parallel to the waterways and the locations coincide
to the area of large lateral displacements.

4.2 InSAR

Synthetic aperture radar (SAR) can produce high-resolution radar images of earth’s
surface and can typically cover a surface area of between 2500 and 10,000 km2, by
mounting the system on a satellite. Since SAR uses the microwave band in the broad
radio spectrum, it has a day-and-night imaging capability, and ability to penetrate
through rain/water clouds.

The potential information in the phase of SAR complex images has led to a
technology called interferometric SAR (InSAR) [57]. The cross-track InSAR (CT-
InSAR) is used for producing topographic maps, and measurements of crust move-
ment caused by earthquakes and volcanic activity, and those of glacier movement.
PS-InSAR (Permanent Scatterer InSAR), InSAR CTM (Coherent Target Monitor-
ing), and CPT (Coherent Pixel Technique) use the temporal phase changes of semi-
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Fig. 31 a Cumulative displacement map along the Crossrail tunnel construction alignment in Lon-
don from Apr 2011 to Dec 2015. Negative value is subsidence. b Settlement-time curves at four
locations along the alignment [61]

permanent scatterers that consistently give rise to strong backscatter, and the mea-
surement accuracy is of the order of several millimeters per year [70].

Satellite-based multi-temporal interferometric synthetic aperture radar (MT-
InSAR) is a monitoring technique capable of extracting cumulative surface dis-
placement measurements with millimeter accuracy (e.g., [116]). Milillo et al. [61]
conducted InSAR time-series analysis of 72 images acquired from April 2011 to
December 2015 to produce time-series of cumulative deformation over the city of
London, where the Crossrail twin tunnels were excavated starting in 2012. Figure 31a
shows that ground settlements in the order of 30 mm are observed along the route of
the tunnel. The time-dependent settlements at selected four locations along the tun-
nel are plotted in Fig. 31b. A dense set of ground-based measurements from InSAR
data was used to analyze the performance of 14 buildings affected by the tunnel
construction at the millimeter level.
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Fig. 32 Geotechnical sensor
and monitoring with larger
coverage and higher
resolution and accuracy

5 Conclusions

In general, the smaller the scale of measurement is, the higher the measurement
resolution and accuracybecome, as shownby thegeneral relationship given inFig. 32.
The technologies presented in this Chapter are pushing this relationship toward the
right-top direction; that is, larger coverage and higher resolution.

As illustratedby the several case studies and examples presented in this chapter, the
new dataset obtained from the new sensor and monitoring technologies can be used
to improve geotechnical engineers’ understanding of soil behavior and soil-structure
interactions. Technologies such as CT scanning, microfluidics, pressure sensors and
transparent soils can be used for Type I mechanism monitoring. These technologies
can measure the bio-chemo-thermo-hydro-mechanical processes occurring at the
particle scale. Type II Performance monitoring requires cost-effective sensor tech-
nologies such as computer vision, distributed fiber optic sensing, WSNs, LiDAR and
satellite image analysis. For example, DFOS technology records strain and temper-
ature every 5 cm along a fiber optic cable of a few kilometer length. LiDAR and
computer vision technologies create three-dimensional model and movements of the
scanned object at the resolution similar to the conventional robotic total station but
with dense dataset. The rich and large data set (i.e., large coverage with high reso-
lution) obtained from these technologies can give new insights into the mechanisms
of ground deformation and soil-structure interaction at the site scale.

To accelerate the adaptation of new sensor and monitoring technologies in
geotechnical engineering practice, it may be necessary to update the current geotech-
nical engineering methods (e.g., assessing the stability of a slope, evaluating shaft
and end bearing characteristics of a pile, and estimating the bending and axial forces
in tunnel lining) so that they can accommodate this new dataset directly. This can
be achieved by making all stages of sensing monitoring and data analysis processes
more tightly coupled as shown in Fig. 33. By doing so, the confidence in delivering
new technologies could be developed, and the value of sensing becomes more evi-
dent to the stakeholders. With better data in hand, the ultimate goal is to make a step
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Fig. 33 A cycle of new sensor and monitoring technology adaptation for geotechnical engineering

change in the way geotechnical engineering is conducted for improved safety, more
reliability, and better economy.
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Abstract Research and engineering projects during the last century have advanced
the understanding of soil behavior and contributed extensive datasets. Nevertheless,
the granular nature of soils challenges the accurate prediction of soil properties.
In this context, a physics-inspired and data-driven approach helps us anticipate the
soil response. The granular nature of soils defines their inherent properties (e.g.,
non-linear, non-elastic, porous, pervious) and their effective stress-dependent stiff-
ness, frictional strength and dilation upon shear. The revised soil classification builds
on the physical understanding of soils (e.g., packing characteristics and the effect
of pore fluid chemistry on fines) and the extensive data accumulated in the field.
Asymptotically correct compression models adequately fit experimental data and
avoid numerical difficulties. Constant volume friction reflects particle shape and
it is strongly dependent on stress path. Repetitive loading leads to characteristic
asymptotic conditions (terminal density, and either ratcheting or shakedown). Data
and physical analyses suggest a power relationship between void ratio and hydraulic
conductivity. The pore-scale origin of suction is interfacial tension and contact angle.
P-wave velocity is a good indicator of loss of saturation and S-wave velocity mea-
sures the skeletal shear stiffness. Permittivity, electrical conductivity and thermal
conductivity are sensitive to water content. Finally, ubiquitous sensors, information
technology and cellular communication support the development of effective labo-
ratory characterization techniques and allow us to access large databases. These are
transformative changes in geotechnical engineering.
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1 Introduction: Soils Are Particulate Materials

The particulate nature of soils was recognized in the early stages of soil mechanics.
However, the analysis of soils masses as equivalent continua has prevailed in most
cases. Quoting Terzaghi (Note: The statement can be generalized to all granular
materials, from fine grained soils to fractured rocks) [52]:

… Coulomb … purposely ignored the fact that sand consists of individual grains, and …
dealt with the sand as if it were a homogenous mass with certain mechanical properties.
Coulomb’s idea proved very useful as a working hypothesis … but it developed into an
obstacle against further progress as soon as its hypothetical character came to be forgotten
by Coulomb’s successors. The way out of the difficulty lies in dropping the old fundamental
principles and starting again from the elementary fact that the sand consists of individual
grains.

In fact, the particulate nature of soils allows us to anticipate inherent characteristics
and behaviors, as summarized in Table 1.

The rest of this chapter explores a selection of soil properties frequently used in
engineering practice. In each case, we identify the underlying physical processes and
provide physics-inspired yet data-driven guidelines to estimate these parameters. The
chapter startswith the classical problemof soils classification. References throughout
the manuscript point to classical studies and prior publications from our group where
additional references are extensively cited.

2 Revised Soil Classification System RSCS

Soil classification systems have been developed to assist engineers by grouping soils
into similar response categories. There are several limitations to the current systems:
(1) they use fixed boundaries despite the broad range of fines plasticity, (2) they under-
estimate fines-dominant soil behavior even when the fines fraction is significantly
lower than FF � 50%, (3) they do not consider the effect of particle shape, (4) and they
disregard the critical role of pore-fluid chemistry on fines response. These observa-
tions together with large amounts of laboratory and field data accumulated during the
last decades support the development of the revised soil classification system RSCS
summarized herein. The overall classification is based on a soil-specific triangular
texture chart that is developed using volumetric-gravimetric analyses adjusted with
soil property data (Note: a user-friendly RSCS application built in an Excel-sheet is
available on the authors’ website: egel.kaust.edu.sa). Additional analyses follow for
fines-dominant soils.

https://egel.kaust.edu.sa
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Table 1 Soils are particulate geo-materials

Soils are inherently non-linear (Hertz and electrical contacts), non-elastic (Mindlin contact),
porous and pervious (i.e., porosity between grains is interconnected)

Particle-level characteristics and processes integrate to yield the macroscale response
• Size determines the balance between particle-level forces (capillary and electrical forces gain
relevance when particles are smaller than 10–50 μm in size)

• Well graded soils can attain higher packing density
• Shape reflects formation history and it affects grain packing, anisotropy, stiffness, strength and
permeability—among others

• Spatial arrangement depends on electrical forces in fine-grained sediments (pore fluid pH and
ionic concentration), and by grain shape and relative grain size in coarse-grained soils

• Porosity varies widely and it is stress-dependent in [unstructured] fine grained soils, but it
varies in a narrow range and is mostly defined at the time of packing in coarse grained soils

The particulate skeleton (frictional) coexists with the pore fluids (viscous)
• They are very different from each other; the key is to anticipate their distinct responses to
imposed boundary changes

• The skeleton and the fluid interact; this gives rise to coupled fluid pressure, effective stress,
volumetric strains and shear response

• Mixed fluids add capillary effects onto the particulate skeleton
• Generalization: hydro-chemo-bio-thermo-mechanical processes are coupled in soils

The mechanical behavior of the particulate skeleton is effective stress-dependent:
• Related phenomena includes stiffness (Hertz), frictional strength (Coulomb), and dilation
upon shear (Taylor)

• Frictional strength limits the maximum stress anisotropy a soil can experience
• Other properties may depend on effective stress as well (e.g., the thermal conductivity of dry
soils)

Particle-level deformation mechanisms change with strain level
• Small-strain deformation takes place at constant-fabric and grain deformations concentrate at
inter-particle contacts; in this strain regime, volume change, pore pressure generation and
frictional losses are minimal

• Large-strain deformation involves fabric changes (the role of contact-level grain deformation
vanishes)

• The threshold strain between the two regimes is higher for finer soils and at higher confinement

Soils are not inert, and often change within the time scale of engineering projects
Corollary: natural soils may behave differently than freshly remolded clay or recently packed
sand

Note details and implications for educational strategies in [45]

2.1 Overall Classification

Volumetric-gravimetric analyses define the threshold for gravel FG, sand FS, and fines
FF fractions (Table 2). The low and high threshold fraction (FF|L and FF|H in Fig. 1)
divide soils into three categories: coarse-dominant, transitional, and fines-dominant
mixtures. The threshold fractions can be estimated from attainable packing densities
in sands and gravels (a function of their coefficient of uniformity and particle shape),
and characteristic compaction values for the fine fraction (a function of its plasticity).
The soil fraction that forms the load-carrying skeleton is responsible for mechanical



70 J. C. Santamarina et al.

0% FF|L FF|H Fines Fraction FF
100%

Clean Coarse Coarse: dense
Fines: loose

Coarse: loose
Fines: dense

Fines-dominantCoarse-dominant Transitional

Fig. 1 Threshold fractions. Coarse, transitional, and fines-dominant mixtures after [37]

properties, while the soil fraction that controls the pore size determines the hydraulic
conductivity.

Experimental data indicate that coarse grains in a fines-matrix affect the mechan-
ical properties even beyond emax (Fig. 1—sketches d and e). This observation leads
to the use of data-adjusted soil classification boundaries. The physics-inspired and
data-driven approach renders the 13 “notable mixtures” that define the classification
boundaries (specified in Table 2).

The soil-specific RSCS triangular chart encompasses 10 soil groups. The RSCS
uses a dual nomenclature to recognize the mechanical and the flow-controlling frac-
tions; for example, a S(F) indicates that the soil will exhibit sand-controlled mechan-
ical properties yet fines-controlled hydraulic conductivity.

2.2 Fines Classification

The classification requires further analysis when fines are responsible for either the
mechanical and/or the flow response of a soil [i.e. including either F or (F)]. In
particular, the new fines classification system identifies the type of fines in terms
of their plasticity and sensitivity to pore-fluid chemistry. It is also based on physics
(i.e., specific surface and electrical forces), and data-adjusted to benefit from the
accumulated lab data and field experiences over the last decades (Note: details in
[23, 24]).

The method is based on three liquid limits using the fines fraction passing sieve
#200, i.e., threshold for relevant electrical and capillary forces (Note: we recommend
the fall cone method for repeatability [21]). We selected three common fluids readily
available at geotechnical laboratories: (1) deionized water DW, (2) brine prepared
as a 2 M NaCl solution, and (3) kerosene. Deionized water hinders the formation of
face-to-face aggregation, the 2 M NaCl solution collapses the double layer, and the
low-polarity kerosene probes the effect of Van der Waals forces.
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Fig. 2 Sediment response to
changes in fluid conductivity
and permittivity; circular
boundaries correspond to
electrical sensitivities SE �
1.0 and 0.4—Corrected
ratios. Updated after [24]
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The three liquid limits combine into two ratios that reflect the sensitivity of fines
to the pore fluid electrical conductivity and permittivity [Eqs. (1) and (2)—they take
into account the specific gravity of kerosene and precipitated salts].

LLker
LLbrine

∣∣∣∣
corr

� LLker
LLbrine

1 − cbrine
LLbrine
100

Gker
(1)

LLDW

LLbrine

∣∣∣∣
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LLbrine

(
1 − cbrine

LLbrine
100

)
(2)

The corrected ratios define the electrical sensitivity SE as the distance
between measured values and the absolutely “non-sensitive” soil response point
at LLDW/LLbrine � 1 and LLker/LLbrine � 1 [Fig. 2 and Eqs. (3) and (4)]:

S (left)
E �

√(
LLker
LLbrine
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)2

+

(
LLDW
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− 1

)2

(right : LLker/LLbrine < 1) (4)

Figure 3 presents the fines classification chart in view of plasticity and electrical
sensitivity. There are 12 fines groups in the chart as a function of their plasticity
(first letter: N, L, I, or H) and electrical sensitivity (second letter: L, I, or H). Data
for well-known clays, diatoms, silts, and fly ash are superimposed on the fines clas-
sification chart (Fig. 3). The boundary for LL � 30 represents the maximum water
content when pore water begins to bleed out from loosely-packed non-plastic silts or
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Fig. 3 Fines classification
chart. Report a two-letter
nomenclature; the first one
corresponding to plasticity
(N, L, I or H), and a second
letter corresponding to
electrical sensitivity (L, I or
H). Updated after [23, 24]
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sands; the zone between LL � 30 and LL � 50 involves the intermediate plasticity
fines; and the boundary for LL � 75 separates kaolinite and illite from smectites.
In terms of electrical sensitivity, the soil group below SE < 0.4 includes non-plastic
diatomaceous, silty and sandy soils, the fines group between 0.4 < SE < 1.0 involves
intermediate sensitivity such as kaolinites, while the fines above SE > 1.0 capture
highly electrically-sensitive fines such as montmorillonite.

3 Load-Deformation Response

Soils are granular materials; therefore, their load-deformation response is inherently
non-linear and non-elastic, the stiffness of the soil skeleton increases with effective
confinement, and both cementation and stress history can have a major influence on
stiffness and volume changes.

Deformation mechanisms depend on strain level and particle size. Soils deform
at constant-fabric during small-strain deformation, the drained Poisson’s ratio is
ν < 0.2, energy losses are minimal, and there is no accumulation of deformation or
pore pressure during repetitive loading. At large strains, soil deformation involves
fabric changes, and soils may either contract or dilate under drained shear (Note:
drained loading implies that the rate of loading is slower than the rate of pore water
dissipation).
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3.1 Small-Strain Stiffness

The constant-fabric small-strain shear stiffness Gmax reflects the deformation of
adsorbed layers in fine-grained soils (<10 μm), and contact deformation in coarse-
grained soils (>100μm). Guided by contact mechanics, stiffness-stress data are read-
ily fitted with a power function of the effective stress (inspired in Hertzian contact
theory).

Gmax � A

(
σ ′
1 + σ ′

3

2 kPa

)�

(5)

where A [kPa] and � are related to physical and geometrical particle-level soil
characteristics. Typically, � ranges from 1/3 (elastic contacts) and 1/2 for cone-
to-plane contacts, and >1 for electrical interaction. Section 7 provides additional
information for parameter estimation based on shear wave propagation data.

3.2 Compressibility (Isotropic and Zero-Lateral Strain)

The compression of loosely-packed small grains resembles the compression of a gas.
Boyle-Mariotte’s law ignores the size of molecules, and concludes that pressure and
volume are inversely related. Later, van der Waals corrected this expression to take
into consideration the size of molecules and rewrote Boyle’s equation in terms of
the “contractible volume”, i.e., the volume of voids. This expression is as a power
relationship between void ratio and effective stress.

The clay type and the chemical environment during formation/deposition deter-
mine the initial fabric and associated void ratio at low stress e1 kPa, which is strongly
related to the clay specific surface, hence the liquid limit: e1 kPa ≈ LL/30. The com-
pression index Cc is positively correlated to the initial void ratio e1 kPa ≈ 0.48 +
3.4Cc. Natural clayey sediments retain higher void ratios than remolded sediments
at the same effective stress [7, 14, 20]. Differences between natural and remolded
sediments highlight the role of diagenesis and fabric memory in natural sediments;
clearly, remolding destructures the natural soil.

On the other hand, the compressibility of non-plastic coarse-grained soils depends
on their initial packing density. As the stress level increases, particle crushing
becomes the prevailing deformation mechanism, and sand specimens with differ-
ent initial void ratios tend to converge towards a unique compression line [40].
Mineralogy, grain size, grading and shape affect particle crushing.

The classical e− log(σ′) compressibility model [53] is not asymptotically correct
since it predicts infinite low stress void ratio eL as σ′ → 0, and negative void ratio at
high stress eH as σ′ → ∞. Table 3 identifies alternativemodels, including a power law
(anticipated for gasses). These models fit the full stress range and avoid numerical
discontinuities (Note: clayey sediments can reach lower void ratio eH than sands at
high stress, e.g., shales compared to sandstones).
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Table 3 Asymptotically
correct compression
models—Wide stress range
applications

Modified Terzaghi
e � ec − Cc log

(
1 kPa
σ ′+σ

′
L

+ 1 kPa
σ

′
H

)−1

Power
e � eH + (eL − eH )

(
σ ′+σ

′
c

σ
′
c

)−β

Exponential

e � eH + (eL − eH ) · exp−
(

σ ′
σ
′
c

)β

Hyperbolic e � eL − (eL − eH ) 1

1+

(
σ
′
c

σ ′
)β

NoteSee 1-Dcompression data fittedwith the four differentmodels
in [14]

3.3 Deviatoric Loading

The soil secant shear stiffness Gsec degrades from the maximum shear stiffness Gmax

as the shear strain γ increases and the soil approaches the ultimate shear strength τult
(hyperbolic equation—generalized: Ramberg-Osgood).

Gsec � Gmax

1 + γ Gmax
τult

(6)

3.4 Shear Strength: Friction

Soils are granularmaterials; thus their strength is frictional and effective stress depen-
dent (Table 1). The maximum stress anisotropy soils can attain reflects the Coulomb
failure strength: (σ ′

1/σ
′
3)max � tan2(45 + φ/2).

Under monotonic shear loading, soils reach a terminal state known as the criti-
cal state where shear progresses at constant volume. Critical state implies statistical
equilibrium between local dilation (to overcome rotational frustration among parti-
cles with high coordination) and local contraction (chain buckling where particles
have low coordination). It follows from this observation that (For a comprehensive
review of soil friction see [48]):

(a) Particle shape controls the balance between rotation and contact slippage, thus
the constant volume friction angle for uniform sands is roundness R-dependent
φCV � 42 − 17R (Fig. 4a) [11].

(b) Critical states depend on convergent-versus-divergent granular flow, i.e., stress-
path dependent. In particular, the friction angle in axial extension AE is larger
than in axial compression AC, and typically φAC ≤ φAE ≤ 1.5φAC (Fig. 4b) [28,
29, 32, 54]
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(c) Dilation requires additional work against the confining stress and adds to the
shear resistance. The angle of dilation� is a function of the distance E between
the initial void ratio and the void ratio at critical state, known as the state param-
eter E � e0 − ecs (Figs. 4c, d) [2].

(d) The peak friction angle adds the dilative resistance to the constant volume shear
strength, φp � φCV + 0.8� [5].

Shear localization implies positive feedback: the incremental work decreases as
shear continues; eventually, less work is required to shear a soil after shear localiza-
tion. Then, we can expect shear localization in a wide range of soil conditions includ-
ing: dilative-drained shear (shear localization averts work of dilation against the con-
fining stresses), dilative-undrained if cavitation takes place, contractive undrained
if locally undrained, shear of soils made of eccentric particles with low residual
strength, cemented soils due to the progressive breakage of cementation, unsaturated
soils due to meniscus failure, non-homogeneous specimen in drained and undrained
shear, non-uniform grain crushing or void collapse.
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4 Repetitive Loading

Geotechnical systems impose a wide range of static and repetitive loads on soils.
Common repetitive loads include:

(a) Mechanical cycles: traffic loads (cars, trucks, railroads, and cranes), wind loads
on turbines and buildings, and lock operation for water navigation

(b) Wet-dry cycles: daily and seasonal moisture changes, water table fluctuations
and associated changes in effective stress

(c) Pore-fluid chemistry cycles: such as tides, rain, and industrial operations; they
alter the balance between interparticle electrical forces, and affect the fabric,
permeability and void ratio

(d) Temperature cycles: temperature changes are associated with daily and seasonal
thermal cycles (including thermal piles) and industrial activities (e.g., founda-
tion of LNG tanks, buried cables). Thermal oscillations trigger consolidation,
swelling, pore water pressure changes and creep. Phase transformations—such
as freeze-thaw—exacerbate the consequences of thermal cycles.

Soils subjected to repetitive mechanical or environmental cyclic loads experience
volumetric and shear strain accumulation when cyclic strains are larger than the
elastic threshold strain (Fig. 5).

The accumulation of plastic shear strain can lead to either

(a) shakedown: plastic shear strain accumulation stops after a certain number of
cycles and the soil reaches a stable deformation state; or

(b) ratcheting: shear strain accumulates indefinitely (typically under high-stress
obliquity) [1].
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Fig. 6 Evolution of void ratio under repetitive K0-loading condition [35]

Table 4 Plastic strain accumulation models

Type Strain accumulation For volume For shear

Exponential εacci �
ε1 +b{1 − exp[−c(i − 1)]}+d (i−1)

b � ε∞ − ε1, d � 0 Shakedown d � 0
Ratcheting d > 0

Polynomial εacci � ε1 + b(1 − ic) + d (i − 1) b � ε∞ − ε1, d � 0 Shakedown d � 0
Ratcheting d > 0

Power εacci � ε1 + b(ic − 1) + d (i − 1) Requires shutoff Shakedown
required shutoff
Ratcheting d > 0

Source See [13] for a discussion of model parameters in these accumulation models

On the other hand, the accumulation of volumetric strain is inherently limited by
diminishing porosity, and the asymptotic state is herein referred to as “terminal void
ratio” or “terminal density” [34].

The terminal void ratio eT for k0-loading is a function of the initial void ratio
e0 and the cyclic stress amplitude relative to the static load 	σ/σ0. As long as the
deformationmechanism remains the same, the void ratio versus the number of cycles
trend can be fitted as (Fig. 6):

ei − eT
e0 − eT

� 1

α +
(

i
β

)m (7)

Table 4 presents various plastic strain accumulation models for both shear and
volumetric strain accumulation. These models can accommodate ratcheting, shake-
down, and asymptotic terminal density.
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5 Hydraulic Conductivity

The theoretical Hagen-Poiseuille analysis considers the driving pressure difference
and the resisting viscous drag to compute the flow rate through a cylindrical tube as
a function of the tube diameter and the gradient in total energy. The Kozeny-Carman
model considers a soil as a set of parallel tubes, assumes Hagen-Poiseuille flow in
the tubes [8] and provides an estimate of the hydraulic conductivity of soils as a
function of the specific surface area Ss and the void ratio e (Fig. 7).

Published hydraulic conductivity data spans more than 12 orders of magnitude
[10, 16, 30]. Trends follow a power-law relationship with void ratio (Fig. 7). Data
points collapse onto a single trend (±1 order of magnitude) when plotted against the
estimated mean pore size computed from both the void ratio e and specific surface
Ss of the soil as dpore � 2e/(Ssρm). This result confirms the robustness of the Kozeny-
Carman model (see data in [42]).

The parallel and series configurations are the upper and lower bounds for the
hydraulic conductivity in spatially varying media (see other bounds in [22]):
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If the hydraulic conductivity is anisotropic (i.e., a tensor), it cannot be estimated
from the void ratio and specific surface alone (scalars). Changes in pore fluid chem-
istry affect the hydraulic conductivity of fine-grained soils. Pressure gradients imply
gradients in effective stress, hence variations in void ratio and hydraulic conductiv-
ity; therefore, all measurements for hydraulic conductivity are integralmeasurements
across the specimen and require proper interpretation.

6 Unsaturated Soils

Water in soils experiences negative pressures during drying (Refer to
Chapter 4 “Linking Soil Water Adsorption to Geotechnical Engineering Properties”
and Chapter 8 “Fundamental Challenges in Unsaturated Soil Mechanics”). The pres-
sure difference between air and water is the capillary pressure or matric suction. At
the pore scale, capillarity results from the water–air interfacial tension and the con-
tact angle the air-water interface forms with the mineral surface, as predicted by the
Laplace equation (Fig. 8a, b). Furthermore, it follows from Laplace’s equation that
the capillary pressure required to force a non-wetting fluid to invade a pore increases
as the pore size decreases. In later stages of drying, water forms rings around particle
contacts (Fig. 8b). The smaller the menisci radii, the higher the capillary pressure.

Suction is transferred onto the soil skeleton and capillary-induced interparticle
forces emerge (Fig. 8c [12]). At the macro-scale this resembles an additional com-
ponent to the effective stresses [3]. However, this simple mathematical trick must
be carefully analyzed: capillary-induced interparticle forces are internally generated
while effective stress are externally imposed. Furthermore, the spatial variability of
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residual water creates a non-uniform distribution of forces. Note that the capillary
pressure increases but the affected area decreases during drying.

The macroscale soil-water characteristic curve (or pressure-saturation curve)
relates capillary pressure to degree of saturation. The pressure-saturation curve
reflects the pore size distribution, pore connectivity and spatial correlation [31].
The pressure-saturation curve is used to predict the evolution of relative permeability,
deformation, shear strength and other unsaturated soil parameters [19]. Several math-
ematical equations have been proposed to represent the capillary pressure-saturation
curve; parameters can be estimated from particle-size distribution (For example, see
Fig. 9).



Soil Properties: Physics Inspired, Data Driven 83

Table 5 Longitudinal P-wave velocity: Sequential computation of constrained modulus and mass
density

VP �
√

Msoil
ρsoil

�
√

Bsoil+4/3Gsk
ρsoil

Water VP � 1482 m/s
Air VP � 343 m/s

Skeleton Bsk � 2(1+ν)
3(1−2ν)Gsk

Gsk from Gsk � V 2
S ρ

Soil (fluid + skeleton) Bsoil � Bsus + Bsk ρsoil � ρsus � (1 − n)ρg + nρfl

Suspension (fluid +
particles) Bsus �

(
1−n
Bg

+ n
Bfl

)−1
ρsus � (1 − n)ρg + nρfl
n � porosity

Fluid mixture
Bfl �

(
Sr
Bw

+ 1−Sr
Ba

)−1
ρfl � (1 − Sr)ρa + Srρw
ρfl � Srρw if a ≡ air

Note Details in [46]. The formula for VP assumes Bsk/Bg ≈ 0 and applies to low frequencies. Bw
� 2.18GPa for water. Bg � 142 kPa for air at 1 atm. Sr � degree of saturation

7 Geophysical Properties

7.1 Elastic Waves

Long wavelength and small-strain mechanical perturbations traverse soils as elastic
waves across an equivalent continuum; in other words, this is a constant-fabric phe-
nomenon and the wave does not “see” the grains. Longitudinal particle motion in
P-waves, and transverse particle motion in S-waves are the two possible propagation
modes in a boundless, homogeneous, isotropic, linear-elastic, single-phase contin-
uum. In fact, the relaxation of any of these assumptions leads to other propagation
modes [46].

The P-wave velocity VP is a function of soil density ρsoil and the constrained
modulus Msoil. Table 5 summarizes the sequential computation of Msoil from the
shear stiffness of the skeleton Gsk and the bulk stiffness of the components Bsoil and
Bfl. Given the low bulk modulus of air, the P-wave velocity is a reliable indicator of
lack of liquid saturation. On the other hand, given the high bulk modulus of water
Bw compared to the bulk modulus of the skeleton Bsk, the P-wave velocity is not
sensitive to the skeleton stiffness in saturated soils under low effective stress.

The S-wave velocity Vs measures the skeleton shear stiffness Gsk, which is deter-
mined by the effective stress, cementation and suction. A Hertzian-inspired power
equation adequately fits experimental data (Fig. 10), where the α-factor is the shear
wave velocity at a mean stress σ′

mean � 1 kPa (on the polarization plane), and the
β-exponent captures the sensitivity of the skeletal stiffness to stress changes. Both
α and β are related to the soil compressibility, i.e., the nature of contact interaction,
coordination number, grain angularity, cementation, and diagenesis (Fig. 10).
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7.2 Electromagnetic Waves

Maxwell’s equations describe the propagation of electromagnetic waves through
soils, whereby the electrical and magnetic fields oscillate transversely to each other
and to the direction of wave propagation.

The electromagnetic properties of soils are: (1) the electrical conductivity σel, (2)
the permittivity κ � ε*/ε0 � κ′ − jκ′′, and (3) the magnetic permeability μ*/μ0 � μ′

r

− jμ′′
r. Permittivity and permeability are frequency-dependent, complex quantities.

The three electromagnetic properties combine to determine the wave velocity V and
the skin depth Sd (i.e., the penetration distance where a plane wave amplitude decays
by 1/e—Note: Sd � 1/α where α is the attenuation coefficient):

V � c0
1√√√√ 1

2

[√
κ2 +

(
σel
ε0ω

)2
+ κ

] (9)
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Table 6 (a) Electrical conductivity (b) Permittivity [43, 46, 49]

(a) Electrical Conductivity Typical values
Organic fluid ~10−11 S/m
Dry soil ~10−8 to ~10−4 S/m
De-ionized water 5.5 × 10−8 S/m
Distilled water ~0.5–3 × 10−6 S/m
Freshwater ~1.5–5 × 10−4 S/m
Sea water ~5 S/m
Soils
Archie’s equation
σ � a · σf · Sc(n)m

σf: fluid conductivity
S: degree of saturation
a, c, m: fitting coefficients
(m: 1-to-2.4; c: ~ 4-to-5)
See surface conduction in [27]

(b) Permittivity Typical values
Air 1
Organic fluid ~2–6
Quartz 4.2–5
Calcite 7.6–8.8
Sea water ~65–70
De-ionized water 78.5
Soils
(κ′)1/π � (1 − n) (κm′)1/π + nSf(κf′)1/π
linear, π � 1
complex refractive index model, CRIM, π �
2
cube, π � 3
inverse, π � −1

Sd � c0
ω

1√√√√ 1
2

[√
κ2 +

(
σel
ε0ω

)2 − κ

] (10)

where the velocity in free space is c0 � 3 × 108 m/s. High electrical conductivity
reduces the skin depth.

The DC electrical conductivity of soils measures the movement of hydrated ions
(in the pore fluid and in double layers). Therefore, the electrical conductivity of dry
soils is very small ~10−8 to ~10−4 [S/m], but it increases as precipitated salts and
mineral surfaces hydrate; clearly, high ionic concentration in the pore water and high
specific surface clays contribute to conductivity (Table 6a).

Conversely, non-conductive organic fluids, coarse grained sediments, and frozen
soils will exhibit low electrical conductivity. The soil electrical conductivity σsoil

el
allows us to estimate the porosity n of a saturated soil S � 1 if the electrical conduc-
tivity of the pore fluid σfl

el is known; as a first-order estimate, n ≈ σsoil
el /σfl

el.
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Permittivity measures the polarization of charges within the medium in the pres-
ence of an external electric field. The prevalent polarization mechanisms in soils are
the orientational polarization of free water, the displacement of diffuse counter-ion
clouds relative to particles, and spatial polarization at interfaces. Analogous to con-
ductivity, permittivity data allows us to estimate the volumetric water content in a
soil (first order estimate: θw � nSf) or the porosity if soils are water saturated Sf � 1
(Table 6b). The soil permittivity increases with volumetric water content; conversely,
it decreases in soils with high specific surface and in frozen soils due to the hindered
polarizability of water molecules.

Most soil components are either dia- or paramagnetic. However, ferromagnetic
impurities are not uncommon, particularly in many mine tailings and most fly ash
accumulations. Ferromagnetism affects electromagnetic measurements in the labo-
ratory and in the field.

7.3 Thermal Properties

Conduction controls heat transport in soils in the absence of seepage (Note: con-
sider convection when the mean grain size D50 ≥ 6 mm). Conduction paths in soils
include: the solid, pore fluid, solid-to-solid contacts, interstitial liquid film and the
solid-to-fluid or fluid-to-solid pathways [18, 55–57]. The thermal resistance at con-
tacts depends on (1) the effective particle-to-particle contact area due to roughness,
asperities and the acting normal force, (2) the thermal conductivity of interstitial
fluids, and (3) the often negligible scattering of phonons at the material bound-
ary [33]. Then, the thermal conductivity of a soil increases with dry mass density
(increased coordination number), effective stress (reduced contact resistance), grain
size (fewer contacts per volume), quartz content (high conductivity mineral), water
content (interstitial water and conduction through pores) and ice content (higher
conductivity than water). Data-driven empirical equations for dry [25] and water-
saturated [17] soils follow:

Dry soils : kT ,dry � 0.135ρdry + 64.7

ρg − 0.947ρdry
(11)

Wet soils : kT ,wet � kT ,dry + (1 − e−8.9Sr )(kT ,sat − kT ,dry) (12)

The specific heat cp is the gravimetric average of the specific heat of all com-
ponents. As inferred from values in Table 7: (1) the presence of saturating liquids
has a marked effect on the specific heat of soils, and (2) either water-to-steam or
water-to-ice transformations rapidly decrease the specific heat capacity of a soil over
a narrow temperature range.

Thermally induced volumetric strains in soils are often irreversible due to fabric
changes, grain fractures, and chemical alterations (usually at high temperatures).
Water saturated soils experience large volumetric thermal expansion during heating
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Table 7 Typical thermal properties of selected materials

Material Latent heat
(kJ/kg)

Specific heat
(Jkg−1K−1)

Thermal
conduct.
(Wm−1K−1)

Vol. thermal
expansion
coefficient
(10−6 K−1)

Quartz 750 12 ‖–6.8 ⊥ 45

Feldspars 630 1.56 10.3–22.4

Limestone 900 1.3 24

Sand dry 800 0.15–0.33

Sat. 2200 2–4

Water 334 4200 0.6 200 (at 293 K)*

Ice (0 °C) 334 2040 2.2 51 (at 273 K)**

Steam 2257 1990 0.028

Air 1000 0.024

Note *water-to-steam: > 1000 expansion. **water-to-ice: 1.09 expansion
Sources [15, 26, 44, 50]

under undrained conditions; the situation is aggravated if steam forms (Refer to
Table 7 and to Chapter 10 “Emerging Thermal Issues in Geotechnical Engineering”).

8 Closing Thoughts: New Developments and Pending
Challenges

The ongoing revolution in sensors, information technology and cellular communi-
cation opens doors to new possibilities in our field. This section anticipates two
key developments: the “ITsoil” database and probing tool, and “Lab-on-a-Bench”
technology designed to measure critical parameters. Lab-on-a-Bench combines with
ITsoil to provide users a set of self-consistent multi-physics soil parameters for a
given soil specimen. Details follow.

8.1 ITsoil: Soil Properties Database and Probing Tool

Our community has characterized a large number of soils around the world since the
beginning of modern soil mechanics a century ago. We have been compiling pub-
lished data into a multi-dimensional database (see part of the dataset in Fig. 11). The
probing tool built into ITsoil assumes that soils with similar properties will exhibit
similar responses. Then, the user can input available information about a given soil
(e.g., index properties and soil properties) and the tool returns a self-consistent set
of thermo-chemo-hydro-mechanical properties. This is particularly relevant with the
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ongoing increased use of numerical methods and coupled process simulators (Refer
to Chapter 9 “Research Challenges Involving Coupled Flows in Geotechnical Engi-
neering” and Chapter 10 “Emerging Thermal Issues in Geotechnical Engineering”).

At present, the database has limited multi-dimensional data for each soil, and the
probing tool uses interval constraint propagation for decision making. Other algo-
rithms such asBayesian updating (with physics-inspired priors),multi-variate normal
distribution and various forms of machine learning do not offer advantages at this
stage, but will be implemented as the database increases in size and dimensionality.
ITsoil will be available through cell-apps accessible from any location in the world.

8.2 Lab-on-a-Bench Technology

Cutting-edge sensors and sensing concepts allow for the development of compact
tools for multi-physics soil characterization, herein referred to as “Lab-on-a-Bench”.
This set of devices maximizes the information that gained about a soil in order to
anticipate its properties. Our starting set includes:

For coarse grained sediments For fine grained sediments

• Grain size dist. (optical and sieves)
• Particle shape (optical)
• Packing γmax and γmin (shear and
compaction)

• Silts: size distribution (light absorption)
• Clays: specific surface (colorimetry)
• Liquid limit (fall cone)
• Ionic strength (probe)
• pH

Effectively deployed and complementary in situ tests will gather in situ density,
shear stiffness (shear waves), and shear strength (instrumented penetrometer).
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8.3 Pending Challenges

Geotechnical engineering is well positioned to address new problems related to
some of the great challenges society faces today, such as in the energy sector (infras-
tructure, resource recovery, water-energy nexus, energy waste geo-storage, energy
geo-storage, and decommissioning). Associated technical needs include:

• Recalibration of engineering procedures to incorporate new testing methods and
soil classification schemes (e.g., RSCS).

• Understanding of complex mixed-fluids (often three phases), differences between
‘gas invasion’ and ‘gas nucleation’, and long-term effects in mixed-fluid condi-
tions.

• Test protocols, numerical simulators and design procedures to take into consider-
ation shear localization, repetitive loads of all kinds, spatial variability, and inher-
ently coupled hydro-chemo-bio-thermo-mechanical processes.

• Further understanding of soil behavior under high-stress, high-temperature, reac-
tive fluid flow in bio-chemically active environments, and soil response in very
long time scales.

• Enhanced multi-physics in situ characterization.
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Linking Soil Water Adsorption
to Geotechnical Engineering Properties

Ning Lu

Abstract Geotechnical engineering properties such as elastic modulus, small-strain
shear modulus, and thermal conductivity are governed by soil fundamental proper-
ties such as specific surface area, cation exchange capacity, suction stress, and matric
potential. The linkages between geotechnical properties and soil fundamental prop-
erties can be established through the use of soil water retention mechanisms of
capillarity and adsorption. This chapter highlights some of the advances in establish-
ing such linkages in the past decade. Future research challenges, opportunities, and
potential pathways are also provided.

Keywords Inter-atomic forces · Free energy of soil water · Specific surface area ·
Cation exchange capacity · Capillary water retention · Adsorption water retention ·
Suction stress · Soil water density · Elastic modulus · Small-strain shear modulus ·
Thermal conductivity

1 Introduction

The relationship between inter-atomic forces andgeotechnical engineeringproperties
of earth materials is not always clear, even though the former plays the governing
role in the latter and can be considered scientifically as the “root” for geotechnical
engineering properties and material properties at any scale between them. This is, in
part, due to the lack of establishment of firm relationships, and consequently a proper
appreciation by the geotechnical engineering community. However, an appreciation
of such relationships can be envisioned and used as a promising guiding principle
for geotechnical engineering research.
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We can ask ourselves a few questions to illustrate the linkage between properties at
inter-atomic (nano) and engineering (macro) scales.What is the relationship between
theHamaker constant, an inter-atomic attractive force property, and small-strain shear
modulus, a governing property for shear wave propagation in soil? The answer for
most people is likely blurred, if not in doubt that there is any. Let’s repose the question
into the following questions.

(1) Is seismic wave propagation in soil governed by small-strain shear modulus?
(2) Is small-strain shear modulus governed by inter-particle stress?
(3) Is inter-particle stress governed by inter-atomic forces like van derWaals forces?

The answer to the first question is YES and has been firmly established at least a
century ago. The answer to the second is YES and has been fully illustrated in the
past several decades.

The answer to the third question is YES, and is firmly established in modern
interfacial science starting in the middle of the last century. Van der Waals forces
among atoms, molecules, and particles are universally characterized by the Hamaker
constant and the distances among atoms, molecules, and particles.

The geotechnical engineering community began to be aware of the importance of
inter-atomic forces in soil behavior in the late 1950s. The use of electrical double-
layer theory to explain osmotic swelling in saturated clayey soil (e.g., [12]) is an
example. The change in soil water potential due to inter-atomic forces is also used
as a part of total water potential and a way to unify macroscopic pore water pressure
and excess inter-particle pore pressure (e.g., [13, 81]).

Compaction is a widely-used engineering practice traditionally for improving
mechanical properties of clayey soil. For a soil, why there exists an optimum water
content for a maximum dry soil density has been a research subject for a long time.
Bishop’s effective stress theory has been used to theorize the phenomenon under
unsaturated and negative porewater pressure conditions [90, 91]. Since the nineties of
the last century, compacted clay liners have been used for variouswaste containments
[8–10]. Compaction theory has been used to delineate unique hydraulic conductivity
behavior and utilized as a way to improve barrier function of clay liners [25]. These
works demonstrated that inter-particle stress, pore water pressure, pore geometries,
and pore fluid chemistry fundamentally control saturated hydraulic conductivity.

Small-strain shearmodulus has been used to understand earthquake-induced shear
wave propagation in soil (e.g., [19, 101]) and liquefaction resistance (e.g., [3]). In
the past two decades, the linkage between the small-strain shear modulus and inter-
particle stress is clearly demonstrated and firmly established [23]. Suction stress, a
unified inter-particle stress by capillarity and adsorption including implicitly van der
Waals forces and electric double layer forces, has been demonstrated in recent years
to govern the variation of small-strain shear modulus of soil under variably saturated
conditions [30]. Therefore, even without yet explicitly and firmly establishing the
direct relationship between the small-strain shearmodulus and theHamaker constant,
such a relationship is likely to be established in the near future.
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The promise of any relationship between fundamental properties and engineering
properties is that it is scientifically sound and should provide more general and
revealing information than any empirical relation, as it directly links the “cause” and
“result” under more general conditions or environment.

1.1 Soil Physicochemical Properties

Soil physicochemical properties are material properties influenced by inter-atomic
and inter-particle forces. The adjective “physicochemical” indicates that they attain
to inter-atomic or intermolecular forces responsible for both physical and chemical
bonding such as covalent, ionic, and van der Waals. To date, these bonds are known
to be the main inter-atomic and particle forces existing in soils filled with water,
air and solute. Soil physicochemical properties are either the intrinsic constitutive
characteristics or the consequence of the physics laws governing the interactions
among soil constituents at inter-atomic and inter-particle scales. The reviews of the
advancements in understanding of and quantification of soil physicochemical prop-
erties covered in this chapter are: soil water retention curve (SWRC) (Sect. 4.1),
specific surface area (SSA) (Sect. 4.2), cation exchange capacity (CEC) (Sect. 4.3),
suction stress characteristic curve (SSCC) (Sect. 4.4), and soil water density (SWD)
(Sect. 4.5). These properties, through application of scientific principles, can be
directly related to geotechnical engineering properties such as Young’s modulus
(Sect. 5.3), small-strain shear modulus (Sect. 5.2), compressibility, swelling poten-
tial, drained cohesion, thermal conductivity function (TCF), and plasticity as indi-
cated by Atterberg limits (Sect. 5.1). By reviewing the recent advances in linking
soil physicochemical properties and geotechnical engineering properties, it could
facilitate identifying new areas of research that can lead to improved understanding
of soil properties and behavior, better designs, and new technologies for dealing with
soils and rocks on, in, and with the earth.

1.2 Geotechnical Engineering Properties

Geotechnical engineering problems, from the classical ones to new challenges such
as those identified in Chapter 1 “The Role of Geotechnics in Addressing NewWorld
Problems” of this book, can be divided into three broad categories according to their
relations to the above-mentioned fundamental soil properties: strength, deforma-
tion, and flows. Thus, geotechnical engineering properties can be broadly defined
as material properties needed to directly describe these three categories of prob-
lems. Strength of soil, compressive, shear and tensile, depends on inter-atomic and
inter-particle forces, and external loading. In the case of a soil under fully saturated
condition, the cohesive inter-atomic and inter-particle forces are considered herein
as a material constant and captured by the material property termed cohesion. In the
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Fig. 1 Illustration of the linkages of atomic scale forces to engineering scale properties. The funda-
mental phenomena in soil (upper diagrams) form the foundation to define the soil properties (lower
diagrams)

case of a soil under unsaturated conditions, inter-particle forces, including physic-
ochemical and capillary, are material variables meaning that they depend on soil
constituents, pore size distribution, and inter-atomic forces among soil, water, and
air. In recent years, such dependency has been fully established by the concept of the
SSCC, as illustrated in Sect. 4.4. In general, the relationships between soil physico-
chemical properties and geotechnical engineering properties, in the order frommicro
(left) to macro scale (right), are illustrated in Fig. 1.

Compressibility of soil is a geotechnical engineering property used for character-
izing the volume change of soil and ultimate deformation under external loading or
gravitational force (e.g., [77, 99, 103]). Compression can be caused by suction stress
under no change in external loading but environmental change in term of water con-
tent or matric potential (e.g., [1, 38]). Some recent study, as summarized in Sect. 5.1,
indicates that it can be directly related to some fundamental physicochemical prop-
erties of suction stress, SSA, and CEC. It can also be linked to geotechnical index
property of Atterberg limits.

Deformation of a soil or other porous materials is a direct consequence of two
quantities: modulus and stress (e.g., [36, 55, 56, 87, 96]). Under saturated condi-
tions, modulus is often considered as effective stress-dependent. However, under
unsaturated conditions, as illustrated later, moduli, both small-strain (Sect. 5.2) and
finite-strain (Sect. 5.3), are highly functions of soil water content, in addition to effec-
tive stress, including suction stress. It is also shown that such variation can be scaled
by using fundamental inter-particle forces originating from capillary and adsorption
(Sect. 5.4).

Flows in soil could be multiple coupled or uncoupled physical processes: fluid
flow, solute transport, electric current, and heat transfer (e.g., [74, 79, 89, 97, 111]).
Coupled flows are exclusively dealt with in Chapter 9 “Research Challenges Involv-
ing Coupled Flows in Geotechnical Engineering”. Heat flow or heat transfer in the
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shallow subsurface generally involve multi-phase heat conduction. The challenges
of heat transfer problems are described in Chapter 10 “Emerging Thermal Issues in
Geotechnical Engineering”. Because thermal conductivity, like many other geotech-
nical engineering properties, is dependent on inter-atomic and inter-particle forces,
soil’s constituents, pore-size distribution, and interfacial properties, it can be intrin-
sically related to the soil water retention curve, as shown in Sect. 5.5.

2 Physics Laws Beyond Traditional Soil Mechanics

Classical soil mechanics evolved without full consideration of physicochemical and
thermal influences on properties and behavior. In effect, the solid particles were
assumed to be physicochemically stable and inert. However, adequately describing
and quantifying real soil behavior require that several aspects of the physics, chem-
istry and thermodynamics of soil–water systems be considered. Some of them are
discussed in this section.

2.1 Mineral Structures and Bonding Forces

Four common soil minerals, namely: quartz, kaolinite, illite, and montmorillonite
(smectite) are used for illustrating bonding forces. The main bonding forces among
atoms in clay minerals are covalent, ionic, and van derWaals in the order of strong to
weak. Some ionic bonding forces could be larger than covalent bonding forces. Cova-
lent bonds among oxygen and silicon (bonding energy on the order of −500 kJ/mol)
are the strongest of all, as is the case in quartz (Fig. 2a). So even though quartz
hydrates on the surface, the water does not affect the internal crystal structure. Cova-
lent bonds also exist in tetrahedron sheets and octahedron sheets in kaolinite, illite and
montmorillonite (Fig. 2b, d), providing the basic crystal structures of these minerals
remain intact during interactions with water and other dissolved materials. Coulomb
forces also strongly interact among charged atoms. These forces generally decay
slowly, so the influenced distance is much greater than for a single atom. Van der
Waals attractive forces exist between octahedral and tetrahedral sheets. Together,
these forces provide stable crystal structure of minerals. These forces, in terms of
the potential energy (in kJ) between the charge sites (atoms), can be written as (e.g.,
[7, 48]):

� � −Ai j e
−Bi j ri j + Ci j e

−Di j ri j +
qiq j

ri j
(1)

where Aij is Hamaker constant, Bij is material constant, Cij, is Born constant, andDij

is material constant, all describing the interactions between a particular pair of atoms
i and j, qi and qj are the effective charges (in Coulombs) of an atom, and rij is the
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Fig. 2 Chemical structures of unit cells for typical soil minerals: a quartz (sand), b kaolinite (non-
swelling clay), c illite (slightly swelling clay), and d montmorillonite (highly swelling clay)

inter-atomic separation distance. The first term represents the attractive London force
(van der Waals), the second term the short-distance repulsions and the third term the
Coulomb force (repulsive or attractive). If converting these interaction energies into
unit cells of soil minerals, they are on the order of thousands to tens of thousands of
kJ/mol (e.g., [46]).

Ionic bonds also play an important role in retaining mineral structure stability and
chemical compositions, but with strengths much less than covalent bonding forces in
common soils. Due to the isomorphous substitution of lower valence Mg for Al in
octahedral sheets and lower valenceAl for Si in tetrahedral sheets when clayminerals
are formed, cations are attracted to the nearby oxygen atoms. These cations are called
exchangeable cations, as one cation type can exchange positions with another cation
type through physical interactionwith cations in soil water. These cations, reside both
in the inter-lamella and near the particle surface, and are dominated by ionic bonds
with negatively charged sites in clay mineral sheets, leading to exchanges between
in situ cations and the surrounding cations in pore fluid. The capacity of a mineral to
exchange in situ cations with other types of cation through physical interaction under
the most favorable conditions can be defined as the cation exchange capacity (CEC).
CEC is the positive charge that that is needed to counter-balances the total negative
charge on mineral surface, which could exist on particle surface and crystalline
interlayers. The in situ cations can also re-orientate surrounding water molecules
permanently through ionic bond between in situ cation and oxygen ion of water,
leading to cation hydration (~−250 to −1500 kJ/mol interaction energy) (e.g., [75,
94]).

Cation hydration has several effects on soil behavior. Cations near the particle
surface create a diffused double layer. Cations in the inter-lamella can overcome
the van der Waals force, which is on the order of negative thousands of kJ/mol in
magnitude between the mineral sheets dominated by covalent bond, leading to crys-
talline swelling. Cation hydration can cause swelling behavior, pore water pressure
increase, and pronounced structure change in hydrated water, leading to significant
water density increase, up to 1.6 (e.g., [112]).
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2.2 Surface Adsorption Law

The relationship between the mass fraction of adsorbate on the particle surface with
respect to adsorbent and thermodynamic conditions of the environment is commonly
described through isotherms or under constant temperature conditions. According to
Freundlich [41]:

w � k(RH)1/m (2)

where w is the gravimetric adsorbate (water) content, RH is the relative humidity of
ambient environment in gas phase, k andm are the Freundlich adsorption coefficients
corresponding to the adsorption capacity and the adsorption strength, respectively.
It will be shown that this law is applicable for clayey soil-water interaction at low
water potential range (−tens of kJ/mol) when adsorptive force is dominating.

The first scientifically based adsorption equation was the Langmuir equation [57],
with several strict assumptions, including energetically homogeneous surfaces and
only one full layer of adsorbate. Brunauer et al. [20] developed an equation (BET
model) to account for multilayers of surface adsorption:

RH

w(1 − RH)
�

(
c − 1

c

)
RH

wm
+

1

wmc
(3)

wherewm is the gravimetric adsorbate content at a fullmonolayer coverage and c is the
BET coefficient representing the enthalpy of sorption at the full monolayer coverage.
Note that Eq. (3) can be plotted as a linear function if the left-hand side is considered
as the dependent variable, and RH as the independent variable, with a slope of (c −
1)/(cwm) and intercept of 1/(cwm), as described in Sect. 4.2 and illustrated in Fig. 8b.
This equation has been extensively used for deducing the soil specific surface area
(SSA) from clay-water adsorption isotherms. The assumption of an energetically
homogeneous surface is not valid for some clay minerals, leading to a characteristic
non-linear behavior for Eq. (3) (e.g., Fig. 8b). However, as summarized in Sect. 4.2
this non-linear feature can be utilized to distinguish between cation hydration and
surface hydration. The relative magnitudes of hydration and other energy lowering
mechanisms in soil water are illustrated in Fig. 3. Matric suction, defined here as
the free energy per unit volume of soil water (i.e., J/m3 � N·m/m3 � Pa) below the
ambient pore air pressure (Pa), is also shown in Fig. 3 for reference.

2.3 Osmotic Law

By dissolving solutes or most salts, some liquid water molecules are in hydrated
(ordered) state, further lowering water potential down to −6.6 kJ/mol (e.g., [64]),
depending on solute concentration. At the equilibrium state, the amount of water
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Matric suction (= - matric potential) [MPa]

Fig. 3 Free energy lowering mechanisms associated with physicochemical interactions in soil,
water, air, and solute system (after [112]). Pure water at room temperature is used as the reference
state, i.e., free energy is 0 kJ/mol

potential lowering is equal to the pressure ψ0 developed in the solution and can be
described by van’t Hoff’s law for low solute concentration, typically, less than mass
per volume concentration C of 0.02.

ψo � −CRT (4)

where R is the universal gas constant (8.134 J/mol K), and T is temperature (K).
More rigorous equations based on chemical potential have been established for

higher concentration. For example, the so-called “virial” expansion (e.g., [98]) with
higher order concentration power terms can be used in lieu of van’t Hoff’s equation
for any concentration C:

ψo � −CRT
(
1 + B2C

2 + B3C
3 + · · ·) (5)

where B2, B3, … are virial coefficients. It is important to recognize that as a corollary
of lowering water potential by osmosis, fluid pressure in the same amount by Eq. (4)
or (5) at the intermolecular scale is increased, which is called osmotic pressure. The
order of magnitude of osmosis in lowering the water potential is illustrated in Fig. 3.
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2.4 Interfacial Equilibrium: Kelvin’s Equation
and Young-Laplace Equation

If liquid and vapor water, and other gas co-exist, thermodynamic second law dictates
that an energy equilibrium between the two phases should be reached ultimately. The
equilibrium condition can be described in terms of a few experimentally measurable
quantities: vapor pressure in gas, inter-atomic force in liquid, pore air pressure, pore
water (liquid) pressure, liquid-air interfacial tension, and the curvature of the liquid-
gas interface. Two types of equilibrium conditions are often assumed as the starting
point for many theoretical formulations and experimental characterizations: total
water potential and matric potential. Kelvin’s equation governs both types and the
Young-Laplace equation dictates the second.

In soil, matric potential originates from two distinct physical mechanisms or
interactions: adsorption between solid and liquid and capillarity among solid, liquid,
and gas. As illustrated in Fig. 3, adsorption occurs at much lower free energy level
than capillarity, so that the ambient suction is smaller than the maximum suction of
a soil (see Sect. 4.1 Soil water retention curve), adsorptive water is always present
whereas capillary water only exists when the ambient suction is smaller than the
soil’s cavitation pressure. In the presence of adsorption water and capillary water,
matric potential can be captured by the Young-Laplace equation linking pore air
pressure ua, pore water pressure uw, liquid-air interfacial tension T s, contact angle
β between liquid and soil, and the radius of the liquid-gas interface r (see Fig. 4 for
illustration):

ψm � ua−ua � −2Ts cosβ/r (6)

Fig. 4 Soil-water-air systemunder constant chemical potential equilibrium (fromconstant potential
or relative humidity (grand conical) Monte Carlo simulation result). Kelvin’s equation is for total
water potential and works for both interfaces A and B whereas the Y-L equation is for matric
potential and is limited to interface B
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Following the above equation, when the interface curvature becomes zero (a flat
interface), the pore air pressure is equal to pore water pressure. In soil pore, due to
the hydrophilic nature of soil particle surfaces, the curvature is greater than zero,
implying that pore water pressure is lower than pore air pressure.

Dissolved salts or other chemicals in soil water further lower the water potential as
expressed in Eq. (4). The energy equilibrium conditions between soil liquidwater and
ambient vapor lead to, in the absence of the gravitational effect, the decomposition
of the total water potential into two parts: matric potential and osmotic potential, i.e.:

ψt � ψm + ψo (7)

Kelvin’s law describes the energy (total water potential) equilibrium statement
in terms of vapor pressure uv, inter-atomic force in liquid (saturated vapor pressure
uv-sat, and relative humidity RH (see Fig. 4 for illustration):

ψt � μ

ωw
� RT

ωw
ln

uv
uv - sat

� RT

ωw
ln(RH) (8)

where ψ t is the total water potential or free energy of soil water with respect to free
water in pressure units, μ is the chemical potential of soil water in J/mol, ωw is the
molar volume of the liquid (18 g/mol), and RH is the relative humidity. Considering
Kelvin’s equation (8), and the total water potential Eq. (7) in soil free of salt, the
vapor pressure is less than its saturated vapor pressure, or the relative humidity is
less than unity. This implies that the water potential equilibrium between pure liquid
and vapor can be reached for the relative humidity below 100% and is likely the case
in soil.

An important implication of Kelvin’s equation, and Young-Laplace equation to
thermodynamic equilibrium in soil is that the equilibrium relative humidity is always
less than 100% or vapor density is always lower than the saturated vapor pressure at
the prevailing temperature. Therefore, whenever capillary water is present, for soil-
water-air energy equilibrium, not only the pressure difference between the pore air
and water needs to satisfy Young-Laplace equation (6), but also the vapor pressure
in pore air needs to satisfy Kelvin’s equation (8).

2.5 Cavitation and Condensation

Any matter could be in the form of solid, liquid, and gas, depending on thermody-
namic conditions, i.e., temperature and pressure. For example, in liquid water, when
the inter-atomic pressure reaches the tensile strength of liquid water, cavitation or
spontaneous expansion of volume from liquid to vapor occurs. The tensile strength
of liquid water depends on temperature and is equal to saturated vapor pressure that
can be described by the Tetens [104] equation:
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uv−sat � 0.611 exp

(
17.27

T − 273.2

T − 36

)
(9)

At the room temperature of 25 °C, it is 3.167 kPa. Condensation is the oppo-
site, i.e., when the vapor pressure falls below the tensile strength or saturated vapor
pressure, vapor collapses into liquid. It is important to recognize that the pressure
described by Eq. (9) is the absolute value with respect to vacuum (zero pressure),
not with respect to the ambient atmospheric pressure. Thus, for liquid exposed to
ambient atmospheric pressure of 101.3 kPa, cavitation will occur when water pres-
sure reaches−98.133 kPa (i.e., 101.3− 3.167� 98.133) with respect to the ambient
atmospheric pressure (gauge pressure) if metastable state is ignored. To avoid cav-
itation of liquid water in laboratory unsaturated soil testing operations, a technique
called “axis translation” [45] is widely used to elevate air pressure so the pore water
pressure and water pressure in the chamber and pipeline are above the cavitation
pressure. One implication is whether such technique is physically equivalent to what
happens in field conditions. At the moment, this subject is being debated regarding
the technique’s theoretical basis and experimental limitations (e.g., [42, 88, 105]).

Cavitation is an endothermic process whereas condensation is an exothermic pro-
cess: cavitation absorbs heat from the environment to expand inter-atomic distance;
condensation releases heat to reach a lower energy state. The heat exchange during
evaporation or condensation is called specific latent heat, and for water it is 334 J/g,
which is 80 times the heat needed to change 1 g of liquid water by 1 degree. The latent
heat transfer process is important for many emerging thermal issues in geotechni-
cal engineering, such as those covered in Chapter 1 “The Role of Geotechnics in
Addressing New World Problems” and Chapter 10 “Emerging Thermal Issues in
Geotechnical Engineering”.

2.6 Heat Conduction: Fourier’s Law

Heat transfer in porous materials is through two distinct physical mechanisms: con-
duction and convection. Conduction is a result of thermal vibration of molecules in
soil, whereas convection is a result of heat carried by fluid displacement. Macroscop-
ically, the magnitude or rate of heat transfer qt [Wm−2] by conduction is proportional
to the negative gradient of temperature �T [Km−1] and is quantified by Fourier’s
law:

qt � −λ∇T (10)

The proportionality coefficient λ is the thermal conductivity [Wm−1K−1]. The
negative sign comes from the consequence of the thermal dynamic second law;
energy transmits from higher energy state to lower state, which is opposite to the tem-
perature gradient. Thermal conductivity in soil under unsaturated conditions mainly
depends on soil water content. The dependence of thermal conductivity on soil water
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content, specifically thermal conductivity increases as soil water content increases,
has been recognized in the past in soil physics (e.g., [27, 49]) and geotechnical
engineering (e.g., [16, 37, 80]). More recent work summarized in Sect. 5.5 shows
that thermal conductivity can be fundamentally and explicitly related to soil-water
retention mechanisms of adsorption and capillarity.

3 Physics Principles

Linkages between soil physicochemical properties and geotechnical engineering
properties can be established through applications of scientific principles such as
phase change, mass conservation, and thermodynamic energy equilibrium. Several
essentials of these principles pertinent to geotechnical engineering properties are
briefly described below.

3.1 Phase Change Principle

Changes in the liquid and gas phases in a soil occur as a result of changes in thermo-
dynamic conditions. The direction of phase change is dictated by the thermodynamic
second law: matter or energy moves from a high-energy place to a low-energy place.
If the gas phase of water has higher free energy than the liquid phase, condensation
occurs (or vice versa, evaporation occurs). When the chemical potential at each point
within the system is equal, an equilibrium state is reached, as illustrated in Fig. 4.

3.2 Principle for Defining Representative Elementary
Volume (REV)

The representative elementary volume (REV) or unit cell is the smallest volume over
which a variable such as matric suction or pore water pressure, or a property such as
elastic modulus or thermal conductivity can be defined. For example, the REV size
for total water potential and matric suction in fine sand is ~10−4 m, but the REV size
for pore water pressure is ~10−9 m, 5 orders of magnitude in difference, as illustrated
in Fig. 4. At a scale greater than the REV of a variable, spatial and temporal variation
of the variable needs be described mathematically under continuum mechanics. So
for a REV of fine sand under energy equilibrium principle, a unique matric suction
can be defined. On the other hand , pore water pressure can vary greatly within a
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REV of fine sand, as illustrated in Fig. 4b, c, even though the total energy in a REV
of pore water remains a constant value equal to the prevailing matric suction. Due to
the physicochemical forces of adsorption, pressure near the particle surface is higher
than that near the air-water interface. As such, pore water near the air-water interface
is more likely to cavitate than that near the particle surface. Because the disparity
between these two REV scales, matric suction cannot be used as a state variable for
pore water cavitation or condensation in soil, but pore water pressure can.

3.3 Free Energy of Soil Water

Chemical potential of soil water, or total potential of soil water, unifies all transfer-
able energies or free energy with different physical and chemical mechanisms and
can be used as a criterion for energy equilibrium state. The physical and chemi-
cal mechanisms, in terms of free energies in the order of low to high, occurring in
soil water are: salt solvation, particle and inter-lamella surface hydration, exchange-
able cation hydration, van der Waals forces in film water, salvation, capillarity, and
Earth’s gravity. Each of these physicochemical mechanisms can be captured by the
laws described in the previous sections. The combined energy reduction by all of
thesemechanisms (except gravity), is lumped into the term calledmatric potential. As
a result, matric potential could be as low as −1.6 GPa (e.g., [63], also see hydration
range in Fig. 3 at dry state in some soils).

The chemical potential of soil liquid water is called the total water potential and
is widely defined as the superposition of three components; matric potential ψm,
osmotic potential ψo, and gravitational potential ψg:

ψt � ψm + ψo + ψg (11)

The superposition principle shown above implies that at the representative ele-
mentary volume (REV) scale for many engineering scale problems such as water
flow, strength, and soil displacement, the spatial distribution or variation of each of
the individual components at the sub-REV or micro-scale can be ignored. However,
for some problems such as cavitation, and swelling pressure, the pressure and stress
distribution vary locally frompoint to point at the particle or pore-scale, and a homog-
enization approach like Eq. (11) at the REV scale is not useful. Another potential
omission of Eq. (11) is that there may exist some coupling between osmotic poten-
tial and matric potential (e.g., [47]). For example, in clay barrier materials for waste
containment, salt concentration could greatly affect double layer interaction, leading
to different soil fabric and matric potential, and membrane efficiency, as described
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in Chapter 9 “Research Challenges Involving Coupled Flows in Geotechnical Engi-
neering” on coupled flows. Better understanding of these two implications and their
quantitative effects on fundamental properties of pore water pressure, water density,
and suction and geotechnical properties is a challenge remaining to be answered.

3.4 Local Thermodynamic Equilibrium Principle

Under the principle of local thermodynamic equilibriumwithin the same phasemate-
rial, the superposition principle can be applied within a unit volume of liquid or gas
for individual gases or physical mechanisms. For air with total pressure ua that con-
sists of mixture of O2, N2, CO2, with partial pressures of uO2, uN2, uCO2, and volumes
of VO2, VN2, VCO2, …, the application of the superposition principle on ideal gases
can lead to Dalton’s partial pressure law (e.g., [64]):

ua � uO2 + uN2 + uCO2 · · · � ua

(
VO2

Va
+
VN2

Va
+
VCO2

Va
+ · · ·

)
(12)

For soil water, the total (chemical) potential of soil water defined by Eq. (10) is
established at the air-water-soil REV for engineering scale problems like water flow,
soil strength, and soil displacement, thus allowing it to vary spatially and temporally
outside the particular REV or point. Furthermore, within the REV, matric potentials,
according to the origin of mechanisms, can be conceptually divided into 5 spatially-
varying components [60]: van der Waals film water hydration ψvdw(x), electrical
double layerψele(x), hydrationψhyd(x), local pore pressureψpre(x), and local osmotic
pressure ψosm(x). Here x is the statistical distance from the particle surfaces, which
is defined as x � w/(SSA ρave

w ), where w is the gravimetric water content, SSA is the
specific surface area, and ρave

w is the average soil water density. Therefore, the total
potential of soil water (Eq. (11)) becomes:

ψt(w) � ψvdW(x) + ψele(x) + ψhyd(x) + ψpre(x) + ψosm(x) + ψo + ψg (13)

This conceptualization is consistent with the local thermodynamic equilibrium
principle, which states that the total potential of soil water within the REV should
be the same, but each individual component can vary spatially within the REV. For
example, in a clay-air-water-electrolyte system, matric potential [the first 5 terms
on the right-hand side of Eq. (13)] in an equilibrium state is the same throughout
the entire system, but the electrical potential varies exponentially with the distance
x from the particle surfaces. Similarly, van der Waals potential , hydration potential,
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local pore water pressure, and local osmotic pressure vary spatially. Recognizing
such spatial variations in water potential components is important for characterizing
soil properties such as cavitation pressure, super-cooling, swelling pressure, and soil
water density.

3.5 Adsorption Water Content Versus Capillary Water
Content

Because soil-water interactions have different physiochemical mechanisms, their
roles in engineering scales processes such as flow, strength, and suction stress are
different. The importance of individual physicochemical mechanisms in soil macro-
scopic behavior can be studied by understanding the variation of individual water
content components. The application of the local thermodynamic equilibrium prin-
ciple can lead to the decomposition of total water content into two physically-based
components: adsorption volumetric water content θ a and capillary volumetric water
content θ c. They co-exist under the same matric potential ψm, i.e.:

θ (ψm) � θa(ψm) + θc(ψm) (14)

For clean sand, the adsorption volumetric water content is practically zero, but for
montmorillonite, the adsorption volumetric water content could be 25% (e.g., [63]).
The above principle allows us to develop new SWRC theories, as illustrated in recent
theoretical developments summarized Sect. 4.1 below.

4 Soil Physicochemical Properties

Recent developments in characterizing several soil physicochemical properties
important to some current and emerging challenges described in Chapter 1 “The Role
of Geotechnics in Addressing New World Problems” are provided in this section.
They are: soil water retention curve (SWRC) aka soil water characteristic curve,
specific surface area (SSA), cation exchange capacity (CEC), suction stress charac-
teristic curve (SSCC), and soil water density (SWD). The table below summarizes
the answers to three basic questions on these 5 properties: what are they? why are
they important to geotechnical engineering problems? and how do they relate to the
grand challenges outlined in Chapter 1 “The Role of Geotechnics in Addressing New
World Problems” and detailed throughout the other chapters?
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What is it? Why is it important? Relevance to challenges in
Chapter 1 “The Role of
Geotechnics in Addressing
New World Problems”

4.1 Soil water retention curve (SWRC)

Characteristic relationship
between soil water content
and matric suction or relative
humidity

Indications of shrink-swell
behavior on wetting and
drying; strength-deformation
behavior; hysteresis behavior;
water adsorption
characteristics; water mass
balance and flow

Climate change:
carbon storage and capture,
desertification, extreme
precipitation event, storm
water management
Management of Energy and
Resources:
nuclear energy
Management of water
resources:
reversal of groundwater
depletion, evaluating risk
under a changing climate,
long-term waste containment,
emerging organic
contaminants, remote
inspection, enhancing ground
stability

4.2 Specific surface area (SSA)

Total surface area of solid
particles per unit weight (or
volume) of dry soil; strongly
dependent on soil gradation
and mineralogy

Indications of soil gradation
and mineralogy; higher the
specific surface area the more
plastic the soil, the lower the
hydraulic conductivity, the
higher the shrink-swell
potential, the greater the
potential for water and
chemical adsorption

Climate change:
carbon storage and capture
Management of energy and
materials resources:
gas hydrates, nuclear energy
Management of water
resources:
long-term waste containment,
pathogens in drinking water,
emerging organic
contaminants, enhancing
stability

4.3 Cation exchange capacity (CEC)

Clay minerals carry a net
negative electrical charge
owing to isomorphous
substitution in their crystal
structures. This negativity is
balanced by cations; e.g., N+,
K+, Ca++. Mg++, heavy
metals, pollutants; CEC is a
quantitative measure of this
electronegativity

Indications of the ability of
the soil to attract and hold
different cations; shrink-swell
behavior; adsorption sites can
be used to bond stabilizers,
pollutants

Climate change:
carbon storage and capture
Management of energy and
materials resources:
nuclear energy
Management of water
resources:
long-term waste containment,
pathogens in drinking water,
emerging organic
contaminants, enhancing
stability

(continued)
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(continued)

What is it? Why is it important? Relevance to challenges in
Chapter 1 “The Role of
Geotechnics in Addressing
New World Problems”

4.4 Suction stress characteristic curve (SSCC)

Relationship between soil
suction and degree of
saturation. Suction stress has
two components: capillary
stress within the pore water
and adsorption stresses to
particle surfaces and to
adsorbed cations

Unification of effective stress
using one relationship for
both saturated and
unsaturated conditions:
σ ′ � (σ − ua) − σ s

where σ s is the suction stress
that will equal pore water
pressure u when soil is
saturated but varies
characteristically as soil
de-saturates; ua is the pore air
pressure for saturation <100%

Climate change:
extreme precipitation event
Management of energy and
materials resources:
natural gas, gas hydrates
Management of water
resources:
reversal of groundwater
depletion, enhancing stability

4.5 Soil water density (SWD)

Mass per unit volume of soil
water. It may vary from point
to point within the water in a
soil pore. It can be further
defined in two ways: average
(global) or differential (local).
The local water density
depends on the water
structure at that point

Indications of thermodynamic
state of soil water and its
physical properties such as
strength, compressibility,
thermal conductivity, and
wave travel velocity. The
thermodynamic state at any
point is influenced by
adsorptive forces from nearby
mineral surfaces and
dissolved cations and anions
and the structure of free pore
water. Potential surrogate to
define soil physical properties
such as pore water pressure
and super-freezing point

Management of water
resources:
remote inspection
Overarching challenges:
engineering properties of
geomaterials

4.1 Soil Water Retention Curve

Soil water retention curve (SWRC) describes the energy equilibrium state of soil
water with soil. The energy state refers to the so-called “matric suction,” whose
compositions or physical mechanisms are described in Sects. 2.1 and 3.5. Most
SWRC models were not based on explicit consideration of physicochemical mech-
anisms. Instead, they were established based on the shape or geometry of SWRC
for different soils (e.g., [18, 39, 107]). Some of the parameters in these models can
be clearly physically interpreted, such as air-entry values and pore-size distribution,
others such as residual water content are less clear in physical interpretations. Fur-
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Fig. 5 Conceptual model for SWR characteristic states and key parameters (after [63])

thermore, parameters with clear physical interpretations are mostly related to SWR
in the capillary regime. These SWRC models have proven to be effective and accu-
rate in modeling SWR behavior in the capillary regime or when matric suction is less
than a few thousands of kPa. They are generally not suitable for SWR behavior in
high matric suction or low matric potential where adsorption rather than capillarity
becomes dominating.

Several issues related to SWRC remain highly debatable, as cast in the following
questions:

(1) Can matric suction be defined as the difference between pore air pressure and
pore water pressure?

(2) What is the cavitation pressure for soil water?
(3) Is soil matric suction higher than several tens of MPa important for engineering

problems?
(4) What is the highest soil matric suction?
(5) What is the physical mechanism for SWR hysteresis in the high matric suction

regime?

The answers to these questions not only are important for how we define SWR
properties, but also bear implications to how we measure SWR properties.

Recently, a systematic effort has been made to answer the above questions and
some major advances are summarized here. Regarding the first question, in recent
years, Revil and Lu [93] show that at any state of matric suction, soil water can be
physically and quantitatively decomposed into two components: adsorption and cap-
illarity under the local thermodynamic equilibrium principle described in Sect. 3.4.
To answer the first four questions, a complete SWR conceptual model was proposed
by Lu and Khorshidi [65] and Lu [63], as illustrated in Fig. 5.
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Because the SWR has the two distinguishable physical mechanisms of capillarity
and adsorption, the two soil water contents follow different physical laws. Capillarity
requires the existence of curved air-water interface and can be described by the
Young-Laplace equation (6), whereas adsorption does not require a curved air-water
interface and can be described by Kelvin’s equation (8) or adsorption laws (2) or
(3). Therefore, under the capillary regime, pore water pressure can be defined and
quantified by the Young-Laplace equation and the common way of defining matric
suction as the difference between pore air and pore water pressure is appropriate.
However, when adsorption is dominant or is the sole mechanism for SWR in the high
matric suction regime, the pore water pressure varies from location to location. As
such, the common definition of matric suction is not physically meaningful. A more
general way is to define matric suction as the negative of matric potential, which
could be defined in Eq. (13). This definition does not require the validity of capillary
pore pressure, but specifies the physical origin and energy level of soil water, as
described in Eq. (13).

Adsorbed water can only co-exist with a soil matrix, and the chemical structure of
adsorbed water should differ significantly from that of capillary water. Consequently,
adsorbed water may not cavitate like capillary water. Capillary water, on the other
hand, likely retains bulk water structure for its existence under high matric potential
or low maric suction. Therefore, capillary water is subject to cavitation when pore
water pressure is equal to saturated vapor pressure. Because of the co-existence of
capillary water and adsorption water and the pressure increase in adsorptive water,
cavitation can occur under much lower matric potential than in pure liquid water.
Cavitation pressure is an intrinsic property for a soil, thus it varies with soils and
may provide a mechanism for transitional SWR process between capillary water and
adsorptive water regimes [88, 105]. As illustrated in Fig. 5, because the adsorptive
SWRmechanism depends on soil mineralogy, an intrinsic matric potential or highest
soil suction exists for each soil. Therefore, expressing SWRC equations with an
infinite suction (e.g., [107] or a universal value (e.g., [39]) is physically incorrect.

Revil and Lu [93] developed the first SWRC model explicitly incorporating
adsorption and capillarity using the adsorption laws of Freundlich (Eq. (2)) for
adsorptive water and van Genuchten’s [107] SWR model for capillary water. Lu
[63] further developed a generalized SWRC model by (1) a new adsorptive water
θ a(ψm) equation capable of defining the lowest matric potential and by (2) a new
cavitation model capable of defining probabilistic process of cavitation transition
between capillary water θ c(ψm) and adsorption water θ a(ψm):

θa(ψm) � θamax

{
1 −

[
exp

(
−ψmmin + ψm

ψm

)]m}
(15a)

θc(ψm) � 1

2

[
1 − er f

(
−√

2
ψm + ψc

ψc

)]
[θs − θa(ψm)]

[
1 + (αψ)n

](1/n−1)
(15b)

where ψc is the cavitation pressure, ψmmin is the lowest matric potential, θ amax is
the maximum adsorptive water content, θ s is the porosity, m is the fitting parameter
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Fig. 6 Fitted SWRCs for: a silty soil, b non-swelling clay, and c swelling clay (after [63]). Volu-
metric water content is defined the ratio of the volume of water to the total volume of soil

for adsorption strength, n is a fitting parameter for pore size distribution, and a is
the fitting parameter related to the air-entry matric potential. Equations (14)–(15)
completely define the generalized SWRC.

As illustrated and defined in Fig. 5, seven physically meaningful parameters are
used to define the generalized SWRCmodel. Using a widely-ranged SWR dataset, it
is shown that the generalized SWRC model is not only able to distinguish soil water
content between adsorption and capillarity, but also is statistically better than the
other models that have been proposed (van Genuchten’s [107] model and Fredlund
and Xing’s model [39], and Revil and Lu’s [93] model). The performance of the
generalized SWRC model for silty soil (Fig. 6a), non-swelling clay (Fig. 6b), and
swelling clay (Fig. 6c) is illustrated.

Two theoretical and experimental challenges remain regarding SWRC modeling:
understanding of soil water cavitation and soil water retention in the high suction
regime. From a thermodynamic viewpoint, cavitation of liquid water is controlled by
local pressure and temperature. However, matric suction, in general, is not indicative
of pore water pressure at the inter-atomic scale, because pore water pressure in soil
is controlled not only by capillarity, but also by adsorption. As such, the magnitude
of pore water pressure at a specific point is determined by mineral and gradation
characteristics of soil and the water content. Quantitative theories or experimental
methods to measure pore water pressure distribution within a representative ele-
mentary volume for matric suction remain largely unexplored. Another frontier of
research is in SWRCbehavior at high suction.With a few exceptions, such as the filter
paper methods and the latest isotherm measurement techniques by VSA [58], nearly
all existing techniques for measuring or controlling matric potential are limited for
matric potential values >−100 MPa. However, as illustrated in Fig. 5, adsorptive
water retention is the dominant mode for matric potential <−100 MPa. For clayey
soils shown in Fig. 6, adsorptive water content is significant and can be as high as
20% in volumetric water content for swelling clays. These studies also indicate that
each soil has a unique minimum matric potential or maximum suction, as theoreti-
cally predicted by Eq. (18) in Sect. 4.3. The maximum suction varies between 0.5
GPa and 1.6 GPa [51]. Thus, quantitative experimental techniques, particularly for
continuous measurements or control potential, are needed.
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Fig. 7 Experimental data showing hysteresis of SWRC under low matric potential for kaolinite,
illite, and montmorillonite (a), conceptual illustration of hysteresis mechanism in adsorption water
retention regime in non-swelling clay (b), and in swelling clay (c) (after [65])

Another frontier in understanding SWR behavior is the mechanism for SWR
hysteresis. Until recently, hydraulic hysteresis has been attributed to two physical
mechanisms: contact angle and ink-bottle (e.g., [64]). The contact angle here refers
to the angle between liquid-solid interface and liquid-air interface, and the ink-bottle
refers to the shape of soil pore that mimics an inverted ink bottle. Both mechanisms
are established based on the existence of capillary water in soil pores, which may
not be applicable for explaining SWR behavior under low matric potential where
adsorption is the dominating SWR mechanism. Figure 7 shows the SWR data for
three different clays: kaolinite, illite, and montmorillonite. The hydraulic hysteresis
is relatively small in kaolinite, moderate in illite, and strong in montmorillonite.
Because capillarywater is unlikely to existwhen the relative humidity is less than80%
or the matric potential <−30 MPa, the commonly used contact angle and ink-bottle
mechanisms cannot explain why hysteresis exists and what controls its magnitude.

Lu and Khorshidi [65] proposed a conceptual model to explain the hysteresis
in clay based on the interplay between exchangeable cation hydration and van der
Waals forces between inter-layer crystalline sheets [terms expressed in Eq. (1)], as
conceptually illustrated in Fig. 7b, c. In non-swelling clay (Fig. 7b), adsorption and
desorption occur on soil particle surfaces leading to small hysteresis. In contrast, in
swelling clay (Fig. 7c), adsorption and desorption can also occur on interlayer sheets
where exchangeable cations reside, thus water molecules are subject to additional
strong resistance of inter-sheet van der Waals forces during adsorption but weaker
(larger separation in interlayer sheets) assistance of van der Waals forces during
desorption. This hysteresis mechanism may open a new window to address several
important questions regarding expansive clay behavior:What is the interplay between
exchangeable cation hydration and crystalline van der Waals forces? what is the free
energy or swelling potential involved in clay swelling? How does swelling potential
depend on the hysteresis and relate to swelling pressure? Answers to these questions
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would provide insight to better define geotechnical properties and quantify expansive
clay behavior.

4.2 Specific Surface Area

The surface of soil is where solid and water as well as other chemicals interact,
providing physical linkages between atomic-scale forces and physicochemical prop-
erties. Soil specific surface area (SSA) is defined as the solid surface area per unit
solid mass. However, the solid surface is a concept vaguely defined, as it could be
on the particle surface, between inter-sheets, or around exchangeable cations. There-
fore, SSA is sorbent (soil solid) or/and sorbate (water or other materials) dependent
(e.g., [95]). Different sorbates (e.g., water and ethylene glycol) have different affinity
with the same sorbent (e.g., montmorillonite) or accessibility to adsorb onto solid
surface.

Currently, the standard methods to measure SSA are to use one of three polar
materials [methylene blue, ethylene glycol, and ethylene glycol monoethyl ether
(EGME)] as sorbate or probing material. Once the equilibrium between soil and
sorbate is reached at monolayer coverage, the SSA for sorbate i is calculated as
follows (e.g., [5]):

SSAi � mi, j

Mi
× N × Ai (16)

where mi,j is the mass of sorbate i per unit mass of sorbent j at monolayer coverage,
M i is the molecular mass of the sorbate (g/mol), N is Avogadro’s number (6.023 ×
1023 per mol), and A is the surface area (m2) covered by one sorbate molecule (e.g.,
[5]).

Water has been used as a sorbate to calculate SSA (e.g., [4, 5, 84]). The advantages
of using water as a probe are: it is directly related to water contents that are most
relevant to many real problems and SWRC or isotherm data. Using non-water polar
materials in standard methods, on the other hand, may cause underestimation due to
inaccessibility of largemolecules to areas around exchangeable cations in inter-sheets
in expansive clay [65]. In general, the water-based methods yield comparable results
to the standard methods but with some considerable differences in uncertainties
associated with: determination of the monolayer coverage point (relative humidity),
and the validity of the BET equation as the adsorption law in soil. Fixing a relative
humidity (e.g., [5, 84]) is not physically consistent as different exchangeable cations
will have different monolayer coverage point. The BET equation is also not strictly
applicable for soil as surfaces are non-homogeneous among particle surface, inter-
sheet surface, and exchangeable cations.

To overcome these uncertainties, a universally applicable procedure [52] has been
developed to identify monolayer or bilayer point along SWRC or isotherms. Two
criteria were developed and concurrently used: specific moisture capacity (derivative
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Fig. 8 Illustration of the determination of monolayer cation relative humidity RHmc, surface cov-
erage relative humidity RHm by: a the specific moisture capacity method (suitable for swelling
clay), and b BET plot method (suitable for non-swelling clay)

of water content with respect to soil matric suction) and the BET plot. For soil
with significant CEC, cross points between the wetting and drying specific moisture
capacity curves provide points formonolayer cation and surface coverage and bilayer
surface coverage, and each of them can be used to infer SSA (Fig. 8a). For soil with
small, or insignificant CEC, the BET plot (Fig. 8b), which differs from the traditional
BET equation method can be used to identify points for both monolayer cation and
monolayer surface coverage.

Comparisons of this newwater-basedmethod with the other water-basedmethods
and the EGME method for various soils over a wide range of SSA indicate that the
newmethod is reliable and more accurate. Some challenges remain in distinguishing
types of surface area: particle surface, inter-particle contact surface, and crystalline
inter-sheet surface. Each type of surface may have a distinct role in hydrologic and
mechanical behavior. For example, particle surface is directly related to film flow
phenomenon, which may not be governed by Darcy’s law. All traditional methods
for SSA do not distinguish SSA among different surface types. Therefore, further
theories and experimental techniques are needed to quantify types of specific surface
area.

4.3 Cation Exchange Capacity

Recent studies show that the CEC of a soil can be inferred directly from the soil’s
SWRC data by several ways. As illustrated in Fig. 8 and described in Sect. 4.2, the
monolayer cation hydration point or water content mmc can be estimated by either
SMC or BET plot method for all soils with exchangeable cations. Because the first
layer cation hydration (i.e., Na+, K+, Ca++, and Mg++) is dominating by ionic bond,



116 N. Lu

a soil’s CEC is considered as a function of types of cation i with valence V i, and
hydration number I i through the following equation [53]:

wmc � ωw

∑
i

IiCECi/Vi (17)

The above equation has been experimentally validated using the SWR data for
different mono-ionic bentonite and kaolinite-Sodium bentonite mixtures. The mono-
layerwater contentmeasured from the SMC/BET plotmethod follows the same trend
with that from the right-hand side of Eq. (17), indicating that Eq. (17) can be used
to infer CEC of soil.

Because surface hydration and cation hydration are dominant for RH <30% and
eachof themhas their owndistinct ranges ofRH formonolayer coverage, a theoretical
SWRC for RH <30% can be developed. A theoretical SWRC for cation hydration
was developed by Khorshidi and Lu [51] for all types of exchangeable cations where
matric potentialψm is considered as a function of CEC, valence V i, hydration radius
ri, and water content w:

ψm � − 3×10−10ViCEC

r2i (4Viw + 9.3CEC)
(18)

To validate the above equation, various types of soils from silty non-swelling clay,
to swelling clay were used and their CECs were qualified by the SWR data using
the above equation and an independent Ammonium acetate method (ASTMD7503).
Excellent agreement (correlation coefficient of 0.99) was obtained for the RH range
of 4–30% (corresponding tomatric potential range of−443 to−166MPa), indicating
the validation of Eq. (18) and its usefulness to quantify CEC directly from SWRdata.
Khorshidi andLu [50] also found that the full coverage ofmonolayer cation hydration
for common cations in soils likeCa++, Na++,Mg++, K+, and Li+ occurs betweenRH�
5–26%.TheRHvalue for fullmonolayer cation coverage is dependent on cation type,
but independent of soil mineral type, i.e., kaolinite or montmorillonite. However,
because soil mineral type determines CEC, the water content for full monolayer
cation coverage depends on both soil type and cation species, as predicted byEq. (18).
Therefore, for the same soil with different exchangeable cations, the SWRC could
be very different, depending on cation species.

As a corollary of Eq. (17), the superposition principle is applied [50] to quantify
exchangeable cations with unknown types of cations and their quantities. For 26
different soils and mixtures, the comparisons between the identified and quantified
exchangeable cation and those by an independent method were found to be excellent
[50], demonstrating thatEq. (17) canbeused to identify types of exchangeable cations
and their quantities for all types of soils. Because some overlap exists between sur-
face and cation hydration in free energy ranges, differentiating surface areas between
cation hydration and surface hydration is challenging. Separating between the spe-
cific surface area of cation hydration and the specific surface area of surface hydration
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has implications to better understanding the roles of each of these two surfaces in
swelling behavior, suction stress, and modulus variations.

4.4 Suction Stress Characteristic Curve

Effective stress is the state of stress in soil that determines its resistance to volume
change, shear deformation, and shear failure. It is described as the stress on soil
skeleton [102]. For unsaturated soil, Bishop [11] proposed a form of effective stress
σ ′:

σ ′ � (σ − ua) − [−χ(ua − uw)] (19)

where σ is the total stress, and χ is a parameter suggested by Bishop to be a function
of degree of saturation. Parameterχ is constrained between 0when soil is completely
dry and 1 when soil is fully saturated. The form of interparticle stress expressed in
the bracket in the Bishop’s effective stress Eq. (19) accounts for only capillarity and
dictates a zero interparticle stress expressed in the second term on the right-hand
side of Eq. (19) when soil is completely dry. This contradicts the finite interparticle
stresses in fine-grained soils like silty and clayey soils where adsorptive forces are
important.

In 2006, Lu and Likos [73] conceptualized a suction stress characteristic curve
(SSCC) to unify effective stress under both saturated and unsaturated conditions, i.e.:

σ ′ � (σ − ua) − σ s (20)

where σ s is the suction stress that will equal the pore water pressure when a soil is
saturated, but varies characteristically as soil de-saturates. Suction stress can be fur-
ther divided into two components dependent on two-distinguishable physical water
retention mechanisms:

σ s(ψm) � σ s
a (ψm) + σ s

c (ψm) (21)

where σ s
a(ψm) is the suction stress caused by adsorptive water, and σ s

c(ψm) is the
suction stress caused by capillary water. Lu and Likos [73] synthesized all the exist-
ing shear strength data available and demonstrated that the SSCC-based effective
stress Eq. (20) is valid. Under the SSCC based effective stress, shear strength, under
both saturated and unsaturated conditions, can be predicted by the same failure cri-
terion, such as Mohr-Coulomb, so there is no need to use different failure criteria
for soil under unsaturated conditions. Under capillary mechanism, suction stress has
an intrinsic relationship with SWRC, as illustrated in Fig. 9a. Matric suction is the
free energy of soil water per unit volume of soil water, whereas suction stress is the
free energy of soil water per unit volume of effective soil void (shaded area). Con-
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sequently, SSCC due to capillary water can be directly calculated from the SWRC
as σ s � −Se (ua − uw).

Lu et al. [71] further demonstrated theoretically and experimentally that a closed
form equation for the SSCC can be established for all types of soils (Fig. 9b):

σ s � −Se(ua − uw) � − S − Sr
(1 − Sr )α

[(
S − Sr
1 − Sr

) n
1−n

− 1

]1/n

� − Se
α

[
(Se)

n
1−n − 1

]1/n
(22)

where S is the degree of saturation, Sr is a fitting parameter commonly called residual
saturation, Se is the equivalent degree of saturation and is equal to (S − Sr)/(1 −
Sr), α is a fitting parameter related to the inverse of air-entry pressure, and n is
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a fitting parameter related to pore size distribution. The closed form Eq. (22) for
SSCCcompletely utilizes the identical parameters defined in vanGenuchten’s SWRC
equation shown in Fig. 9c.

The intrinsic relationships betweenSWRCandSSCCare further validated [67, 68]
by a deformation-based method along with the shear strength and SWR data. Chal-
lenges remain in developing theoretical formulas for suction stress due to adsorption.
The major obstacles are lack of experimental techniques to reliably quantify suction
stress at very low matric potential, i.e., ψ <−50 MPa. From a theoretical viewpoint,
suction stress at very low matric potential would provide an important physical con-
straint for the lower bound. Nevertheless, practical implications of suction stress at
very low matric potential are unknown and remain to be explored.

In 2008, Lu [72] illustrated that matric suction, though has stress unit per se, is
not a stress variable, though matric suction can be used as a variable to describe
stress through other functions. In nearly all two-stress state variable theories, matric
suction has been widely used as a stress variable parallel to other stress variables
such as the total stress. Consideringmatric suction as a stress variable would unlikely
lead to a unified treatment of shear strength and deformation under the Terzaghi’s
effective stress principle for soil under variably saturated conditions. The practical
corollary is that theories based on the two-stress state variables would unavoidably
lead to functional parameters that do not have a clear physical basis.

Recently, the traditional definition of matric suction being the difference between
pore air and porewater pressures is challenged [65]. This definition is only validwhen
pore water pressure can be calculated by the Young-Laplace equation (6). Because
soil-water retention by two distinct physical mechanisms; capillarity in pores and
hydration on the particle and inter-sheet surface, and around exchangeable cations,
soil water structure or densities are very different (see Sect. 4.5). Under capillary
mechanism where there exists curved air-liquid interface, and the traditional pore
water pressure can be calculated by the Young-Laplace equation (6). On the other
hand, under surface or cation hydration there is no need for the curved air-liquid
interface. Water is tightly bonded for the first few layers, water density varies sig-
nificantly, so the traditional pore pressure concept is not appropriate or measurable
or controllable by traditional methods such as tensiometer or axis translation tech-
niques. Instead, Kelvin’s equation (8) should be used to define and calculate the total
suction and matric suction. A general matric suction definition, being the negative
of matric potential defined in Eq. (11), will provide a unified way to describe soil
water potential.

Several important questions regarding the unified effective stress remain. While
interparticle physicochemical forces have been recognized as the deficiency in
Bishop’s effective stress Eq. (20) and are used in the suction stress-based effective
stress framework shown in Eq. (22), theories on suction stress due to these physic-
ochemical forces are incomplete. Currently, suction stress due to adsorptive water
is treated roughly in Eq. (22) as the contribution due to the residual water content.
Though widely used in many SWRCmodels, the concept of residual water content is
physically blurred and thus empirical. The explicit functional relationship between
matric potential and adsorptive water content should be and has been recently used
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in lieu of the residual water content [63, 93]. Such relationship should provide a
physical basis to further develop better suction stress functions for adsorptive water
content appeared in Eq. (21).

4.5 Soil Water Density

Density of amaterial reflects its thermodynamic state and impacts its physical proper-
ties such as strength, compressibility, thermal conductivity, and wave travel velocity.
Soil water density can be remarkably different than free liquid water density due to
adsorption that causes water structure change (e.g., [2, 76, 79]). To date, however,
there is no unanimously accepted experimental approach to measure soil water den-
sity or a physical model to describe soil water density as a function of water content.
Better understanding the causes for changes in soil water density may light path-
ways to utilizing soil water density as a powerful surrogate to define soil physical
properties. The major obstacles can be summarized in three areas: the limitations or
flaws in the existing measurement techniques, how to interpret soil water density as
a function of soil water content, and ambiguous physical mechanisms responsible
for soil water density variation [112].

Commonly used experimental techniques for determining soilwater density areX-
ray diffraction (e.g., [83, 85]), specific gravity bottle (e.g., [59, 86]), and swelling test
[109]. Each of these techniques provides a quantitative way to determine soil water
density, but each has flaws or inherent limitations [112]. Commonly used theoretical
techniques are molecular dynamics and molecule simulation (Monte Carlo). While
these methods have a rigorous thermodynamic basis, they are limited by simulation
time, size, and ideal conditions [112]. Specifically, molecular dynamics can only
simulate real time up to on the order of pico-seconds,MonteCarlo simulation requires
an unknown number of iterations for convergent results, and the simulation domain
for both methods is primarily constrained at the unit cell of mono mineral crystals.

Soil water density is generally defined as the ratio of soil water mass (Mw) to
volume of soil water (Vw), and can be further refined in two ways: average (global)
ρave
w or differential (local) ρ inc

w :

ρave
w (w) � Mw(w)

Vw(w)
� w

Vw(w)
Ms (23)

ρinc
w (w) � �Mw(w)

�Vw(w)
� �w

�Vw(w)
Ms (24)

where gravimetric water content w and solid mass Ms are commonly introduced as
a reference state.

Both experimental and theoretical studies in the past demonstrate that in swelling
soil under low matric potential environment, soil water density can be as high as
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Fig. 10 Comparisons of predicted soil water density curves with experimental data for a kaolinite
and b Na-montmorillonite (from [112])

1.68 g/cm3 [28], whereas in some clayey soil under high matric potential, soil water
density could be as low as 0.74 g/cm3 [14].

A conceptual model unifying the above abnormal soil water density has been
recently proposed and theorized in a soil water density model [112]. Herein two
mechanisms are responsible for soil water potential and therefore density variations:
capillarity and adsorption. Both lower the matric potential but in fundamentally
different ways. As described in Sect. 4.1, capillarity lowers pore water pressure,
thus creating tensile stress among water molecules and enlarged liquid volume. This
leads to soil water density lowering. However, soil water density is subject to a
lower bound due to cavitation. Two types of adsorption mechanisms exist in soil:
surface and inter-sheet hydration, and cation hydration. Both adsorptionmechanisms
lower matric potential but have different impacts on soil water density. Since water
molecules are tightly bound around the particle surface or cations, inter-atomic forces
or local pressure would increase. Under ionic and van der Waals forces, the water
structure could be altered significantly in comparison with capillary water. This leads
to a significant increase in local pressure and soil water density. Because clayey soil
could have very high SSA, the adsorption water content could be dominating under
low matric potential. This leads to soil water density much higher than that in free
or capillary water. A new soil water density function integrating both adsorption and
capillary mechanisms is proposed [112]:

ρinc
w � (ρmax − ρw0)

[
exp

(
ψm − ψmmin

ψm

)]η

+ ρw0 (25)

where ρmax is the maximum soil water density, ρw0 is the bulk soil water density,
ψmmin is the lowest matric potential, and η denotes the exponential decay rate. Uti-
lizing the generalized SWRC model [63], the new soil water density function model
(Eq. (25)) can reproduce the experimental trends in kaolinite and montmorillonite,
as illustrated in Fig. 10.
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The experimental data for montmorillonite shown in Fig. 10b were obtained by
different investigators under different water content. Thus, at a given water content,
the differences among different measurements could result from the different total
water contents. For example, at a water content around 0.2, which is equivalent to
about two layers of adsorbed water, or 6 nm from the particle or interlayer surface,
soil water density data fluctuates between 1.35 to 1.45, because the experimental
data points were obtained at different water contents.

Several fundamental issueswith both theoretical and practical implications remain
unresolved. The density, structure, and energy state of the water is recognized to be
different at a given distance from the particle surface in the case of a saturated soil
than in an unsaturated soil at a low water content [76, 79, 82]. This implies that the
porewater pressure and consequently soilwater density (local) at a fixed point depend
on saturation or water content. Whether this is true, and the practical significance are
unclear.

In principle, as defined inEq. (13),matric potential, which governs the equilibrium
state, has origins in capillarity and adsorption. Near the particle surface, adsorptive
matric potential is caused by van derWaals forces, surface cation hydration, hydrogen
bonds, and the electrical double layer, which lower the energy of soil water, leading
to potentially significant compressive pressure near particle surfaces. At the far field
where the air-water interface is located, matric potential could be controlled by either
capillarity (Eq. (6)) or adsorption (Eq. (8)), depending on water content. Fundamen-
tal research on pore water pressure distribution within a representative elementary
volume of matric potential under variably unsaturated conditions is needed.

Currently, there is no reliable technique for measuring soil water density in either
average or incremental form. Data on soil water density would provide a physical
basis for developing theoretical models describing the soil water density function.
Soil water density function can be used as a surrogate to better definematric potential,
SSA, specific gravity of soil, and to quantify swelling behavior in clay.

5 Geotechnical Engineering Properties

Recent developments in characterizing four geotechnical properties important to cur-
rent and emerging challenges described in Chapter 1 “The Role of Geotechnics in
Addressing NewWorld Problems” are provided in this section: soil shrinkage curve
(SSC), small-strain shear modulus Gmax, Young’s or finite-strain modulus E, and
thermal conductivity function. The table below summarizes three basic questions on
these four properties: what are they? why are they important to geotechnical engi-
neering problems? and how do they relate to the grand challenges as well as specific
emerging problems outlined in Chapter 1 “The Role of Geotechnics in Addressing
New World Problems”.
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What is it? Why is it important? Relevance to challenges in
Chapter 1 “The Role of
Geotechnics in Addressing
New World Problems”

5.1 soil shrinkage curve

Soil shrinkage curve is the
characteristic relationship
between volumetric reduction
(void ratio) and soil moisture
content (moisture ratio equal
to volume of soil water to
volume of solid) under drying
and zero total stress
conditions

Provides linkages between
CEC/SSA and Atterberg
limits, and between CEC/SSA
and soil deformation
(swelling/shrinkage)
properties

Management of energy and
materials resources: nuclear
energy
Management of water
resources:
remote inspection, evaluating
risk under a changing climate

5.2 small strain shear modulus

Gmax is ratio between a small
shear stress and the
accompanying shear
deformation; i.e., a
deformation so small that it
does not cause any permanent
deformation following stress
removal (elastic behavior).
Once the shear strain γ

exceeds some small value γ ref
the shear modulus degrades
progressively to smaller
values with further
deformation

Determines the velocity at
which shear waves travel
through the ground. Important
parameter in soil dynamics
problems and geotechnical
earthquake engineering

Urban sustainability and
resilience:
natural hazard resilience for
cities
Overarching challenges:
engineering properties of
geomaterials

5.3 Young’s modulus function

E is ratio between applied
stress and deformation in the
same direction (usually
compressive or tensile); a
constant if within the range of
linear elasticity, degrades for
higher stress levels because of
disruption of soil structure

Used for computation of
deformations and
displacements of earth and
earth-structure systems

Urban sustainability and
resilience:
natural hazard resilience for
cities
Management of Water
resources:
reversal of groundwater
depletion
Overarching challenges:
engineering properties of
geomaterials

5.4 Thermal conductivity function

The constant of
proportionality that relates
rate of heat flow by
conduction through a material
to the thermal gradient across
the material (Fourier’s Law)

Essential parameter for
solution of any steady state or
transient problems involving
heat flows, freezing, thawing,
or temperature changes in the
ground

Climate change:
thermal energy (climate
change)
Overarching challenges:
engineering properties of
geomaterials
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5.1 Soil Shrinkage Curve

The soil shrinkage curve is the characteristic relationship between volumetric reduc-
tion (as indicated by decrease in void ratio) and moisture ratio during drying under
zero applied total stress conditions. Moisture ratio equals to the ratio of volume of
soil water and volume of solid. It has been studied for at least over one hundred years
for silty and clayey soils. Historically, remolded soil has been assumed to have three
volumetric behavior regimes (Fig. 11a): normal shrinkage where soil is saturated
and volume change is due entirely to water content reduction, residual shrinkage
where soil becomes de-saturated with a large amount of water evaporation and the
water content reduction is greater than the volume reduction, zero shrinkage where
there is no or little volume reduction as soil dries. This conceptual model has been
widely accepted to the extent that few of the documented relationships contain data
for moisture ratios less than about 0.1.

Recently, Lu and Dong [62] proposed a SWR-based shrinkage curve model as
illustrated in Fig. 11b. Particle Image Velocimeter (PIV) has been used to quantify
the soil shrinkage curve. Consistently for clayey soils, Lu and Dong [62] found that
shrinkage rate (slope of void ratio vs. moisture ratio illustrated in Fig. 11b) of soil
is not zero as soil approaches dry; instead, it is a constant characteristically related
to SSA, CEC, and the maximum adsorption water content. This implies that the
relationships among any of the three soil physicochemical properties SSA, CEC,
and the maximum adsorption water content are by a constant. Further research on
broad soil is needed to assess the generality of this discovery.

In light of the new discovery and the conceptual model depicted in Fig. 11b, Chen
and Lu [22] developed a generalized equation for the soil shrinkage curve. In this

Fig. 11 Illustration of soil shrinkage characteristic curve: a traditional interpretation, and b inter-
pretation based on adsorption and capillary soil water retention (from [62])



Linking Soil Water Adsorption to Geotechnical Engineering … 125

equation, the soil shrinkage rate turns to zerowhen soil does not have significantCEC,
whereas the shrinkage rate could be non-zero and as high as 0.4 for montmorillonite.

One interesting finding is that the maximum adsorption water content of SWR of
a soil is not equal to the maximum adsorption water content of SSC, but is highly cor-
related. The ratio between these two maximum adsorption water contents was found
to be persistently ~2.45 for different types of soils. This has an important implica-
tion on one long-standing question: is there a one-to-one relation between SSA/CEC
and Atterberg limits? Strong correlation has been found, but no unique relationship
has been established. In light of the unique relationship between SSA/CEC and soil
shrinkage rate, Lu andDong [62] offered the following explanations. Atterberg limits
tests are fundamentally mechanical tests; the plastic limit making radial cracks per-
pendicular to soil thread is a tensile failure test under unsaturated static conditions,
whereas the liquid limit shaking a grooved soil specimen is a shear failure test under
saturated dynamic conditions. As such, the determining factor for each of these two
tests is soil strength under different water content. Suction stress provides exactly
such strengths; one in tensile and the other in shear resistance. Following such logic,
strengths of soil are fundamentally governed by inter-particle stress, i.e., suction
stress. Suction stress originates from two types of inter-particle stresses: capillary
and adsorption. Adsorption-induced suction stress is governed at more fundamental
inter-atomic scale by physicochemical forces through SSA/CEC. Capillary induced
suction stress is governed at more fundamental pore scale by capillary forces of sur-
face tension and negative pore water pressure. Adsorption-induced suction stress is
independent of pore size distribution and controls the suction stress in clayey soil,
leading to the observed strong correlation between SSA/CEC and shrinkage rate
[62].

Capillary induced suction stress is greatly controlled by molding and pore pore-
size distribution, leading to different suction stress for different soils with the same
pore-size distribution or the same soil with different pore-size distributions. This
causes the non-unique relationship between SSA/CEC and Atterberg limits. Stiff-
ness, in terms of compressibility defined as the slope between the void ratio and
logarithm of negative suction stress under shrinkage test conditions, is governed
by both suction stress and pore-size distribution, therefore should have a stronger
correlation to Atterberg limits, as demonstrated experimentally in (Fig. 12).

Future research should examine the generality of the non-zero shrinkage rate
assumption as well as the shrinkage rate variation in low moisture ratios. Some
experimental data [70, 108] indicate that the shrinkage rate can abruptly become
negative as kaolinite soil approaches to dry state, leading to volume expansion.
Possible physical explanations are vanishing capillarity [108] and the last adsorbed
layer on particle surface. Because the resolution limit in controlling moisture ratio
and measuring void ratio in the current shrinkage curve measurement techniques,
the nature of the abrupt reverse in volume change remains unknown.

Future research should also focus on linking soil shrinkage behavior andAtterberg
limits, which will provide pathways to ultimately develop a fundamentally sound,
robust, and practical method to classify and characterize clayey soil.
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Fig. 12 Experimental data illustrating the relationship between compressibility and Atterberg lim-
its. Compressibility of remolded soil is defined as the slope of the void ratio vs logarithm of negative
suction stress (from [29])

5.2 Small Strain Shear Modulus

Small-strain shearmodulusGmax is a governing parameter for shearwave propagation
in porous materials; the travel velocity is proportional to the square root of Gmax and
depends on soil type, void ratio e and effective stress σ ′. Gmax can be described by a
power law proposed by Hardin and Richart [43] as follows:

Gmax � A · F(e)(σ ′)γ1 (26)

where A and γ 1 are fitting parameters, and F is empirical function of void ratio
e. By explicitly considering the role of suction stress in material’s stiffness, some
recent works on generalizing the above law to variably-saturated conditions will
be reviewed here. The relationship between finite strain modulus and small-strain
modulus can be also established (Sect. 5.4).

In continuum mechanics, there are two geotechnical properties governing wave
propagation in soil: small-strain shear modulus and damping factor. Typical stress
wave problems in earthen structures are due to dynamic loading bymachine, structure
and vehicle vibration, and seismic wave propagation. Small-strain shear modulus or
Gmax as it is commonly called, varies greatly in different soils. Even in the same
soil it can vary from a few MPa at the complete saturated state to a few GPa at the
complete dry state. Stress conditions, both inter-particle and external, have shown to
greatly affect Gmax variation in granular soil [23]. Recent studies also indicate that
Gmax is subject to wetting and drying hysteresis.

The variation of Gmax is most pronounced in soil with clay content. Several ques-
tions arise: why does Gmax vary so much from dry to saturated? Why are there
two rapid changes in Gmax (shown in Fig. 13a), one at high water content and the
other at relatively low water content? Why is hysteresis pronounced at high water
content whereas there is little at low water content? Employing the SSCC-based
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(a) (b) (c)

Fig. 13 Small-strain shear modulus behavior: a as a function of volumetric water content (from
[31]), and b, c conceptual mechanism of contributions of capillary and adsorption water to small-
strain shearmodulus: adsorption-induced suction stress, capillary-induced suction stress (after [30])

effective stress principle, Dong and Lu [30] proposed a conceptual model illustrated
in Fig. 13b, c. Herein suction stress controls the large variation in Gmax. The two
rapid changes coincide with de-saturated state at high water content and onset of
adsorption (θ amax) state; thus capillary-induced suction stress is responsible for the
first stage of rapid change, and adsorption-induced suction stress for the second rapid
change. By the same token, capillary-induced suction stress causes some significant
irreversible pore size change, whereas adsorption-induced causes little. The small
suction stress hysteresis in adsorption water retention regime and large suction stress
in capillary water retention regime are experimentally confirmed in several studies
[32].

Hardin and Richart’s Eq. (26) is extended with the above conception by Dong and
Lu [31], where a simple constant scalar is found betweenGmax and capillary-induced
suction stress:

Gmax � − σ s
c

4.3 × 10−3 × (αuatm)−1.33 (27)

Experimental validation of Eq. (27) for 12 different soils is shown in Fig. 14.
The high correlation between the measured and calculated by Eq. (27) validates
the conception that suction stress or effective stress controls the small-strain shear
modulus. Some considerable discrepancies exist between themeasured and predicted
data, probably since Eq. (27) only establishes a linkage to one SWR parameter
related to air-entry pressure and ignores pore size distribution, and most importantly,
characteristic SWR parameters related to adsorption.
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Fig. 14 Comparison of
measured small-strain shear
modulus Gmax and Gmax
calculated by Eq. (27) for 12
soils from dry to saturated
(data from [31])

5.3 Young’s Modulus Function

Elastic modulus can vary up to 50 times between dry and saturated states and it is
fundamentally controlled by inter-particles stresses through soil water content. A
power law was established [68]:

Ee � E − Ed

Ew − Ed
�

(
θ − θd

θw − θd

)p

� �p (28)

where Ee is the normalized elastic modulus with respect to the difference between
the elastic modulus at dry state Ed and at wet state Ew, E is the elastic modulus, θ
is volumetric water content, θw and θd is respectively volumetric water content at
certainwet and dry states,� is the normalizedwater content, and p is empirical fitting
parameter. By explicitly considering the hardening due to capillary and adsorption, a
new equation can be established to better represent the dependence of elasticmodulus
on soil water content.

Young’s modulus is widely used for many problems in geotechnical engineering
such as estimating instantaneous settlement of earthen structures after constructions.
For soil under saturated or dry conditions, Young’s modulus is often considered
constant. However, Young’s modulus can increase up to 50 times from fully saturated
to completely dry state under a constant total stress condition. Can we establish
simple, practical yet fundamentally sound laws to describe such variation for all
soils?

Based on the experimental data of 16 different soils from sandy to silty, to clayey
soil, Lu and Kaya [68] proposed a one-parameter power Eq. (28). This equation is
practical, as the only parameter p can be experimentally determined bymeasuring the
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Fig. 15 Illustration of soil water retentionmechanisms and elastic modulus function (EMF) behav-
ior: a SWR mechanisms of capillary and adsorption, b elastic modulus hardening by capillary and
adsorption, c SWR for Denver bentonite, and d elastic modulus hardening for Denver bentonite
(from [61])

modulus at two water contents of certain dry and wet states. Further analysis on the
correlation between the fitting parameterm and the SWRC parameters shown in Lu’s
[63] SWRCmodel indicates that there is a positive correlation between parameter m
and SSA, though not very strong. By recognizing that capillary water and adsorption
water play distinguishable roles in suction stress thereby in modulus, a quantitative
model [61] conceptually illustrated in Fig. 15a, b is established.

Experimental validation for 9 different types of soil indicated that the new elastic
modulus function model can well represent hardening of various soils and differenti-
ate effects due to capillarity and adsorption, as illustrated in Fig. 15c, d. One pattern
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is observed: the maximum adsorption water content for SWR (Fig. 15c) is ~half
of the maximum adsorption water content for elastic modulus function (Fig. 15d),
which is consistent with soil shrinkage curve behavior described in 5.1.

5.4 Scaling Between Small-Strain and Finite-Strain Shear
Moduli

Many shear stress-strain relationships exhibit the maximum shear modulus Gmax at
strain near zero, or maximum tangent modulus as illustrated in Fig. 16a, and decreas-
ing monotonically as strain increases. This behavior is called modulus degradation.
Shear modulus G is defined as the slope of the shear stress-strain curve, so the mod-
ulus degradation behavior can be illustrated through the normalized shear modulus
G/Gmax vs. shear strain (Fig. 16b). Strains in the range of 10−4–10−3 are called small
strains and are characteristic of shear waves in soil.

The relationship between the small-strain and finite-strain shear modulus for soil
under saturated conditions can be expressed in the following form [26, 33]:

G � Gmax

1 +
(
γ /γre f

)M (29)

where γ is shear strain, and γ ref is reference strain defined in Fig. 16a, and m is a
fitting parameter describing the curvature of the shear stress-strain curve. When M
� 1, it reduces to the Hardin and Drnevich’s [44] equation.

For soil under variably saturated conditions, Hardin and Richart’s [43] law (26)
andDarandeli’s [26] Eq. (29) can be used as a basis. Considering the roles of capillary
water and adsorption water, therefore their induced suction stress in both small-strain

Fig. 16 Typical shear stress-strain relationship (a), and shear modulus degradation with increased
strain magnitude (b) for modulus degradation soils (after [33])



Linking Soil Water Adsorption to Geotechnical Engineering … 131

Fig. 17 Experimental validation of scaling between finite- and small-strain shear modulus by
Eq. (28) for various soils (from [29])

and finite strain (described in Sects. 5.2 and 5.3), Dong et al. [29] developed the
following equation for scaling:

G � Gmax

1 +
(
γ /ασ ′γre f

)M , M � 1

4
ln θamax + 2.34, γre f � θamax

10
θ−3n+6.9 (30)

Predictionsmade by Eq. (30) for various soils are shown in Fig. 17.While Eq. (30)
can catch the inter-relationship between the small- and finite-strain shear modulus,
considerable deviations exist. This can be attributed to several factors that require
further research: lack of data in frequency/strain domain, and role of damping factor
on modulus under different strain, frequency and water content conditions.

5.5 Thermal Conductivity Function

Heat transfer in soil is an important phenomenon in many current engineering prob-
lems, including: groundwater resource exploration (Chapter 1 “The Role of Geotech-
nics in Addressing New World Problems”), radioactive waste disposal (e.g., [114]),
ground-source heat pumps [92], energy foundation systems (e.g., [15, 17]), heat stor-
age in soils [78], geological carbon dioxide sequestration (e.g., [35]), and recovery
of unconventional hydrocarbon resources (e.g., [24]).

Like Darcy’s law, Fourier’s law (10) holds for soil under both saturated and unsat-
urated conditions. However, the material property, i.e., thermal conductivity can vary
with both temperature and water content (e.g., [37, 80]). In general, heat transfer in
variably saturated porous media can be carried out by heat conduction, liquid or/and
air convection, and evaporation and condensation in pores. Heat conduction occurs
principally through solid grain networks, in situ liquid fluid, and in situ air. Critical
reviews on heat conduction in soil [34] indicate that although many models have
been developed, most of the efforts are on mathematical models that idealize soil
pore networks such as series or parallel models or combination of them. Models
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Fig. 18 A conceptual model illustrating the roles of adsorption and capillary water retention mech-
anism thermal conductivity in variably saturated soil (from [34, 66]). Parameter m is defined as the
pore fluid network connectivity parameter for thermal conductivity

based on these idealized, though mathematically complex, generally poorly predict
thermal conductivity under variably saturated conditions [34]. Some models explic-
itly considered soil water content variations, but do not consider soil water retention
mechanisms. These models tend to perform better than idealized mathematical mod-
els, particularly in high matric potential or high water content conditions or for sandy
soil. They generally are poor in predicting thermal conductivity for silty and clayey
soil or under low matric potential or low water content conditions [34].

Considering the roles of capillary and adsorption water in heat transfer, Dong
et al. [34] developed a conceptual model for heat conduction in variably saturated
soil as shown in Fig. 18. A thermal conductivity model explicitly considering SWR
behavior is developed (see definition of the physical parameters in Fig. 18) [66]:

λ − λd

λs − λd
� 1 −

[
1 +

(
θ

θ f

)m]1/m−1

(31)

Using thermal conductivity data of 27 soils from the literature, Lu and Dong [66]
showed that Eq. (31) can accurately describe the characteristic behavior of thermal
conductivity function under both capillary and adsorption regimes and Eq. (31) is
statistically further more accurate than other popular models. Predictions made by
Eq. (31) for these various soils are shown in Fig. 19.

All the experiments reported in Fig. 19 were conducted under room tempera-
ture conditions. Previous studies indicate that thermal conductivity is also a function
of temperature, particularly when the temperature is high and soil is under unsatu-
rated conditions (e.g., [21, 100]). At high temperature, thermal conductivity function
behaves non-monotonically. As water content increases, thermal conductivity will
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Fig. 19 Comparisons of the thermal conductivity between the measured and predicted by equation
(data for the 27 soils are from [34, 66])

first increase, reach some peak values, then reduce (e.g., [21]). Such behavior is asso-
ciatedwith the latent heat transfer due to evaporation and condensation (Sect. 2.5) and
is particularly important for many emerging energy-related geotechnical engineer-
ing problems as illustrated in Chapter 10 “Emerging Thermal Issues in Geotechnical
Engineering”.

6 Concluding Remarks

Research opportunities open when one seeks the underpinning scientific basis for
challenging geotechnical problems such as those illustrated inChapter 1 “TheRole of
Geotechnics inAddressingNewWorldProblems”. In return,many effective solutions
for those scientific and engineering problems can be found. Within our profession,
historically, we often focused on working in different aspects of geotechnical prob-
lems such as theoretical formulation, modeling geosystem, computation method and
algorithm development, experiment technique, and field characterization. A common
goal for all of these aspects is seeking better solutions for engineering problems. Fun-
damental research starting from physics and chemistry of soil at inter-atomic scale,
established firmly by the geotechnical discipline in the second half of the last century,
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has been the engine providing the most promising pathways for better engineering
solutions, and will be so in the future. Discovering new laws, or modifying the
existing ones, is often necessary, and is an indispensable part, if not all, of better
engineering solutions. It is important to recognize that the powerful solutions for
practical problems, no matter the paths, always have their scientific roots. The paths
between the root and problems are multiples, if not infinite. Furthermore, on the way
to finding solutions for engineering problems, many surprises and new discoveries
may be encountered.

One of the important shifts in the scientific basis of unsaturated soil research in
recent years is recognition and use of the adsorption mechanism as the starting point
instead of the capillary mechanism. Most theories regarding soil water retention,
hydraulic conductivity, and effective stress or stress state in variably saturated con-
ditions in the past half century are based on capillary mechanism. This is incomplete
and a major overlook. Because adsorption takes place at much lower matric potential
than capillary water, whenever capillary water is present in soil, adsorption water
is always present. As such, theories based on capillary mechanism are not adequate
as adsorption mechanism is fundamentally important for fine-grained soils in their
hydrological and mechanical behavior. The importance of adsorption mechanism,
which is rooted from inter-atomic forces, for hydraulic and mechanical behavior of
silty and clayey soil is illustrated in this chapter. Many earthen infrastructures such
as levees, embankments, shallow foundations, reinforced earth walls, energy foun-
dations, and engineered and natural slopes are in variably saturated environment.
Theories capable of quantifying stress and property changes in these infrastruc-
tures under variably saturated conditions that are rooted in fundamental physics laws
and principles can provide promising solutions for many challenges encountered in
geotechnical engineering.

Acknowledgements I am grateful for numerous critical and insightful comments by James K.
Mitchell and Craig H. Benson on various versions of the chapter. However, all errors and bias are
mine.
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Multiscale and Multiphysics Modeling
of Soils

José E. Andrade and Utkarsh Mital

Abstract This chapter addresses the multiscale and multiphysics modeling of soils
explicitly. The presentation revolves around three main paradigms: continuum, dis-
crete, andmultiscale. The advantages and disadvantages of each of the paradigms are
discussed and their particular developments are addressed. We show that continuum
models are the backbone of current analysis at the engineering scale and furnish
an appropriate framework to implement multiphysics couplings including thermal,
hydraulic, mechanical, and chemical (THMC) effects. On the other side of the spec-
trum, discrete models have emerged and they are capable of capturing explicitly the
discrete nature of granular soils. Progress has been made to make discrete models
accurate. More recent developments include multiscale methods connecting con-
tinuum and discrete approaches. Multiscale methods show much promise and have
been able to reproduce material behavior in the laboratory. We anticipate that future
applications will demand more multi-scale and analysis of geologic materials.

Keywords Continuum mechanics · Discrete element method · Multiscale
modeling · Multiphysics

1 Introduction

As described in Chapter 1 “The Role of Geotechnics in Addressing New World
Problems” and throughout this book, geotechnical engineering in the 21st century
faces a number of challenges that will require effective and sustained leadership. Cli-
mate change, urban sustainability and resilience, energy and materials management,
and water management are pressing challenges that will necessitate advanced and
accurate modeling techniques. While previous methods in geotechnical engineering
have relied on experience and the observational method, these new challenges will
require a more sophisticated and rigorous approach that explicitly acknowledges the
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multiscale and multiphysics nature of soils and, in doing so, can help fill the gap in
our understanding to make transformative advances.

While it has been known that soils are multiscale and multiphysical in nature,
only recently have observations, experiments, and simulations been able to begin
to cope with this notion directly. Multiphysics have been more actively pursued,
with pioneering work on hydro-mechanical coupling dating back to the theory of
consolidation by Terzaghi [1]. Other physics have now been accounted for–there
exists a thermo, hydro, mechanical, and chemical (THMC) framework. Pivotal also
have been continuum mechanics theories that have provided the governing laws that
have served as the underpinnings of the continuum framework, including the THMC
framework. To close the system, constitutive theories have been developed, mostly
around the theory of plasticity and predicated upon the macroscopic observations of
drained soil behavior provided by triaxial compression tests (monotonic and cyclic).

The multiscale modeling of soils has been less developed until fairly recently.
While it has been known that grain-scale mechanics control the behavior of the
material at the macroscopic scale and soil classification systems attempt to link grain
scale information, such as shape, size and distribution, there has been little direct
connection between grain and continuum scale. At best, some of the continuum
theories have been “micromechanically-inspired”. For example, the idea of dilatancy
pioneered by Reynolds has roots in grain-scale mechanics but quickly dilutes to a
direct macroscopic property that is modeled using phenomenological arguments.
X-ray tomography and the introduction of the discrete element method [2] have
made possible the direct observation and modeling of granular materials. With these
developments, efforts have started to try and connect the continuum and traditional
approach, with more discrete and emergent descriptions.

The objective of this chapter is to summarize the state of the art in themultiphysics
and multiscale modeling of soils. In particular, we focus on the modeling techniques,
with only minor attention placed on the experimental techniques. We describe the
continuum framework, which is still the most widely used approach to simulate
soils. Then, the discrete approach is described, mostly from the point of view of the
discrete element method and its variants. Finally, we describe recent developments in
multiscale techniques.We have chosen a relatively narrow approach for compactness
of presentation and also reflecting the authors’ implicit biases. However, we believe
this chapter provides an important starting point in the discussion of multiscale and
multiphysical nature of soils, which is likely to become an incredibly important
aspect of soil mechanics in the near future.

2 Continuum Scale Modeling

The continuum scale refers to a scale whose dimensions are large compared to those
of individual soil grains. Owing to computational limitations, continuum analysis is
the preferred mode of analysis for typical geotechnical systems such as foundations,
retaining structures, slopes, and excavations. In its most basic form, continuum anal-
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ysis focuses on the mechanical behavior and seeks to relate kinematical quantities
such as displacement and velocity to stresses. However, many geotechnical problems
are inherently multiphysical in nature. This necessitates a framework that allows the
mechanics of geotechnical systems to be coupled with hydro, thermal, chemical, and
biological processes.

The continuum framework involves formulating equations that fall under two
broad categories—balance laws and constitutive models. Balance laws refer to uni-
versal physical laws such as conservation of mass, momentum, and energy. Consti-
tutive equations describe material behavior. Together, these equations are solved to
model static and dynamic behavior of mechanical systems. These equations can be
modified to incorporate coupled hydro, thermal, chemical, or biological processes,
depending on the problem at hand (e.g., liquefaction modeling, ground freezing,
radioactive waste disposal). In addition, the mechanical behavior is usually con-
strained by boundary conditions and kinematic restraints.

The most common manifestation of multiphysics in continuum modeling of
geotechnical systems involves hydro-mechanical coupling. Geotechnical systems
are primarily composed of soil which at the continuum scale, is a porous material
composed of solid particles and void spaces. The void spaces are filledwith pore fluid
which can be either liquids or gases, implying that soil is an inherently multiphase
material. Hydro-mechanical coupling accounts for the deformation of both solid and
fluid phases.

2.1 Governing Equations

Balance of linear momentum. Under conditions of static equilibrium, the total
stress in soil satisfies the following equation:

∇ · σ � 0 (1)

where ∇ is the divergence operator, σ is the (total) stress tensor, and 0 is the zero
vector. The equilibrium equation can be easily extended to incorporate effects of
body forces (e.g., gravity) and dynamic loading (e.g., earthquakes) [3].

Balance of mass. Using mixture theory [4, 5], the balance of mass equation can be
expressed as:

∇ · v � −∇ · q (2)

where v is the instantaneous velocity of the solid phase, and q is the Darcian velocity
of pore water. This relationship assumes that soil is fully saturated where all the void
spaces are filled with water. It also assumes that both solid and water phases are
incompressible. For a detailed derivation and the more general case of a partially
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saturated soil with compressible phases, the interested reader may refer to work by
Borja [4].

Effective stress. The total stress σ in soil is shared between the solid and fluid phases.
In soil mechanics, it is usual to denote the stress carried by the solid phase (or the soil
skeleton) as the ‘effective stress’. The stress carried by the fluid phase is assumed to
be isotropic on account of fluids (usually water) having negligible shear resistance.
The effective stress equation can be expressed as:

σ ′ � σ − p I (3)

where σ ′ is the effective stress carried by the solid phase, p is the isotropic pore water
pressure, and I is the identity tensor. The effective stress equation is considered to
be one of the most important equations in soil mechanics [1]. The above expression
assumes that the soil is fully saturated with water. For partially saturated soils and
for pore fluid with shear resistance, the effective stress equation may be modified
using coefficients proposed by Skempton [6].

Constitutive models. The coupling of pore water pressure with the deformation
of the soil skeleton implies that material behavior corresponding to both fluid flow
and soil deformation needs to be incorporated. The evolution of effective stress is
modeled using an elasto-plastic constitutive model:

σ̇ ′ � C
ep : ε̇ (4)

where σ̇ ′ is the increment in effective stress, ε̇ is the increment in strain, and C
ep is

a constitutive tangent operator relating increment in strain to increment in effective
stress. Note that the constitutive model is in terms of the effective stress, not the
total stress. Determination of Cep has been and continues to be an area of extensive
research—falling under the realm of continuum plasticity—and will be reviewed a
little more in the next sub-section.

Pore water pressure is typically modeled using Darcy’s law:

q � − κ

μ
∇p (5)

where q is the flux or Darcian velocity of pore water (units of velocity, e.g., m/s),
κ is the medium’s permeability (units of area, e.g., m2), μ is the dynamic viscosity
of the pore fluid (e.g., Pa · s), and ∇p is the gradient in pressure. Note that Eq. (5)
ignores the elevation head. Also note that κ is related to hydraulic conductivity K
(units of velocity, e.g., m/s) as κ � Kμ/ρg, where ρ is the density of the fluid (e.g.,
kg/m3), and g is the acceleration due to gravity (units of acceleration, e.g., m/s2). The
true seepage velocity vw of the pore water can be obtained by dividing the flux with
porosityη (i.e., vw � q/η). The linear relationship betweenflux andpressure gradient
as proposed by Darcy’s law assumes slow, viscous flow with a Reynolds number
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(where the representative length scale is the average grain diameter) in the range of
1–10 [7], and is typically applicable to groundwater flows. Non-linear corrections to
Darcy’s law have been proposed for fluid flow that deviates from the aforementioned
conditions [8–10]. For applications involving dynamic excitation, additional pore
pressure models can be found in the literature [11, 12].

2.2 Continuum Plasticity Models

Continuum plasticity revolves around determining an appropriate constitutive model
for the incremental stress-strain relationship of the type shown in Eq. 4. Any con-
stitutive model must satisfy the First and Second Laws of Thermodynamics since
all real materials obey these laws. These are fundamental laws of energy conserva-
tion and dissipation. Modeling continuum soil behavior is a challenging undertak-
ing on account of the array of complexity displayed by soils. For instance, soils
are multiphase, granular, highly heterogeneous, anisotropic materials exhibiting
non-linear, history-dependent, pressure-dependent, irreversible, dilatant, and rate-
dependent behavior [3]. Figure 1 shows a three-dimensional view of a pressure-
dependent yield surface modeled by Andrade and Borja [13]. Therefore, it comes as
no surprise that continuum plasticity modeling of soils has gained a lot of attention
over the past few decades.

Early efforts at modeling assumed soil as an elastic-perfectly plastic material
to analyze geotechnical stability problems involving earth pressures and retaining
walls. TheMohr-Coulomb [14] andDrucker-Prager [15]modelswere two of themost
popular models under this framework and are widely used by the geotechnical com-
munity even to this day on account of their simplicity. However, soils are not elastic-
perfectly plastic materials, and the aforementioned models often show discrepancies

Fig. 1 Three-dimensional
view of a pressure-dependent
yield surface [13]

HYDROSTATIC AXIS
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with observed experimental behavior. As a result, more complex soil models came
into existence that utilized concepts of isotropic work-hardening and stress history
dependence, resulting in the development of the critical state soil mechanics frame-
work [16, 17] which was first implemented in the Cambridge models—Cam clay and
modified Cam clay [18, 19]. Further experimental observations led to the develop-
ment of the so-called state parameter [20] that built on the critical state framework.
These ideas are encapsulated in several Cambridge-type models [13, 21, 22].

A number of important developments took place in parallel with the development
of the aforementioned critical state framework. For instance, advances were made in
modeling elastic or small-strain nonlinear behavior of soils. This was driven by the
fact that the assumption of small-strain linearity overestimated strains and displace-
ments in geotechnical problems [3]. Notable small-strain nonlinear models include
the hyperbolic model [23], the Ramberg-Osgood model [24], and the logarithmic
model [25].

Plasticity models such as the ones described previously typically require specifi-
cation of (i) yield function (when the material exhibits plastic behavior), (ii) plastic
potential (how the plastic strains develop as a function of stresses after yielding),
and (iii) hardening law (how the yield function evolves after yielding) [26]. Alter-
nate approaches to modeling soil plasticity also exist, chief among which include
theories of hypoplasticity [27–32] and hyperplasticity [33–40]. A key aspect of these
theories is that they do not specify a prior yield criterion [41], but rather it is an out-
come of the model formulation. Hyperplasticity, in particular, utilizes a framework
which builds the constitutive equations from the ground up using the first and second
laws of thermodynamics. Houlsby [35] has shown that it is possible to derive the
critical state models using the framework of hyperplasticity.

Eventually, it was realized that although the aforementioned plasticity models
were capable of modeling monotonic loading paths, a gap existed when it came to
modeling the cyclic response of soils. This motivated another wave of model devel-
opment where more advanced concepts such as kinematic hardening, multisurface
plasticity and bounding surface plasticitywere explored [42–46]. The currentwave of
continuummodel development is centered on incorporating the effect of microstruc-
ture or ‘fabric’ on continuum soil behavior [45, 47, 48], facilitated in part by the
advent of discrete element method (DEM).

Continuum plasticity models, have been used to great effect to model slopes,
retainingwalls, foundations, and excavations [15, 49–54]. A number of recent studies
have extended the continuum framework to incorporate hydro-mechanical coupling
(the equations for which were presented earlier). Such studies have had some success
in modeling failure mechanisms where pore pressure plays an important role, such
as localized shear banding as well as liquefaction behavior of soils [1355–60].
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2.3 Double Porosity

An important distinctionmust bewhen it comes to continuummodeling of soil aggre-
gates. Soil aggregates refer to clumps of soil particles that adhere to each other more
strongly than to neighboring particles. The pore size distribution in suchmaterials has
two dominant values of porosity, one corresponding to inter-aggregate pores (macro-
pores) and the other corresponding to intra-aggregate pores (micropores). Therefore,
such materials exhibit a ‘double porosity’. Fluid flow can take place through both
the larger macropores and the smaller micropores, and fluids may also exchange
between the two types of pores. It has been observed that under mechanical loading,
the volume and structure of macropores gets affected disproportionately [61]. This
implies that the constitutive framework for modeling soil aggregates must capture
two different compressibility responses [62–64]. Such features have implications for
how the effective stress evolves under hydro-mechanical loading conditions in soil
aggregates [65–69].

2.4 Extensions to Incorporate Multiphysics in Continuum
Soil Modeling

A number of circumstances exist where an accurate description of soil mechan-
ics makes it necessary to couple behavior of fluid-saturated soils with heat flow,
commonly referred to as thermo-hydro-mechanical (THM) coupling. For instance,
temperature effects become important to model problems such as extraction of oil or
geothermal energy, pavement subjected to heating-cooling cycles, radioactive waste
disposal, and artificial ground freezing. THMmodels simultaneously solve for defor-
mation of soil skeleton, pore water pressure, and temperature [70–75].

In addition, there are a number of situations where in addition to temperature,
geochemistry also becomes important, necessitating a framework for coupled ther-
mal, hydrodynamic, mechanical, and chemical processes, commonly referred to as
coupled THMC models. Examples include radioactive waste disposal, extraction of
oil and gas, CO2 sequestration, and backfilling coal mines [76–80].

Another important development in modeling soil behavior and accompany-
ing geotechnical applications centers on incorporating biological processes. This
approach considers soil as a living ecosystem and explores innovative and sustain-
able solutions to geotechnical problems [81]. This topic is explored in detail in the
Chapter 7 “Bio-mediated and Bio-inspired Geotechnics” of this book.
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2.5 Common Tools and Codes for Continuum Soil Modeling

The governing equations, along with the accompanying boundary conditions, need
to be solved in order to model soil deformation (and other coupled parameters as
the case may be). Unless the equations and model geometry are simple, analytical
solutions are generally not available to solve the equations. The solution involves
resorting to a numerical approach, where the equations are solved approximately.

By far the most popular numerical scheme in soil mechanics is the Finite Element
Method (FEM), on account of its ability to model irregular geometries and deal with
multiphysics. For modeling fracture mechanics in porous media, a popular scheme
is the “Extended” Finite Element Method or XFEM [82]. The Finite Difference
Method (FDM) has also gained popularity over the years, especially for simple
geometries since it is more efficient in terms of computer memory and is simpler to
implement. These factors sometime make FDM the preferred method for large-scale
simulations on supercomputers. Compared to FEM, it can more easily deal with
non-linear problems and unstable boundary value problems [3].

Both FEM and FDM require discretizing the problem domain into a mesh, which
inherently makes it difficult for such methods to deal with large deformations and
post-failuremodeling. For suchproblems,mesh-free ormeshlessmethods are gaining
popularity. Some commonmeshless methods are Smoothed Particle Hydrodynamics
(SPH), and Material Point Method (MPM).

A number of open-source and commercial codes exist where numerical models
have been implemented by researchers. For hydro-mechanical problems, PLAXIS
[83], FLAC [84], OpenSees [85], and ABAQUS [86] are used widely. For THM and
THMC models, some available codes with the requisite capability are OpenGeoSys
[87], CODE-BRIGHT [88, 89], TOUGH-FLAC [78], FADES-CORE [77, 90], and
COMSOL Multiphysics [91].

3 Discrete Scale Modeling

As discussed in the previous section, continuum models fare well in analyzing field-
scale problems. However, there exist many scenarios where continuum models have
trouble in capturing soil behavior. For instance, there have issues modeling the strain
localization phenomenon where strain is localized in regions so small that granular
structure cannot be safely ignored (e.g. localized failure in landslides, gouge zone,
orifice flow). Furthermore, there is evidence that suggests that the method of soil
deposition affects the continuum properties of soil [92–94]. The method of soil
deposition influences how individual soil grains are arranged together, and traditional
continuum models, due their inherent nature of ignoring the effect of individual
grains, are unable to take grain arrangement (sometimes referred to as ‘fabric’) into
account. These models often have to be recalibrated if the original calibration was
based on an experiment with a different method of deposition. Such examples point
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to a need to model the relationship between grain-scale behavior and the overall
material response.

The discrete element method, or DEM [2] is a particle-scale model that aims to
model what continuum models cannot, namely how interactions at the scale of indi-
vidual grains collectively affect the behavior of entire soil assemblies. The advantage
of DEM lies in its ability to conduct “virtual” experiments [95] where kinematic and
force data of individual particles can be obtained—providing key insight into the
micro-mechanics of a granular assembly.

The following discussion provides a brief overview of DEM, along with some
examples of how this technique has been useful. The insight provided by DEM into
the micro-mechanics of soil behavior has also led to recent advances in continuum
modeling [96].

3.1 Basic Equations of DEM

The discrete element method models contact forces and displacements on individual
grains in a stressed granular assembly. These quantities are obtained through a series
of calculations that trace the movements of individual grains for each time step.
The movements are a result of disturbances propagating from the boundaries of the
assembly. For instance, consider the following two particles in contact (Fig. 2).

The particles are assumed to be rigid but may have an ‘overlap’. This overlap
models the deformations between the particles. This type of contact model is very
prevalent in geomechanics and is sometimes referred to as the ‘soft-sphere’ approach
[95]. Modeling the contact as a linear spring (Hooke’s law), the increment in contact
force is:

Fig. 2 Two particles in
contact. The overlap �x has
been exaggerated for clarity

Δx
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ΔF � k Δx (6)

whereΔx is the overlap, k is the contact stiffness andΔF is the increment in contact
force. The accelerations can be modeled using Newton’s second law:

ai � ΔF/mi (7)

where the subscript i refers to particle i , a is the acceleration, and m is the mass of
the particle. These accelerations can be integrated to obtain particle velocities, which
can be used to update particle displacements at the next time step. This cycle is then
repeated over and over again. Forces corresponding to the displacements are found
using Hooke’s law (or any other force-displacement law), and the forces in turn are
used to obtain displacements using Newton’s second law. This formulation can be
easily extended to consider a general case of an assembly with many particles, and
can be further extended to include damping and shear force. The original work by
Cundall and Strack [2] may be referred to for details.

A key assumption in the DEM formulation is that during a single time step, dis-
turbances from a particle cannot propagate further than its immediate neighbors.
Hence, DEM analyses with explicit time-stepping schemes require that the chosen
time steps be small enough so that the above assumption holds true. Tu and Andrade
[97] present a good treatment on the subject. An alternative DEM approach involves
using contact dynamics [98–101] which is an implicit time-stepping scheme using a
slightly different contact formulation than the one presented above. Two key advan-
tages of the contact dynamics approach are that it enables modeling stiffer particles
and allows selection of larger time steps. More details can be found in Lim et al.
[101].

3.2 Sample Progresses Made with Simple DEM Models
of Discs and Spheres

It may be of interest to know that although the seminal paper on DEMwas published
in 1979 [2], the use ofDEM in research picked up only in the late 1990s [95, 102]. The
most common particle geometries used inDEMare discs (in 2D) and spheres (in 3D).
This is on account of computational complexity surrounding contact detection. In the
case of discs and spheres, the distance between two particles can be determined by the
distance between their respective centroids. This distance can be compared with the
summation of the respective radii, which can be used to determine if the two particles
are in contact. Even with such simple particle geometries, DEM simulations have
been used to great effect in modeling different problem types and have given useful
insights into micro-mechanics of granular behavior. While an exhaustive review is
insurmountable, we give a few examples. Although DEM has found applications in
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a number of different fields, we will limit our discussion to applications relevant to
soil mechanics.

Perhaps someof the earliest research developments usingDEMcould be attributed
to Rothenburg and Bathurst [103], who proposed a stress-force-fabric relationship
for idealized planar granular assemblies. The relationship relates average stress in the
assembly to statistical averages of contact fabric and contact forces. Further insight
into granular behavior was obtained by Iwashita and Oda [104], who introduced a
modification toDEM to take into account rolling resistance. Thismodification helped
them model shear bands in numerical assemblies, in a manner similar to those of
natural granular soils. Radjai et al. [105] simulated a two-dimensional dense packing
of rigid spheres and showed that under biaxial loading, the granular force network
follows a ‘bimodal’ character—the strong force chains are supported by weak lateral
forces. Estrada et al. [106] further studied the bimodal character and observed a
dependence on rolling resistance in assemblies subjected to simple shear.

Simple DEMmodels have also been used to investigate the phenomenon of force-
chain buckling in granular assemblies [107, 108]. Such models have also provided
key insights into micro-mechanics of diffuse instabilities and liquefaction failure in
granular assemblies, as well as dilatancy and critical state [109–113]. Furthermore,
DEMhas also enabledmodeling anumerical versionof the bender element test,which
helps model dynamic properties (e.g. shear wave velocity) of granular assemblies
[114, 115]. Key insights have also been obtained in rheology of granular media [116].
Further examples on the application of simple DEM models to simulate different
geomechanical systems can be obtained in the review paper written by O’Sullivan
[95].

3.3 Extensions to Incorporate Shape

In the previous section, we provided a number of examples of how DEM mod-
els using idealized shapes of discs and spheres have proven useful. Although such
models provide useful qualitative insight, it has been observed in literature that char-
acterization of particle shape is important when it comes to reproducing quantitative
bulk behavior of granular assemblies [117–119]. Such observations have spurred the
development of a number of DEM variants to capture particle shape (Fig. 3). Chief
among these efforts have involved the use of ellipsoids [120–122], use of clumps or
clusters of spherical particles [123–126], polyhedra [127, 128], non-uniform rational
basis splines or NURBS [100, 101, 129], and level sets [119, 130, 131].

Among the aforementioned approaches, the simplest DEM variant involves use
of ellipsoids. However, ellipsoids have the drawback of being inherently convex, and
still fall short of approximating particle shape. Clumping and polyhedral approach
can approximate the general shape and volume of particles (commonly denoted
as “sphericity”). However, these approaches fall short when it comes to capturing
particle “roundness”. Roundness is a measure of particle curvature at the local scale
and has been shown to affect particle behavior [117, 119]. Clumping methods tend



152 J. E. Andrade and U. Mital

(a) (b) (c)

(d)
(e)

Fig. 3 DEM variants to capture shape. a Ellipsoids, b Clumps [126]—reproduced under CC BY
4.0 (https://creativecommons.org/licenses/by/4.0/), c Polyhedra, d NURBS [132], e Level sets

to underestimate the roundness, while polyhedral methods tend to overestimate the
roundness. NURBS-based DEM has the ability to accurately capture the particle
shape, both in terms of sphericity and roundness. However, contact detection in
NURBS is computationally time-expensive, restricting its use to only being able to
simulate about one thousand particles [129].

The most promising approach to capture particle shape seems to be the level set
discrete element method (LS-DEM), which is able to circumvent all the issues faced
by the aforementioned DEM variants. In addition to being able to faithfully capture
shape [119], LS-DEM has also been able to quantitatively capture stress-strain and
volume-strain behavior in triaxial experiments [130]. In fact, themost recent iteration
of LS-DEM has succeeded in comparing model to experiment at an unprecedented
level of quantitative agreement, involving a one-to-one model where every particle
in the actual experiment has a digital twin. The model simulated an array of over
53,000 particles and was able to capture the mechanics of the experiment across
scales ranging from macroscopic behavior to local behavior to particle behavior
[131]. Significantly, the model was able to replicate the experimentally obtained
shear band and predict its orientation, inclination, and thickness.

3.4 Multiphysics Coupling with DEM

All discussions pertaining to DEM up to this point assumed that the particles are
infinitely rigid and do not undergo fragmentation. Understanding the mechanics
of particle breakage is of great importance in geomechanics (with applications in
civil engineering, earthquake mechanics, and mining). For instance, in earthquake

https://creativecommons.org/licenses/by/4.0/
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mechanics, nearly all the shear displacement of a fault is accommodated within
the fault gouge—a zone of a few centimeters thickness containing highly crushed
granular material [133]. This has led to several techniques to simulate the physics
of granular fracture. A popular approach involves modeling individual particles as
clumps or clusters that can be split on achievement of a maximum inter-particle
force [134]. Another approach involves replacing a single particle with ‘spawning’
children when a stress-based criterion is met [135].

The discussions in the previous sections also assumed that we are analyzing dry
assemblies under isothermal conditions with no chemical interactions. However, as
discussed in the section on continuummodeling, scenarios exist where it is necessary
to couple mechanics of dry assemblies with fluid flow, heat flow, and chemistry.

From a geomechanics perspective, coupling of fluid flow with DEM has obtained
a lot of attention. O’Sullivan [136] provides a good review on the topic. The easiest
boundary value problem to incorporate effect of pore fluid involves modeling a sat-
urated soil subjected to completely undrained conditions. By assuming that the bulk
modulus of the pore fluid is large relative to the bulk modulus of the soil skeleton,
the soil assembly can be assumed to be deforming under the constraint of constant-
volume. This allows the effect of fluid to be considered without explicitly modeling
the fluid. This approach has been used to model soil behavior in laboratory tests
such as the undrained triaxial test [113, 137]. An approach to explicitly consider the
effect of the pore fluid involves the use of Darcy’s equation. This approach allows
simulation of large boundary value problems involving fluid flow [138], but its imple-
mentation is quite complex [136]. Another approach involves solving the averaged
Navier-Stokes equations to determine the motion of pore fluid in the soil assembly
[139–141]. The Navier-Stokes equations are solved on a coarse grid superimposed
on the soil assembly to give fluid velocities and pressures. These values are used to
calculate the net force on a particle, which is used by the DEM algorithm to update
particle positions and velocities. This information is in turn passed to the fluid model
and the cycle continues. This coarse grid approach is suitable to solve large bound-
ary value problems. There also exist alternative modeling schemes where the fluid
flow is discretized on the scale smaller than those of soil particles. The most popular
schemes involve the use of Lattice-Boltzmann method [142–144] and smoothed par-
ticle hydrodynamics or SPH [145, 146]. These sub-particle discretization approaches
are suitable for fundamental research.

Examples also exist of cases where DEM has been coupled with heat flow.Within
the context of geomechanics, however, work is more limited. Examples of thermal
coupling can be found in the work of Vargas and McCarthy [147], Feng et al. [148],
and Zhao et al. [149]. Oñate and Rojek [150] used a combined DEM-FEM approach
to model geomechanics problems involving substantial thermal effects, such as a
tool cutting through a rock.

Coupling of chemistry with DEM has been employed to model physico-chemical
interactions in cohesive clays [151, 152]. More recently, Jiang et al. [153] used DEM
to model micro-mechanics of chemical weathering in rocks. Coupling of biological
processes was undertaken by Chen et al. [154] where DEM was used to simulate
behavior of mine tailings stabilized with a biopolymer.
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It is worth mentioning that DEM is largely used to model behavior of coarse
cohesionless geomaterials such as rocks and sands. Fine-grained particles such as
clays have a tendency to aggregate and disperse owing to the molecular scale of
their interactions, and are not amenable to accurate characterization using DEM. A
promising approach to model clay particles at the discrete scale involves the use of
molecular dynamics [155–158, 174].

3.5 Role of Imaging

With the advent of high-resolutionX-ray imaging capabilities, it has become possible
to visualize the soil microstructure as well as grain-scale kinematics in great detail.
Such data is crucial when it comes to validating the aforementioned DEM models
which can in turn inspire the next generation of continuummodels, aswell as facilitate
development of multiscale modeling schemes (as described in the next section).

A variety of techniques exist to conduct high-resolution imaging. Some exam-
ples includeX-ray computed tomography [159–161], X-raymicro-tomography [162,
160, 163–167], and focused ion beam/scanning electronmicroscopy [164, 168, 169].
It must be noted that high-resolution imaging typically has a limited field of view
[170],which restricts its applicability to small sample sizes. To obtain high-resolution
images for large samples, a new technique of imaging called “Multiscale Imag-
ing” has emerged which employs statistical methods to enhance the field of view
[170–177]. Multiscale imaging employs statistics to generate representative realiza-
tions of the microstructure.

In cases where it is of interest of track fluid flow through geomaterials (e.g.
hydraulic fracture), neutron imaging can be deployed. X-ray imaging cannot capture
fluid flow since it is only sensitive to dense materials. Neutrons, on the other hand,
can detect hydrogen atoms which enables neutron radiography to track fluid flow
[178–181].

3.6 Some State-of-the-Art Codes for DEM

A number of open-source and commercial codes exist to simulate DEM. Some open-
source options are LMGC90 [182], ESyS Particle [183], Oval [184], Mercury-DPM
[185], YADE [186], and LIGGGHTS [187]. Commercial options involve PFC by
Itasca [188], Chute Maven, EDEM, ELFEN, PASSAGE®, Bulk Flow Analyst™,
and Rocky®.
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4 Multiscale Modeling

As described previously, continuummethods are quite versatile and possess the abil-
ity of capturing some of the main features of soil behavior. In particular, the finite
element method, equipped with elastoplastic models, has become a standard of prac-
tice and has been used to solve boundary-value problems at the engineering scale.
However, continuum methods present several shortcomings, perhaps the most sig-
nificant one has to do with constitutive models having numerous parameters (10–15
in many cases) without having a clear physical meaning or processes for calibration.
This has made calibration/prediction exercises using continuum models difficult. At
a more fundamental level, continuum methods have difficulty coping with discon-
tinuities and failures such as shear bands, which are a classic mode of failure in
geomaterials. For instance, the thickness and location of shear bands predicted by
continuummodels is often dependent on the scheme of discretization [189–191]. On
the other hand, discrete methods such as the discrete element method (DEM) have
been predicated on the premise that soils are discrete in nature and that their com-
plex behavior emerges from relatively simple interactions at the grain scale. While
this is true in principle, in practice DEM has struggled to have the level of accuracy
boasted by continuummethods, for example, in capturing triaxial compression tests.
This has been attributed to classic DEM’s simplistic rendering of particle shape.
Although progress has been made in capturing shape more faithfully (as described
in the previous section), such modeling efforts tend to be the exception, not the
norm. At the same time, DEM is more computationally demanding than its contin-
uum counterparts (e.g., FEM) and hence can only resolve problems in the order of
millions of particles at the time of this writing, even after exploiting parallel compu-
tation. The appeal of DEM is its simplicity and natural way of capturing granular soil
behavior from its fundamental scale. Hence, a new line of research has emerged with
the idea of combining continuum methods (e.g., FEM) with DEM. These multiscale
approaches can be broadly divided into concurrent, semi-concurrent and hierarchical
approaches [192].

4.1 Concurrent Approaches

Concurrent approaches deal with replacing portions of the continuum domain with
DEM. Hence, the domain is discretized concurrently using FEM and DEM, typically
deploying DEM in areas of the domain where interesting physics are happening—
for example, where shear bands are occurring. Perhaps the most salient example
of concurrent approaches in granular materials has been developed by Regueiro at
CU Boulder [193], who used this approach to model interfacial mechanics between
granular materials and deformable solid bodies. Another example involves concur-
rent coupling betweenFDMandDEM[194] tomodel dynamic problems.Concurrent
methods offer the great advantage of deploying DEM into areas where obtaining a
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solution with FEM would be difficult or impossible. The disadvantage of concurrent
methods is that they necessitate significant treatment of the boundary between FEM
and DEM and also need special instructions for how to grow or move the portion of
the domain allocated to DEM.

4.2 Semi-concurrent Approaches

Semi-concurrent multiscale approaches (sometimes referred to as hierarchical in
the literature) do not replace portions of the continuum domain with DEM. On the
contrary, the entire domain continues to be resolved using continuum techniques such
as FEM but resorting to DEM to enhance the constitutive description of the material,
typically at the material point or Gauss integration point. Hence, semi-concurrent
approaches partially or completely bypass the material subroutine and replace it
with a DEM calculation. The approach is called semi-concurrent in the sense that
both scales are active, with FEM typically passing an incremental deformation down
to a DEM unit cell and, in return, the DEM unit cell passing back a corresponding
incremental stress. Therefore, semi-concurrent approaches enjoy an exchange of
information between scales, which is essential in granular materials since they are
stress/deformation path-dependent. Within the semi-concurrent approach, there are
at least two philosophical methods. The first one can be labeled as the “purist”
approach which has also been called the FEM × DEM approach where DEM serves
as a direct material subroutine to the FEM calculation. So, at every Gauss point of
the FEM calculation and at every time step, a DEM calculation is performed given
an incremental strain obtained from the FEM calculation. The outcome of the DEM
calculation is a corresponding incremental stress. This FEM × DEM [195–203]
approach has the advantage that it completely bypasses constitutive models and
obtains the entire stress response directly from the microstructure. A recent scheme
even deployedMPM instead of FEM tomodel granular pile collapse [204]. However,
the main disadvantages of the approach are that (i) convergence of these methods can
be difficult due to their inability to compute consistent tangents that would guarantee
smooth convergence in FEM, and (ii) the computation of the incremental stress at
the DEM level is a “black box” where an incremental strain is given as input and an
incremental stress is obtained as output—because no other information is extracted,
not much else is learned about the material as a function of deformation.

The secondflavor of semi-concurrentmethods exploits the existence of very robust
computational techniques for plasticity models. The idea is to replace the evolution
of internal plastic variables, such as dilatancy and internal friction, and compute
them directly using DEM. Hence, similar to FEM × DEM an incremental strain is
passed to the DEM unit cell and an incremental response is obtained and used to
update the plastic internal variables [205, 206]. This approach has the advantage that
it exploits all of the computational plasticity toolkit and gives insight into the physical
evolution of fundamental properties of granular materials. It has the disadvantage of
its continuous dependence on plasticity models, despite deploying simple ones such
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as Drucker-Prager that only need two physically-sound plastic internal variables:
friction and dilatancy.

4.3 Hierarchical Methods

Along the line of the latter flavor of semi-concurrent approaches exploiting com-
putational plasticity, there is a special class of hierarchical methods that focus on
upscaling continuum plasticity parameters based on grain-scale calculations. Hence,
in these hierarchical methods, there is no iteration or passing of information from the
continuum scale into the grain scale and then sending information back to the con-
tinuum scale. Instead, a one-way evolution of plastic internal variables, for example,
dilatancy, is obtained using grain scale simulations that may or may not correspond
to strain histories experienced at different Gauss points in the continuum calculation.
One limitation of these hierarchical methods is that the evolution calculated using
grain-scale simulations may not reflect the strain path experienced in the continuum
domain and hence produce inaccurate results. Hence, care must be taken to probe
the grain scale with strain paths that are broadly compatible with those seen in the
continuum calculation.

For example, Fig. 4 shows results obtained using a hierarchical approach to simu-
late shear bands in a sample of dense sand thatwas also imaged usingX-ray computed
tomography [129]. The grain scale simulation was performed with boundary con-
ditions similar to those in simple shear, which has a strain history similar to that
observed in shear banding. As can be seen from these results, the hierarchical calcu-
lation is able to realistically capture the response of the experiment: the macroscopic
stress-strain curve, as well as the main pattern and value of strain around the shear
band. These are remarkable results since they open the door to an immense opportu-
nity afforded bymultiscale techniques: they canmarry the best features of each of the
current methods. They can exploit the reliability and scalability of FEM while at the
same time exploit the accuracy of DEM to render a superior computational approach
that can have accurate results comparable to the most advanced experiments. It is
expected that the next two decades will see an explosion of multiscale approaches
fueled by increased computational power, more faithful grain-scale computational
approaches, and more powerful imaging and probing experimental techniques that
can connect the macro and microscopic processes in granular matter.

5 Conclusions

We have explicitly addressed the multiphysical and multiscale modeling of soils and
have done a narrow but representative survey of the methods currently available. We
showed that there are three common approaches: continuum, discrete andmultiscale.
Continuum mechanics is by far the most widely utilized since it has been around
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Fig. 4 Results using a hierarchical approach to simulate shear bands in a sample of dense sand
that was also imaged using X-ray CT [129]. a Global response from multiscale computation using
evolution information from GEM (inset). b Comparison between (i) the deformed configuration of
a finite element model and (ii) the deformed shape obtained from digital image correlation (both at
12% axial strain)

much longer. Around continuum mechanics, THMC methods have been developed
to explicitly cope with the multiphysical aspects of soils. Also, plasticity theories
have been a central player in furnishing constitutive models that can relate deforma-
tions and stresses—key concepts in continuum theories. On the other hand, discrete
methods have been introduced since the late seventies and have endeavored to explic-
itly represent soil behavior from the grain scale. New methods can even represent
arbitrary shape and have been shown to capture macroscopic responses of soils, just
like constitutive models can. To cope with the higher computational efforts associ-
ated with discrete models, multiscale techniques have been proposed to bridge the
scale gap between discrete methods and continuum methods. The development of
multiscale methods has been fairly successful despite the fact that these techniques
are just in their infancy. Higher computational power, advanced experimental tools
and, above all, grand challenges facing humanity, will push the boundaries of what
is possible and will test our knowledge of the fundamentals of soil mechanics. The
future looks multiphysical and multiscale.
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neered systems can be transient and reversible, drastically impacting the performance
of geosystems under different anthropogenic and natural perturbations that could
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processes has been emphasized recently toward sustainable geoengineering such as
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1 Introduction

Global greenhouse gas emissions (GHG) and population growth are some of the
major problems the world is facing today. With the rapidly increasing population
comes the relentless use of resources for energy and other purposes. These global
challenges come with their associated consequences namely sea-level rise, extreme
weather patterns, natural hazards, increased generation of wastes, environmental pol-
lution, depletion of natural resources, and loss of biodiversity to name a few. These
problems are often worsened by the civil engineering (construction and infrastruc-
ture) industry because of the significant use of earth and natural resources. Even
while civil engineers contribute to the release of GHG emissions, they have the
great potential to play a critical role in reducing these emissions and waste genera-
tion by incorporating innovative yet sustainable technologies in the civil engineering
projects, particularly in geotechnical and geoenvironmental projects, which often
deals with earth and its environment. It is important to recognize that in order to
build stable, resilient and sustainable infrastructure, it is imperative to seek interdis-
ciplinary/multidisciplinary solutions, or smart solutions.

In recent years, such smart solutions are aimed at addressing the abovementioned
global issues by developing climate-adaptive systems, adaptable or tunablematerials;
green chemistry and bioengineered systems, improved waste-containment systems,
and innovative monitoring tools; effective and efficient use of renewable or alternate
energy sources, recycling and beneficial use of waste materials. There is a major
impetus to develop innovative, resilient and sustainable geosystems. However, there
are several practical and research challenges associated with realizing these tech-
nologies in geotechnical and geoenvironmental applications. The fundamental basis
to develop these technologies for geotechnical and geoenvironmental applications
requires a thorough understanding of the geochemistry associated with the soils and
their interaction with other materials (e.g., any chemical amendments, polymers, and
waste materials with beneficial characteristics).

Geochemistry is the study of chemical composition and chemical reactions within
soils, rocks, groundwater, as well as their interaction with other waste materials
such as fly ash, scrap tires, foundry sand, slag, biochar, etc. used in combina-
tion with or in lieu of soils. In addition, understanding the geochemistry is essen-
tial to create engineered soils and geosystems that can possess targeted properties
and can perform as intended in the real-world geotechnical and geoenvironmental
applications. Geochemical processes can be quite complex because many reactions
(sorption/desorption, acid/base reactions, precipitation/dissolution, complexation,
volatilization, biodegradation, etc.) may occur within and between the constituents
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of three phases of the earth’s surface and subsurface (solids, liquid, and gas). These
processes may be transient, in nonequilibrium, and are dependent on the environ-
mental conditions such as moisture content, ionic strength, pH, temperature, etc [57].
The geotechnical properties of the soils (such as the shear strength) and the geoenvi-
ronmental aspects of the subsurface (such as transport and fate of the contaminants)
are also dictated by the underlying geochemistry within these materials. Understand-
ing the geochemistry allows us to engineer adaptable geo-materials and geo-systems
to give them the desired properties and functions (e.g., high soil strength for struc-
tural support, effective contaminant containment/remediation). More importantly,
the role of geochemistry is of utmost importance for the development of sustainable
and resilient materials and geosystems to address the grand challenges of the 21st
century (e.g., waste/pollution control, natural resource depletion, urban sprawl and
new infrastructure demand, climate change and resiliency, etc.).

The geochemical processes in engineered systems are influenced by several geo-
chemical factors and the changes in these controlling factors induced by different
anthropogenic and natural perturbations can drastically impact the performance of
geosystems over the design life of the system. Harnessing natural biological pro-
cesses has been emphasized recently toward sustainable geoengineering. However,
an in-depth understanding of the dynamic geochemical processes in all such cases has
been lacking, and the future research agendas should embrace and encourage such
fundamental research. This chapter addresses the importance of geochemistry and
its interplay in the development of sustainable and resilient geosystems. In addition,
some of the ongoing studies involving the geochemical aspects are briefly described,
and the importance of studying the geochemistry in those systems is highlighted.

2 Geochemistry in Sustainable and Resilient Geosystems

2.1 Tunable/Adaptable Materials

It is often not likely for the soils at a site to possess the desired engineering
properties needed for the execution of a geotechnical project. Thus, soil minerals,
oxides/hydroxides, and organic content of the soils can greatly influence the geo-
chemistry and, consequently, the engineering properties and behavior of the soils.
For example, it is well-known that the fabric of fine-grained clay-based soils is
influenced by the surrounding pore-fluid chemistry (pH, type and concentration of
ions). Further, the resulting fabric impacts the engineering properties (shear strength,
deformability, hydraulic conductivity) of the soil. The extent to which the soil fabric
can be manipulated depends on the geochemistry of the system. The recent advances
in the synthesis of tunable clay-polymer composites is an example of such effort.
Clay dispersions are also being created using surfactants, polymers, colloids, and
biomaterials that possess “large response function” in that they can have targeted
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Fig. 1 Examples of mineral grains with contrasting characteristics: a illite [38]; b kaolinite, and
c bentonite

Table 1 Properties of Clay Minerals Commonly Used in Fine-Grained Soil Research

Mineral Theoretical
formulaa

Specific
surface areaa

(m2/g)

CECa

(meq/100 g)
CEC pH
dependenceb

pHPZNPC

Illite (K,H2O)2(Si)8(Al,
Mg,
Fe)4,6O20(OH)4

65–100 10–40 low 3.5c

Kaolinite (OH)8Si4Al4O11 10–20 3–15 high ≤2–4.66b

Montmorillonite (OH)4Si8Al4O20

H2O
700–840 80–150 low ≤2–3b

a[33], b[35], c[25], PZNPC-point of zero net proton charge

structure and behavior through manipulation of geochemical parameters. A brief
overview on the research pertaining to these topics is illustrated below.

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 other words, the mineral surface geochemistry of the
particles plays a critical role in the overall material properties, and thus, influences
the material’s response to applied chemical or mechanical forces. Control of soil
properties is possible by controlling the inter-particle and interlayer spacings. In
addition, the ability to modify these spacings at will aids in creating engineered
adaptable materials. Figure 1 and Table 1 show examples of clay minerals and their
contrasting characteristics and the macro-scale properties.

Some of the experimental findings on the amendment of Polyacrylamide (PAM),
a pH responsive polymer, with the clay minerals (e.g., kaolinite, montmorillonite)
as micro and macro-composites indicated that the interlayer spacing varies as a
function of pH (Fig. 2). Furthermore, the polymer amendment could be used to vary
the engineering properties (e.g., swell index) as required by altering the pH, thus,
controlling the behavior of clay as required (see Fig. 3).

As shown in Fig. 3, the potential for responsive clay-polymer composites for use as
a “smart” engineering material stems from the ability to manipulate meso-scale soil
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Fig. 2 Interlayer spacing (in nm) of clay particles as a function of pH [23]

Fig. 3 Variation in swell index with pH of the polymer-amended mineral composites (after [21,
22])
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properties simply by altering the chemistry of the pore fluid or some other environ-
mental trigger. In the case of clay-PAMcomposites, recent studies have demonstrated
controlled changes in fabric of kaolin-PAM composites with various pH and ionic
concentration conditions [16]. This particle-level fabric was then shown to influence
meso-scale behavior of the composite, namely the consolidation behavior [3] and
undrained shear strength [17].

2.2 Clay-Water Dispersions

The clay-water dispersions, which fall within the broad class of materials referred as
soft matter, have significance in several 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 prop-
erties of these complex colloid-water systems to achieve a desired response at the
macro-scale. Due to their low strength and stiffness, investigation of the mechani-
cal response of these materials must rely on techniques outside those of traditional
geotechnical engineering. Specifically, rheological tests allow probing the mechan-
ical response under a broad range of conditions and characterizing the visco-elastic
properties of these materials.

It has been pointed out 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, 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 deposits, and of tailings
generated from various mining operations; the performance of drilling fluids used
in reservoir exploration and trenchless technologies; grouts for soil treatment; and
slurries used for cutoff walls and ground support.

The structure and properties of clay dispersions depend onmolecular and colloidal
interactions, which occur at the nano-scale, andwhich are affected by a variety of fac-
tors including the type of 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 the qualitative illustration of a phase diagram
shown in Fig. 4 for a purified Wyoming Na-montmorillonite (see also [1, 58]).

The diagram (Fig. 4) illustrates how, for a given clay mineral and given ions in
solution, the structure of the dispersion changes depending on the solid concentration
and ionic strength. Specifically, the diagram distinguishes between sol, gel, 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.

The dependence of structure and rheology of clay dispersions on geochemi-
cal parameters provides the opportunity to control the properties of these complex
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Fig. 4 Structure of clay-water dispersions

colloid-water systems to achieve a target rheological response at the macro-scale.
Depending on the application and circumstance, a different structure/response may
be targeted. Polymers offer additional means tomodify the properties and functional-
ity of clay-water systems, further expanding the application and significance of these
materials. 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.

Depending on type and concentration and nature of the solvent, the presence of the
polymermay produce flocculation through either bridging of particles by the polymer
molecule or charge neutralization, as the polymer is adsorbed on particle surfaces of
opposite charge. At higher polymer concentrations, stabilization may occur through
a steric hindrance effect. The use of “additives” allows, in some cases, the ability
to “tune” the response as a function of time (e.g., see use of sodium pyrophosphate
to control the time-dependent rheology of bentonite presented in [50] and laponite
dispersions as discussed in more detail below) and, environmental conditions.

The mechanical properties of clay dispersions fall significantly below those mea-
sured even on soils, classified as extremely soft from a traditional geotechnical engi-
neering perspective (e.g., shear modulus, G in the Pa to kPa range). As a result,
with the exception of wave-propagation measurements, traditional geomechanics
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Fig. 5 Amplitude sweep results on bentonite-based drilling fluids (modified from [18])

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 geo-
materials. Of particular interest are oscillatory tests (also termed dynamic tests),
through which, it is possible to probe the visco-elastic 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 which the amplitude of
the applied oscillation is gradually increased) conducted on bentonite dispersions of
different concentrations shown in Fig. 5 illustrate the different response of a material
in the sol state (3% dispersion inwhichG′′ >G′ at rest, and over the entire strain range
examined), and 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 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 [10]). Oscillatory
tests can also be used to probe the response as a function of frequency and time. This
latter test type is especially useful to monitor state changes and structuring processes,
while frequency sweeps can provide further insights into the internal architecture of
these clay-water systems.



Fundamental Research on Geochemical Processes for the … 177

Two examples are discussed below to illustrate practical applications of the con-
cepts outlined above. The 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., [34]) to control the devel-
opment of the rheological behavior over time. In the geotechnical field, dispersions
of laponite are being considered for improving the liquefaction resistance of granu-
lar deposits (e.g., [36, 37]). 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 to achieve the desired time-dependent rheological properties.

An illustration of this is provided in Fig. 6. Figure 6a shows flow curves for a 6.5%
laponite dispersion with 5% SPP (by mass of the clay) obtained 15 min, 1 h, 2 h,
4 h after preparation of the dispersion, and highlights the Newtonian response with
viscosity of less than 10 times that of water up to 2 h. 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. 6b, 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. 6a) 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 h), show a continuous improvement in the mechanical response (Fig. 6c). Also,
included in the figures are 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 long term mechanical properties (Fig. 6c), the data show that this occurs at the
expense of a rapid increase in the short-term viscosity (which at 15 min is ~ to the
value measured on the first dispersion after 2 h—see Fig. 6a), and an earlier sol to
gel transition (Fig. 6b). 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.

Tailings are another class of clay-dispersions that have significant interest from
a geotechnical perspective. This second example pertains to mature fine tailings
(MFTs) generated from the processing of oil sands in the Athabasca region in
Canada. MFTs are soft gel-like materials, formed by ~70% water and 30% fine
clays, along with residual hydrocarbons and hydrocarbon diluents (e.g., naphtha)
added to improve bitumen extraction and, in some cases, the presence of a gas phase
deriving from bacterial activity in the MFT ponds. While small, the ultrafine fraction
formed by sub-micron (20–300 nm) particles dispersed during extraction plays a
critical role in governing the colloidal properties and thus the management of the
MFTs. The slow consolidation rate of these materials has led to a growing inventory
of tailing ponds, estimated, in 2011 [20] at over 800 million cubic meters. Manage-
ment 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.
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Fig. 6 Behavior of laponite dispersions modified with SPP: a early age viscosity; b sol to gel
transition; and c increase in storage modulus of gel with time

High molecular-weight anionic polymers represent to date the most effective
approach to dewatering MFTs (e.g., [11, 59]). 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 (see Fig. 7) reveal that the treatment results in a modification
of the “architecture” of the clay particle arrangement, which is reflected in a ten-
fold 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 cor-
relations with material behavior for this class of materials). The treatment is greatly
dependent on the characteristics of the MFT, in particular the amount and the nature
of organics, highlighting the critical importance of understanding the geochemistry
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Fig. 7 G′ and G′′ of
untreated and polymer
treated MFT showing effects
of treatment and disturbance
(CWR � clay-water ratio;
t-MFT � polymer-treated
MFT)
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of these materials. Moreover, the effectiveness of the treatment is very sensitive
to small changes in polymer dosage and mixing conditions, and laboratory experi-
ments show that over mixing 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 demon-
strated by surface chemistry analyses, which indicate that polymeric flocculation
results in some redistribution of bitumen [19]. 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.

2.3 Waste Containment

Sodium bentonites (Na-bentonites) are commonly used in barriers or components of
barriers in hydraulic-containment applications because of the high swell potential
and correspondingly low permeability, 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., [27, 29]). Membrane behavior and
low k are beneficial in hydraulic containment applications; low k results in limited
advective contaminant transport whereas, membrane behavior results in hyperfil-
tration, chemico-osmosis, and reduced diffusion of aqueous-phase chemicals (e.g.,
[55]). Examples of bentonite-based barriers include geosynthetic clay liners (GCLs),
highly compacted bentonite for radioactive-waste storage, compacted soil-bentonite
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mixtures for compacted clay liners and soil-bentonite backfills used in vertical cutoff
walls [13–15].

However, Na-bentonite is thermodynamically unstable in most naturally occur-
ring pore waters in earthen materials and most leachates where multivalent cations
are predominant [48, 52]. These environments promote the exchange of multiva-
lent cations for monovalent cations leading to a reduction in the osmotic swelling, an
increase in the k, and a destruction in themembrane performance of theNa-bentonite.
Therefore, this exchange potentially results in an increase in the advective and dif-
fusive chemical mass flux and a decrease in hyperfiltration and chemico-osmotic
counter flow [24, 28, 30].

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 compati-
ble with the surrounding environment. There is potential for CMBs to offer greater
chemical resistance and more sustainable performance [4]. 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
[26]. The MSB is a sodium-rich montmorillonite modified with propylene carbonate
[31]. 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 [5]). HYPER-clay (HC) is another polymerized
bentonite that is modified with 2% or more by dry weight of the Na-CMC anionic
polymer [12].

There is a growing body of knowledge regarding the k of CMBs to various per-
meant liquids (refer to [7] and Fig. 8). For example, recent studies have shown that
CMBs maintain lower k than Na-bentonite even after exposure to “aggressive” per-
meant solutions (500 mM CaCl2) where k was <10−11 m/s for the BPC versus 4.5
× 10−7 m/s for the Na-bentonite [53]. In addition, for the different types of CMBs
considered in Fig. 8, some data indicate low k (<10−10 m/s) despite low swell index
(SI < 20 mL/2 g), indicating that the correlation between SI and k of CMBs can be
complicated by the chemistry of the CMB.

For example, Scalia [51] 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 decoupled from swell, such that the BPC maintained a low k
(<3 × 10−11 m/s) even with a low SI (<8 mL/2 g). Bohnhoff and Shackelford [7]
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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Fig. 8 Hydraulic
conductivity versus swell
index for various chemically
modified bentonites (from
[7])
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At k values <10−9 m/s diffusion has been shown to be a significant transportmech-
anism contributing to total contaminant flux. In fact, diffusion becomes the dominant
transport mechanism around k < 5 × 10−10 m/s [54], which is in the range of many
CMBs that have been investigated. Bohnhoff and Shackelford [7] 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 total contaminant flux is com-
prised both of advectiveflux anddiffusiveflux.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 [54]. 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 9 presents effective diffusion coefficients for a nonreactive tracer, Cl−,
for a polymerized bentonite (BPC) and a traditional Na-bentonite GCL. Values of
the effective diffusion coefficient for Cl−, D*−

Cl, for the BPC evaluated by Bohnhoff
and Shackelford [6] 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 diffusion had not been achieved
(evenwith test durations of 105 days ormore) due to cation exchangewithNa+. 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 [49] and Sample-Lord [48], should be
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Fig. 9 Comparison of the
effective diffusion
coefficients at steady state
for polymerized bentonite
(PB) versus a geosynthetic
clay liner (GCL) reported by
Malusis and Shackelford
[28] as a function of source
KCl concentration [RW �
rigid-wall test; FW �
flexible-wall test] (from [6].
Reproduced with permission
of The Clay Minerals
Society, publisher of Clays
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investigated. In addition, correlations of diffusion coefficients with index properties
such as SI and fluid loss should be considered.

The k and compatibility results formany of theCMBs are promising.However, the
improved performance of the CMBs may be limited to the extent that such improved
performancemaydecreasewith increasingly chemically aggressive permeant liquids.
It is essential to perform site-specific compatibility tests with contaminated liquids at
the sites for practical applications. The 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 (advective and
diffusive) in clay barrier systems. These values are necessary in order to accurately
compare the performance of clay barrier systems containing Na-bentonite and CMB
andmake predictions regarding potential contaminant flux into the environment with
modelling techniques.

2.4 Waste Management

Landfills are the most commonwaste management option in the U.S. andmany other
parts of the world. Conventional landfills are designed according to the regulatory
requirements to effectively contain the municipal solid waste (MSW). The bottom
liner system and the top cover system essentially isolate the waste from the sur-
rounding environment. In addition, their components limit the moisture infiltration
and the generation of excess leachate thus maintaining very dry conditions within the
wastemass. The absence of adequate moisture within the waste hinders themicrobial
activity and lowers the rate of biochemical reactions associated with the anaerobic
degradation of waste. This leads to several problems, including low gas generation
and settlement rates, prolonged waste stabilization time, need for leachate treatment
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Fig. 10 Bioreactor landfill and its major operations

and disposal, increased post-closure monitoring, and increased methane (CH4) and
carbon dioxide (CO2) emissions over the prolonged monitoring period.

In this regard, bioreactor landfills are being considered a promising technology
for sustainable management of waste. Bioreactor landfills essentially involve recir-
culation of the collected leachate from the bottom of the landfill back into the waste
mass. A schematic of the bioreactor landfill and the fundamental operations involved
are shown in Fig. 10.

The leachate and other permitted liquids are injected into the waste mass under
pressurized conditions through various leachate injection systems. The enhanced
moisture levels by the introduction of leachate promote rapid degradation of waste
thus leading to early waste stabilization. In addition, it offers several other benefits
such as high gas generation and settlement rates, low leachate treatment and disposal
costs, and landfill space reclamation among many others.

The concept of bioreactor landfills is appealing however, the design of such land-
fills for safe and effective operations is challenging due to many reasons [42]. The
MSW in landfills is highly heterogeneous and anisotropic, which makes the uniform
injection and distribution of leachate across the entire landfill highly uncertain. One
of the major reasons that make the landfill system highly complex to understand is
the biodegradation of waste. The conversion of biodegradable solids to gas influ-
ences the engineering properties of the waste and thereby the mechanical response
(e.g., settlement) and hydraulic flow of leachate within the waste. In order to design
a stable and effective bioreactor landfill, it is imperative to understand the fundamen-
tal system processes during the course of landfill construction and operation. More
importantly, the biodegradation of the waste involves various biochemical reactions,
mediated by the microbial activity, which are sensitive to various parameters (mois-
ture, pH, temperature). A schematic of a simplified anaerobic digestion process as
presented by McDougall [32] is shown in Fig. 11.

Several researchers have performed experimental investigations to delineate the
possible biodegradation mechanisms in MSW [42]. Furthermore, many researchers
have also formulated mathematical models to simulate these biochemical reactions
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Fig. 11 Two-stage anaerobic biodegradation process [30]

and incorporating its influence on the hydraulic and mechanical behavior of MSW
[43]. However, most of these models simplify the physical processes thus losing
the reality. The ones, which do involve simulating the coupled interactions between
different processes, do not holistically assess the influence of these processes on the
overall performance (landfill stability and integrity of landfill components) of the
bioreactor landfill [44, 45]. MSW is a geo-material, and understanding its behavior
is crucial in understanding the landfill system itself. The sustainable management
of waste through bioreactor landfills can only be realized if the bio-geochemical
reactions within the waste can be manipulated as required. The control over these
reactions is possible only by detailed experimental investigation of the biochemical
behavior and trying to simulate it mathematically to understand its long-term impacts
on the other processes within the landfill.

2.5 Mitigation of Landfill Gas Emissions

MSW in landfills undergoes anaerobic decomposition and generates CH4 and CO2

gases predominantly. The gas extraction wells installed at the landfills can capture
most of the gases generated and use it for several purposes (e.g. thermal energy,
electricity). However, there is always some portion of these gases that escapes the
influence of the extraction wells and gets released into the atmosphere through the
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Fig. 12 Microbial oxidation of methane in biochar-amended soil cover system

landfill covers. In theU.S., these emissions from landfills are oneof the largest sources
of greenhouse gas emissions into the atmosphere. The cover soil in the landfill covers
naturally consists of microbes called as methanotrophs, which can feed on the CH4

passing to the cover and oxidize it to CO2 thus mitigating some of the CH4 emissions
into the atmosphere. However, the microbial oxidation in cover soil is limited due to
the lack of favorable conditions for the microbial activity.

In recent years, biocovers, which involve addition of organic matter to the cover
soil in order to enhance microbial activity, have gained more prominence. The addi-
tion of organic matter enhances the microbial oxidation of CH4 thus alleviating the
CH4 emissions. However, the organic matter such as compost, sewage sludge, and
biosolids may undergo anaerobic degradation in the cover soil emitting CH4, thus,
exacerbating the emissions. In this regard, biochar, a solid byproduct derived out
of gasification or pyrolysis of biomass, has shown great promise. The addition of
biochar as an amendment to the soil promotes microbial growth and activity due
to its unique characteristics such as high internal porosity and specific surface (see
Fig. 12).

Biochar is a stable form of carbon, and it neither undergoes any degradation
nor creates any odor. Several recent investigations on the biochar-amended soils for
landfill cover systems have shown its effectiveness in mitigating the CH4 emissions
[60–63]. The addition of biochar into the cover soil induces beneficial physical and
chemical characteristics into the soil. However, one of the most critical aspects in the
biochar-amended soil cover system is to maintain the physical and more importantly
the chemical environment within the soil cover that favors the microbial growth
and activity. The availability of O2 for the microbes, gas fluxes out of the waste
mass into the soil cover, retention time for the chemical reactions to occur, adequate
moisture content, pH and temperature play a crucial role in the geochemical processes
that take place within the cover system. Thus, investigation of the abovementioned
geochemical factors on the microbial activity and the biogeochemical interactions
in the soil cover is of utmost importance for optimal CH4 oxidation.
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2.6 Geoenvironmental Remediation

The geoenvironmental remediation involves active or passive treatment of contami-
nated air, water, and soil to protect the human health and the environment. The nature
of the problem addressed in geoenvironmental remediation is diverse and requires
multidisciplinary solutions. Several technologies for the remediation of contaminated
soils have been developed over the past three decades. These methods include soil
vapor extraction, soil washing, chemical oxidation, thermal desorption, and bioreme-
diation, but they are often limited to a particular type of contaminant [56].Most of the
traditional remediation technologies are highly energy intensive, indirectly leading
to more problems. In recent years, biological-based technologies or bioengineered
systems have gained wide attention due to their passive yet effective performance
in remediation of contaminated sites. In the case of contaminated sites with mixed
contamination, few technologies have proven to be efficient. However, they too have
major limitations, and their application for large field sites can be very expensive
[39]. In this context, phytoremediation has the potential to be a benign, cost effective
alternative for the treatment of contaminated sites with mixed contamination [8, 9].

Phytoremediation is the use of plants to degrade (phytodegradation), extract (phy-
toextraction) from, and contain or immobilize (phytostabilization) contaminants
within soil [56]. This green and sustainable remedial option can be adopted to remedi-
ate soils with amixture of organic and inorganic contaminants that can be removed by
the plants through different mechanisms [41]. Some mechanisms target certain types
of contaminants over others, e.g., several organic compounds (e.g., tetrachloroethy-
lene (PCE) and trichloroethylene (TCE)) can be completely degraded by the plant,
while inorganic contaminants tend to be sequestered or accumulated within the plant.

Figure 13 shows the comparison of three areas at the same contaminated site. The
difference in the chemical properties of the soil underlying those areas dictates the
survival of plants. The effectiveness of the phytoremediation at a contaminated site
highly depends on the physical and chemical properties of the soil. The growth and
survival of the plant species used for phytoremediation are dictated by the conditions
that prevail at the site. The ability to remain resilient to adverse chemical conditions
(e.g., unfavorable pH) depends on the adaptability of the plants’ growth to changing
environmental conditions. In addition, the contaminant mobility, microbial activity,
and availability of the nutrients also limits the contaminant uptake in plants.

The addition of organic matter to the soil was found to enhance the remediation of
contaminated areas while increasing the chances of growth and survival of the plants
[2, 40, 46, 47]. The geochemistry within the roots of the plants and the soil can
immobilize, uptake, or degrade the contaminants, but the concentration levels and
the speciation of the contaminants significantly impact the contaminant reduction.
The fundamental issues that need to be addressed for an effective phytoremediation
are selection of potential plant species understanding the effect of different soil con-
ditions, contaminant type, and contaminant concentrations on growth and survival
of plants. Furthermore, identifying suitable soil amendments for enhanced contam-
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Fig. 13 Effect of varying physical and chemical conditions of soil in three areas at the same site
on the growth and survival of plant species used in phytoremediation

inant uptake and bioaugmentation of microbial degradation of contaminants is most
desirable.

Similar to phytoremediation, bioremediation is another treatment technology,
which relies on the biological processes for contaminant reduction through biodegra-
dation. The microbial activity involved in the bioremediation is sensitive to the
contaminant concentrations in the media (e.g., soil, groundwater). For example, in
Fig. 14, it is observed that in the presence of appropriate biostimulation, the concen-
tration of Cr6+ could be reduced to acceptable levels. However, it does not degrade
other contaminants such as TCE that may co-exist. The addition of suitable microbes
(bioaugmentation), into the system at a later stage, degraded the TCE concentrations.
This emphasizes the fact that the right biogeochemical conditions such as the right
nutrients and microbial inoculum are essential for addressing diverse contaminants
in an environmental medium.

3 Concluding Remarks

Geochemistry plays a vital role in sustainable geoengineering with development
of tunable/smart materials and processes for infrastructure and environmental
protection applications. For example, the use of waste materials such as fly ash,
foundry sand, slag, and biochar in combination with soils or in lieu of soils has
often been thought as a sustainable engineering practice. However, the environmen-
tally benign use of these materials requires geochemical assessment of potential
leachability of them for any undesirable constituents. Geochemical assessment is
also needed to understand their long-term enhanced performance in geotechnical or



188 K. R. Reddy et al.

Fig. 14 Bioremediation with biostimulation and bioaugmentation (Source Jeff Roberts, SiREM)

geoenvironmental applications. Life cycle assessment and life cycle cost analysis
will help match the most sustainable materials and systems to different geotech-
nical/geoenvironmental problems. Long-term performance and resiliency to the
changing extreme environmental conditions (extreme dry or wet, extreme low or
high pH, etc.) are also critical to evaluate. Bioengineered materials and systems
are considered sustainable (e.g., biocovers for landfills and bioremediation of
polluted soils), but biological processes are highly sensitive to the geochemistry (for
example microbes may be intolerant to anticipated pH conditions), and therefore
the understanding of the geochemical interactions in the subsurface will be critical
for the performance of the biological processes.

All the aforementioned technologies and the ongoing research are focused on
developing geosystems by leveraging on the biogeochemistry within the system.
In most of the engineered geosystems, there is a limited importance given to the
long-term impacts that these technologies pose. Several tools exist to quantify
and holistically assess the environmental, economic and social impacts of an
engineered geosystem considering its intended application. A thorough evaluation
of the engineered materials toward environmental safety is essential because the
production and use of such materials while addressing one issue should not create
or lead to another problem.
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Bio-mediated and Bio-inspired
Geotechnics

Jason T. DeJong and Edward Kavazanjian

Abstract Bio-mediated geotechnics, wherein biogeochemical processes are
employed to directly modify the engineering properties of soil, and bio-inspired
geotechnics, wherein natural biological systems provide inspiration for the develop-
ment of novel geotechnical solutions, provide two complimentary opportunities for
geotechnical engineering innovation. The field of bio-mediated geotechnics has been
developing for more than one decade while the field of bio-inspired geotechnics is
just now emerging. Both domains require geotechnical engineers to reconsider the
importance and role of biology and biological systems in geotechnical engineering.
This chapter provides the context and general principles for these emerging fields
followed by specific examples of both fields. The importance of sustainability and
how these fields can contribute to sustainable development is discussed. The chapter
concludes by briefly addressing some of the steps required for biogeotechnics to
become a recognized sub-discipline within the domain of geotechnical engineering.

Keywords Bio-mediated geotechnics · Bio-inspired geotechnics ·
Biogeotechnical engineering · Biocementation · Calcite precipitation

1 Introduction

Engineers have, by necessity, always simplified the complexity of soils. For decades,
soil properties and behavior were attributed to gravimetric forces and the presence of
water. In the second half of the 20th century, work by Mitchell and others revealed
that chemical processes are at work in all soils and form the scientific basis for clay
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behavior (e.g. [50]). As understanding of the role of chemistry in soils developed,
the profession advanced and began harnessing chemical processes to manipulate
engineering properties (e.g. lime stabilization and electrokinetics; e.g. [35, 71]).

A new frontier with respect to soil properties and behavior for the geotechnical
profession is the recognition that the soil itself is a living ecosystem [19]. The bac-
terial count in near surface soils with significant organic content often exceeds 109

bacteria per 1 cm3 [49, 53, 70].More than 106 bacteria are also present in a cubic cen-
timeter of poorly graded quarry sand typically used as backfill or roadway subgrade
materials. Bacterial activity occurs in a variety of ways that can result in modification
of groundwater conditions and soil properties. The “inert” backfill materials used in
construction are not actually inert, but instead living ecosystems.

The living nature of soil can involve biological and chemical changes that chal-
lenge our traditional understanding of time-dependent mechanical and hydraulic
properties in soils. Such changes can improve or degrade soil properties from the
as-constructed condition over the service life of a geotechnical system. Often, the
net effect of detrimental changes is not sufficient to compromise the conservatism
embedded in the design, but they are present nonetheless. In other cases, such as
reductions in hydraulic conductivity and increases in liquefaction resistance, it may
be beneficial to acknowledge, understand, and account for time-dependent biogeo-
chemical effects.

Over the past 15 years, geotechnical researchers have formed interdisciplinary
teams with microbiologists and geochemists in an effort to merge their knowledge
and identify bio-mediated processes that may be accelerated in time or relocated in
space to induce changes in soil that result in significant improvements in engineering
soil properties or geosystem performance [15, 18–20, 29, 32, 33, 38, 60]. More
recently, a parallel effort using bio-inspiration has been explored wherein natural
biological processes, organisms, and systems are studied; the forms, behaviors and
principles abstracted; and the abstracted concepts are applied to develop innovative
solutions to geotechnical problems that realize improvement of soil properties and
system performance [16, 24]. Together, these two approaches to biologically based
design comprise the emerging field of biogeotechnical engineering. In essence, the
bio-mediated approach directly uses biological systems and processes, while the bio-
inspired approach extracts forms, behaviors, and principles from nature to inspire
new engineered solutions [16]. Bio-mediated and bio-inspired geotechnics are both
relatively young fields and require significant additional work to realize their full
potential for addressing geotechnical challenges, but research results to date are
promising.

This chapter provides a broad overview of these two complimentary emerging
fields, outlines the general approach taken in each area, provides examples of select
accomplishments, and closes with thoughts on the path forward.
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2 General Principle

The conceptual underpinning of both bio-mediated and bio-inspired approaches for
geotechnical innovation stem from a perspective that over millennia the environ-
mental constraints (stressors) in nature have resulted in the development and selec-
tion (optimization) of specific biological processes that provide a competitive sur-
vival advantage in the given ecosystem [20, 49]. Environmental constraints typically
include energy, nutrients, water, and physical space, and environmental stressors
include structural, temperature, and pressure loading conditions. Thesemultiple con-
straints and stressors produce systems that often serve multiple simultaneous func-
tions. Importantly, biological systems are often selected or optimized for a specific
environment, which often may not be directly transferrable to a system of geotechni-
cal interest in a different environment. Thus, abstraction processes that shed context
specific details are often important for bio-inspired design [25].

The development of bio-mediated geotechnical solutions to date has focused on
the identification, control, and application of bio-geochemical processes to induce
changes to soil conditions that can be permanent under particular long-term condi-
tions [18, 20]. Geotechnical applications of bio-mediated processes can range from
simply mobilizing (e.g., accelerating) an existing process, using a bio-mediated pro-
cess to accelerate an abiotic chemical reaction, or using a biological process to
control application variables such as the location and rate of where a process occurs.
For example, and as discussed further below, biogeochemical processes can be used
to precipitate calcium carbonate at the contacts of soil particles which results in
improvement of engineering properties including strength, stiffness, hydraulic con-
ductivity, and dilatancy among others [1, 9, 10, 17, 21, 22, 43, 51, 59, 63–66, 69].
Following calcium carbonate precipitation, the long-term stability is largely dictated
by groundwater environmental conditions; under favorable conditions the service
life may far exceed engineering requirements (typically 30–50 years) while under
adverse conditions the improvement may degrade faster than the structure it is sup-
porting. Other environments and other biogeochemical processes, on the other hand,
may be easily reversible and have a shorter service life, lending their application to
limited, short term, construction time periods.

The development of bio-inspired geotechnical solutions has underpinning in the
field of bio-inspired engineering design, for which researchmethodologies have been
developed only in the past couple of decades [6]. And even in the past few years, the
practice of biologically inspired design has been described as having little system-
ization [25]. The bio-inspiration innovation process can be cast in a problem-based
or solution-based framework [25]. The former stems from identification of a specific
engineering problem and then searching the biological space for inspiration of a new
solution. The latter stems from idea inspiration through scientific biological study
and then identification of engineering problems that would benefit. Both methods
include the critical components of problem identification, generalization of required
performance, biological system understanding, bio-inspired idea abstraction, and
application towards solution development [25]. Application of this methodology,
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Fig. 1 Overview of upscaling of MICP: a urease enzyme structure housed within microbes [5]; b
Porosarcina pasteuri microbe (image supplied by DeJong); c bacterial impression within precipi-
tated calcite [44]; d structure of precipitated calcite [14]; e MICP-cemented sand grains [8]; f CT
scan of MICP-cemented sand (image supplied by DeJong); g MICP-cemented triaxial specimen
[52]; h modelling of MICP triaxial compression test [28]; i 1D column tests [42]; j radial flow
treatments [56]; k MICP impermeable skin for retention basin [62]; l MICP treatment of 100 m3

sand [21, 64]; m field trial (used with permission from ICE)

regardless of its inception as a problem-based or solution-based approach, requires
engineers, life scientists, and earth scientists to work collaboratively to leverage
their complimentary expertise, as none of these disciplinary experts typically have
the knowledge base, creativity, and entrepreneurship individually for realization of
a successful outcome [7].

The development of new biogeotechnical solutions often initially requires high-
risk, small-scope stages of inquiry and, for ideas that demonstrate potential, system-
atic upscaling from nm-scale (e.g. enzymes, bacteria) to m-scale field applications
(e.g. liquefaction mitigation). Stages of this work for calcite precipitation is exem-
plified in the following Fig. 1 [19].

3 Bio-mediated Engineering Solutions

Understanding the role of biology is critical for developing bio-mediated solutions as
biological processes directly influence the rate, timing, and location of the geochem-
ical reaction network(s) that induce changes to the soil structure [18, 19]. In some
cases, a biological process creates a permanent inorganic precipitate that could also
be produced solely using chemistry in a beaker on the laboratory bench. However,
by mediating this process with biology, the reaction can be controlled and enabled
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such that they occur within a soil mass at a targeted location. In other cases, the
stability of an organic polymer that forms around bacteria is directly coupled to con-
tinued bacterial growth; when the bacteria die, the change in engineering properties
induced by the biopolymer may be reversed. Yet in other cases, a biological process
may generate small gas bubbles in the pore space resulting in desaturation of the
soil, and the longevity of soil desaturation may be a function of the dissolution rate
of the gas into solution.

Microbially mediated calcite precipitation (MICP), an inorganic mineral precip-
itation technique, is the process that has received the greatest research focus to date
in the geotechnical community due to its promise as a ground improvement tech-
nique (summarized in [20]). Recent research, illustrated in Fig. 2, in which sand in
2-m-diameter tanks was treated to induce microbially mediated calcite precipitation
demonstrated that it is possible to solidify loose uncemented sand (relative density,
Dr � 40%, initial shear wave velocity, Vs � 120 m/s) into a weak sandstone-like
material (Vs � 970 m/s) over a period of 10 days, while controlling the spatial dis-
tribution of improvement [26]. The improvement level can be monitored in real time
by measuring shear wave velocity and with cone penetration testing [27]. While the
bacteria that facilitated this process were cultured externally and then introduced
to the tank in Fig. 2 (i.e. bio-augmentation was used), this process can be equally
effective through bio-stimulation [28], wherein bacteria already present in the sand
(native bacteria) are first stimulated with nutrients to increase their population and
activity, and then used to mediate the calcite cementation process.

This mineral precipitation process can also be induced chemically using an
agriculturally-derived isolated urease enzyme (the same enzyme that the bacteria
use in this process) [36]. Figure 3 shows a “donut” of stabilized soil created by radi-
ally infusing a 19 L container of sand with an enzyme-based cementation solution
through perforations in a 76.2 mm diameter plastic pipe [37]. Calcite precipitation
in the void space, cladding the soil particles, and particularly at particle-particle
contacts increases soil stiffness, strength, and liquefaction triggering resistance, and
decreases hydraulic conductivity. The resulting potential applications are wide rang-
ing and include liquefaction mitigation beneath existing structures, stabilization of
lowvolume roadways, control of groundwater flow, and contaminant immobilization,
among others [20].

Another microbially mediated process, biogas-induced desaturation, also shows
promise as a liquefaction mitigation mechanism [54]. Over the past decade, abiotic
desaturation has been identified as a potential mitigation measure for earthquake-
induced soil liquefaction. Laboratory testing has shown that biogenic gas, and in
particular biogenic nitrogen gas due to its low solubility in water, can rapidly desat-
urate sandy soil [54]. Figure 4 presents the results of a benchtop column experiment
in which native bacteria were stimulated to produce nitrogen gas. Both compression
wave (p-wave) velocity measurements and the volume of gas expelled from the spec-
imen indicated that the degree of saturation of the initially saturated sand decreased
to 94% saturation in less than 48 h. Abiotic testing using the same soil indicated that
decreasing the degree of saturation to 94% increased the cyclic stress ratio required
to induce liquefaction by more than 40%.
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Fig. 3 “Donut” of stabilized
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enzyme-induced
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by radial infusion through a
76.2 mm-diameter perforated
plastic pipe (courtesy of
Edward Kavazanjian Jr.)
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Fig. 4 Microbially induced desaturation in a 50.8 mm-diameter column as indicated by a
compressional- (P-) wave velocity measurements and b volume of expelled water (courtesy of
Edward Kavazanjian Jr.)

The growth of biofilms, films generated by bacterial communities that secrete
a gel-like substance known as EPS (extra-cellular poly saccharide, [12]), has been
shown to coat coarse-grained soil particles and plug voids for short-term modifi-
cation of soil properties [2, 23, 31, 57, 61]. The generation of EPS within sands
can effectively reduce hydraulic conductivity by more than 100 times over a period
of about two weeks [55], as illustrated in Fig. 5. Recent column experiments have
demonstrated that this process can also be achieved by stimulating native bacterial
populations. Once reduced, the hydraulic conductivity reduction can remain stable
for more than 60 days, after which it degrades, as illustrated in Fig. 5. If desired,
retreatment can sustain or recover the full reduction in hydraulic conductivity. Alter-
natively, the biofilm could be allowed to degrade, and the hydraulic conductivity can
attenuate back to its natural condition. This type of short-term reduction may be use-
ful for dewatering excavation projects, for example, since only temporary hydraulic
conductivity reduction is needed.

4 Bio-inspired Engineering Solutions

Comparison of the performance efficiency of biological systems with analogous
geotechnical systems, albeit sometimes at different length scales, can highlight the
inefficiencies of current geotechnical processes and designs. For example, ant exca-
vation processes are 100–1000 times more energy efficient than current tunnel bor-
ing machines, root systems are 10 times more energy efficient than current ground
reinforcement/foundation systems, and moles advance through soils with amazing
efficiency. While geotechnical engineers may not be able to employ such activities
directly for infrastructure scale applications, the forms, behaviors, principles, and
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in a laboratory column experiment (courtesy of Jason T. DeJong)

Fig. 6 Biological analogs to our geotechnical systems (used with permission from ASCE)

processes they employ, many of which have been refined over millennia for their
respective environments, can inspire new geotechnical solutions [67, 68]. Figure 6
illustrates a few of the numerous analogs between current geotechnical processes
and biological systems.
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A majority of geotechnical ground improvement, slope stabilization, foundation
and anchorage systems, and underground construction solutions, as well as their
associated construction processes, are either mechanically based or use Portland
cement or other energy intensive produced materials. These current technologies are
largely direct-cost and/or brute force driven; optimization has largely been in the
form of incremental improvements. The goal of bio-inspired geotechnical solutions
is to reconsider the performance requirements for a geotechnical system and identify
new solutions that leverage, to the extent appropriate, efficiencies optimized in the
biological analogs. Biological analogs for excavation, reinforcement, penetration,
erosion control, densification, and other geotechnical functions can often be readily
identified [16, 24].

One example of where a bio-inspired approach may have significant potential is
in pile foundations and soil retention systems [16, 24]. Nearly all deep foundation
and soil reinforcement systems employ linear, constant cross-sectional elements to
transfer the structural load to the surrounding soil. The biological analog, the tree
root system, is 10 times more efficient with respect to capacity normalized to system
mass and highly spatially non-linear [48]. Insight from the root anchorage literature
about root allocation strategies and influences [11] paired with direct study of root
anchorage performance continues to reveal more about the topological and morpho-
logical aspects of root systems that aremost important for their structural (anchorage)
function. The knowledge gained from this type of study enables exploration of the
potential performance increase that is possible with a root-inspired foundation or
reinforcement element. This bio-inspired design process is exemplified in Fig. 7.

Another bio-inspired engineering solution being explored to improve soil-
structure interaction and load transfer is based on the anisotropic surface properties
of the ventral scales of snakes. The skin along the underbody of snakes is com-
prised of flexible scales that collectively form a highly anisotropic surface [4, 47].
Snake motility is highly efficient and enabled by this frictional anisotropy; shearing
in the cranial direction (towards the head) produces higher interface friction than
in the caudal direction (towards the tail) [41, 46]. Further, the ventral scales differ
between snakes, and are primarily correlated with the surface properties and sizes
of the materials they move over in their habitat (e.g. trees, sand, rock). The envi-

Tree
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3-D
Imaging

3-D
Models

Centrifuge
Test

(a) (b) (c) (d) (e)

Fig. 7 Process of bio-inspired design from tree roots to inspired engineering solution. a Field tree
pull-out tests, b load-displacement performance, c 3-D image reconstruction and analysis, d 3-D
printed foundation models, and e centrifuge testing of 3-D models (courtesy of Jason T. DeJong)
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Fig. 8 Process of bio-inspired design from snake skin to inspired engineering solution. a Preserved
snake specimens, b 3D scan of snake skin, c 3D printed snakeskin-inspired surfaces, d interface
shear testing, and e centrifuge pile load testing of snakeskin-inspired piles (courtesy of Alejandro
Martinez)

sioned end use is improved anisotropic soil-structure interface behavior that would
improve performance and/or installation of piles, pipelines, and geomembranes [45].
The bio-inspired design process is outlined in Fig. 8.

5 Sustainability in Geotechnical Engineering Innovation

The responsibility of the civil engineer is to provide essential services to society
and the built environment, both to individuals and the community at large. Safety
is the highest priority in accomplishing this task. In a capitalistic marketplace, a
second priority is cost. The desired services are to be provided safely using the most
economical solutions. These two criteria (safety and cost) have driven, and continue
to drive, final design selections. This approach, in combination with an assumption
of nearly unlimited materials (e.g., cement) and energy (e.g., fuel) resources has
led to the development of material- and energy-intensive geotechnical solutions and
construction operations.

It is now widely recognized that there are serious environmental and societal
costs to these approaches [3, 30] Conventional, brute force construction activities
are exacerbating climate change, ozone depletion, deforestation, desertification, and
soil erosion as well as land, water, and air pollution [40]. Moreover, the materials and
resources that are used are finite. In time, these business as usual (BAU) technologies
and methods must change.

The change, or rebalancing of the factors driving decision making must include
environmental sustainability in addition to the existing criteria of safety and cost.
The impacts of a given technology can be evaluated using life cycle assessment
(LCA) and quantified in terms of environmental metrics like energy consumption,
global warming potential, photochemical oxidation (i.e., smog formation) potential,
or terrestrial acidification potential, among many others [39]. A comparative LCA
can be used to quantify the impacts that geotechnical systems have and provide a
basis for quantitative comparison between alternate solutions [34]. Preliminary work
in this area has shown that the global warming potential between different ground
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improvement methods can differ by a factor of 10 or greater [58], and between
different earth retaining systems can differ by more than 3 times [13].

The criteria of safety must not be compromised, but the cost calculations can
include a solution’s sustainability cost in addition to capital costs. The challenge, of
course, is that capital costs are measured in real dollars out of the investor’s wallet,
while the sustainability costs are realized in damages or equivalent dollars that society
will experience, often to be realized in future time.

6 Closure

Collectively, the development of bio-mediated and bio-inspired geotechnical solu-
tions, or biogeotechnical engineering, constitutes a rapidly growing emphasis in
geotechnical engineering on nature-compatible and nature-inspired design and con-
struction. This field lies at the confluence of geotechnical engineering and micro-
biology, geochemistry, zoology, and plant science, mobilizing biological processes
to directly influence geotechnical systems. In the coming decades biogeotechnical
engineering is expected to become part of mainstream geotechnical engineering due
to improvements in performance efficiency, sustainability, and cost-effectiveness that
may be realized. Figure 9 illustrates a vision for the biogeotechnical future along a
transportation corridor [19].

The development of biogeotechnical solutions forces a paradigm shift in which
geotechnical engineersmust recognize and consider soil as a living ecosystemand not
as a sterile, non-reactive, stable material. This will require training, or re-training,
geotechnical engineers to be informed and engaged as biogeotechnical engineers
[19].

Transporta

Re cula

Bio-Filtra

Bio-Stabiliza

Fig. 9 Vision of bio-mediated and bio-inspired solutions along a travel corridor (used with per-
mission from ASCE)
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Abstract Fundamental challenges in unsaturated soil mechanics have been identi-
fied in four major areas: quantifying internal stress state, developing a new paradigm
for soil classification, developing new computational and theoretical constructs for
unsaturated soil behavior, and tackling emerging problems in geotechnical engi-
neering practice from the perspective of unsaturated soil mechanics. This chapter
addresses each of these needs by critically reviewing some of the history in each area
and summarizing recent research advances as current understanding of unsaturated
soil behavior continues to evolve.
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1 Introduction

Fundamental challenges in unsaturated soil mechanics have been identified in four
major areas driven by four major needs. These include the need to resolve a gener-
ally applicable and practically implementable way to quantify internal stress state in
unsaturated soils, the need to develop a new paradigm for soil classification on the
basis of fundamental soil properties rather than index properties that only indirectly
capture soil behavior, the need to support limited experimental evidence for unsatu-
rated soil behavior by developing new computational and theoretical constructs, and
the need to tackle emerging problems in geotechnical engineering practice from the
perspective of unsaturated soil mechanics.

Many of the fundamental research challenges in unsaturated soil mechanics
identified here also have significant overlap with other theme areas described in
this volume. Among others, these include bio-mediated geo-processes, which are
often near-surface problems that depend on phenomena occurring at air-water inter-
faces (e.g., evaporation, solid/gas solubility), thermal energy and foundations, which
often involve heat transport and storage in partially saturated soils, multiphysics
and mechanics, where upscaling from particle or pore scale phenomena to larger
scales remains a major challenge, and coupled phenomena, where unsaturated soils
are ubiquitous (e.g., precipitation-induced slope failure, waste storage and contain-
ment, energy geotechnics, contaminant transport). Overlap between the research
challenges in unsaturated soils and the challenges described throughout this volume
reflects the importance and relevance of unsaturated soil mechanics. Broad impact
may be achieved when advances in the many challenges involving unsaturated soils
are made.

2 Internal Stress State

One of the historical challenges required to establish a robust predictive framework
for the mechanical behavior of unsaturated soil has been to resolve a generally appli-
cable and practically implementable way to quantify internal stress state. By internal
stress state, we refer to a notion similar to Terzaghi’s effective stress for saturated
soils, but which also includes local interparticle forces that arise under both saturated
and unsaturated conditions. Terzaghi’s effective stress describes forces that propagate
through the soil skeleton and is quantified or controlled in experiments with macro-
scopic stresses applied at the boundary level (total stress and pore water pressure)
[128]. Internal stress state, on the other hand, includes these skeletal forces, as well
as local forces that concentrate at or near particle contacts. Such forces arise from
physicochemical or cementation effects, and uniquely in unsaturated soils from the
effects of capillarity. Passive particle-particle contact forces must develop to counter-
balance the active skeletal and local forces, which leads to an internal stress state that
depends on soil fabric andmagnitudeof the internal forces [99]. It is this internal stress
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state that governs mechanical soil behavior such as shear strength, tensile strength,
stiffness, and volume change. Changes in stress state that result from changes in
either the boundary stress (e.g., from external loading) or from changes in the inter-
nal stress (e.g., from wetting or drying) have a consequent effect on unsaturated soil
behavior. A framework for quantifying internal stress state and its evolution with
saturation, pore water potential, and wetting-drying or loading-unloading history is
thus essential to effectively and fully capture mechanical behavior of unsaturated
soils.

2.1 Effective Stress in Unsaturated Soil

Karl Terzaghi’s effective stress (σ ′) is the cornerstone of modern soil mechanics.
Mathematically, Terzaghi’s effective stress is defined as the difference between total
stress (σ ) and pore water pressure (uw):

σ ′ � σ − uw (1)

and has beenwidely used for characterizing strength and deformation (consolidation)
behavior for soil under saturated conditions. It is not suitable, however, for soil
under unsaturated conditions. This is because pore water pressure, or by extension
matric suction (quantified as the difference between pore air pressure and pore water
pressure, (ua − uw), is fundamentally not a stress variable [99].

Until recently, two mutually exclusive approaches have been used to quantify
stress state for unsaturated soils: Bishop’s effective stress approach [14] and Fred-
lund and Morgenstern’s independent stress state variable approach [49]. In Bishop’s
effective stress approach, the skeleton stress includes two independent components:
net normal stress (σ − ua) and net pore pressure, or matric suction (ua − uw). The
latter is weighted by a coefficient χ such that:

σ ′ � (σ − ua) − [−χ(ua − uw)] (2)

The parameter χ has been suggested to be a function of degree of saturation (S)
constrained between 0 when soil is dry and 1 when soil is saturated (0 ≤ χ (S) ≤ 1).
Determining the form of χ (S), however, has historically been a challenge because
when soil approaches a dry state, χ is presumably close to zero, but matric suction
could be very high (likely on the order of 1 GPa), thus producing unrealistically large
values for the product χ (ua − uw). For other erroneous reasons, and not necessarily
all due to the form of Eq. (2), Bishop’s effective stress had been questioned since the
late 1960s [99].

A different paradigm spearheaded by Fredlund and Morgenstern [49] became
popular in the 1980s and 1990s. Here two independent stress state variables, net
normal stress (σ − ua) and matric suction (ua − uw), were used to construct theories
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(a) (b)

Fig. 1 Suction stress components and dependence on a soil type and b saturation (after [98])

for shear strength (e.g., [50]) and volumetric strain (e.g., [5]). These theories and
others based on two independent stress state variables have encountered practical
and theoretical problems that have precluded a unified and effective framework for
describing soil strength and deformation. Lu and Likos [99] clarified that matric
suction, although it has units of stress per se, is fundamentally not a stress variable.
Considering matric suction as a stress quantity in such theories for strength and
deformation is thus physically incorrect.

By around the turn of this century, experimental data for various soil types became
available to demonstrate that Bishop’s effective stress can be effective for predicting
shear strength for matric suction less than about 1500 kPa [66, 67]. At higher suction
and corresponding lower water content, however, some data indicate that Bishop’s
effective stress may not be valid, most notably for fine-grained soils. Starting in
the early 2000s, Lu and associates launched a series of studies to clarify what had
been missing or incorrect in Bishop’s effective stress and the independent stress
state variable approaches. Lu and Likos [99] concluded that Bishop’s effective stress
only considers the contribution of pore fluid pressure (ua and uw) and inherently
overlooks the contribution of inter-particle physicochemical forces, namely those
associated with van der Waals and electrical double layer forces. An interparticle
stress intended to capture both fluid pressure and physicochemical stresses, referred
to as suction stress (σ s) was coined, along with the suction stress characteristic
curve (SSCC) to capture how suction stress depends on pore water potential (ψ) or
saturation [i.e., σ s(ψ) or σ s(S)].

Components of suction stress and their variation with soil type and saturation are
illustrated semi-quantitatively in Fig. 1. The suction stress concept unifies effective
stress under both saturated and unsaturated conditions and is in the same form as
Terzaghi’s effective stress, which has practical significance because it is readily
implementable within the classical saturated soil mechanics framework. Effective
stress according to the suction stress construct is [99]:
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σ ′ � (σ − ua) − σ s (3)

where σ s recovers to pore water pressure when a soil is saturated but varies charac-
teristically according to the SSCC as saturation changes.

Lu and Likos [99] synthesized existing shear strength data at the time and demon-
strated that the SSCC based effective stress Eq. (3) is valid for predicting shear
strength. Shear strength under both saturated and unsaturated conditions can be pre-
dicted using historically established failure criteria (e.g., Mohr-Coulomb), so there is
no need to construct different failure criteria or create additional material parameters
for unsaturated conditions. Further advances have included developing a closed form
equation for the SSCC [93], establishing a link between the SSCC and the soil water
retention curve (SWRC) [95], and establishing a link between the SSCC and defor-
mation behavior [94]. Each of these developments is described in Chapter 4 “Linking
Soil Water Adsorption to Geotechnical Engineering Properties”.

2.2 Hydration-Capillary Transition

Adsorption and retention of soil pore water occur primarily by two mechanisms: (i)
short-ranged physicochemical mechanisms, which include surface hydration onmin-
eral surfaces at low water content, hydration of exchangeable cations, and osmotic
interlayer swelling for expandable clay minerals; and (ii) capillary condensation in
larger pores at higher water content. Factors controlling water adsorption and reten-
tion in the hydration regime are associated primarily with properties of soil mineral
surfaces, including mineralogy, specific surface area (SSA or Sa), cation exchange
capacity (CEC), and exchangeable cation type. Factors controlling water adsorption
and retention in the capillary regime, on the other hand, are associated primarily with
pore and particle fabric features, including pore size, pore size distribution, and pore
connectivity. Differentiation between these two retention regimes and pore water
within them has been suggested using a number of qualitative descriptors, including
“hygroscopic water” versus “free water,” “bound water” versus “capillary water,”
“microscopic” versus “macroscopic” water, and “tightly adsorbed, adsorbed, and
capillary” water.

Transition between awater retention regimedominated by surface hydration at low
moisture content and a water retention regime dominated by capillary mechanisms
at higher water content corresponds to a transition in mechanical soil behavior. For
coarse-grained soils such as sand, where surface hydration is minor due to its low
surface area, the capillary-hydration transition is relatively unimportant in terms of
mechanical behavior. For fine-grained soils such as clay, on the other hand, where
surface hydration is a major mechanism for water retention over a wide range, the
capillary-hydration transition and the implications to mechanical behavior are more
significant, but less clear [2].

Both Bishop’s effective stress and the independent stress state variable approach
implicitly assume the validity of pore pressure concept because matric suction has
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been defined as the difference between the air and water pressure (ua − uw). In light
of the physics of soil water retention, capillary water retention requires a pressure
difference between the pore air and pore water, whereas water retention by short-
ranged adsorption does not [96]. Adsorption energy can thus only be defined in terms
ofmatric potential and not in terms of a pressure. Pore water pressure is a special case
only when capillary water exists, which is the case in fine-grained soils at relatively
high water content or in coarse-grained soils over a wide range of saturation.

A new paradigm to define stress state variables in unsaturated soil is needed. This
first requires developing SWRC models capable of distinguishing between adsorp-
tion water and capillary water. Unified formulations for water retention in porous
media, for example, have been proposed to independently capture adsorbed water
and capillary water (e.g., [11, 75, 89, 115, 121, 150]). Revil and Lu [121] and Lu [90]
explicitly differentiated hydration and capillary water by employing local thermody-
namic equilibrium principles. Such models provide a physical basis for developing
more general SSCC models that may be applicable for capturing effective stress
over a wide range of saturation. Ultimately, suction stress could be divided into two
components to differentiate a component due to adsorption (σ s

a) and a component
due to capillarity (σ s

c):

σ s(ψ) � σ s
a (ψ) + σ s

c (ψ) (4)

but there is currently no closed-form model for suction stress due to adsorption.
While knowledge of suction stress attributable to adsorption is in its infancy,

insight canbegained fromexperimental evidence and theoretical considerations (e.g.,
[3, 92, 94, 96]). As shown in Fig. 1, for example, suction stress due to capillarity is
zero at either the dry or saturated state, and reaches a maximum at some intermediate
saturation [96]. SSCCs for sandy soils deduced from shear and tensile strength test
results have been shown to follow this general trend because capillary water retention
dominates over essentially the complete range of saturation. Becausematric potential
due to capillarity can be quantified in terms of fluid pressure, the SSCC proposed by
Lu and Likos [99] as the product of (uw − ua) and effective degree of saturation (Se)
has become an effective representation for sandy soils. In contrast, because suction
stress due to physicochemical stresses could be very high at the dry state and non-
zero at the saturated state, most notably for fine-gained soils, its magnitude could be
very high (several hundreds of kPa), and its variation with saturation could be quite
different. Experimental evidence indicates that suction stress could be on the order
of several hundreds of kPa for dry bentonite [42] and is non-monotonic over a wide
range of saturation for kaolinite [2]. Because physicochemical stresses also depend
on the soil fabric (structure and particle contacts) and the mineral and pore fluid
chemical characteristics, suction stress cannot be fully defined by matric potential
and saturation alone. Resolving this challenge remains an active area of ongoing
research.
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3 Fundamentals-Based Soil Classification

Current soil classification frameworks based on grain size and plasticity only indi-
rectly reflect fundamental material properties that govern soil behavior. A new
paradigm for soil classification is viewed as central to solving current global societal
and environmental challenges, including energy and resource needs, infrastructure
development, environmental protection and enhancement, and protection and recov-
ery from natural disasters [22]. There is a need for the geotechnical engineering
community to approach these grand challenges from the perspective of fundamen-
tals, rather than historical geotechnical engineering approaches reliant on empirical
observation. Unsaturated soil mechanics has an important place in moving the state
of practice toward this direction because the mineral-water interactions that occur at
low water content are a direct reflection of fundamental mineral and surface charac-
teristics with which soils may be more effectively classified.

Fine-grained soil behavior is dominated by interaction forces occurring at the
interface between mineral surfaces and water. Soil compositional properties that
influence these interactions,most notably specific surface area (SSAor Sa) and cation
exchange capacity (CEC), are being increasingly recognized as valuable measures
for characterizing fine-grained soils. Numerous studies have shown that SSA and
CEC can be related to more general aspects of fine-grained soil behavior [26, 27],
including Atterberg limits [34, 47, 109], dispersion and frost heave [9, 113, 123],
swelling potential [1, 32, 40, 89, 108, 117, 125], and compressibility [26].

SSA quantifies surface area per unit mass (m2/g) and can be differentiated into
total surface area, external surface area, and, for expansive clays and diatomaceous
soils, internal surface area. CEC, which is expressed in milliequivalents per 100 g of
dry clay (meq/100 g or meq/g), is a measure of exchangeable mineral charge, where
larger values reflect a greater layer charge and surface activity. A related property,
surface charge density, is defined as CEC divided by SSA. Together SSA and CEC
characterize the fundamental surface properties of soil minerals and play a critical
role in governing interactions between mineral surfaces and molecules that approach
the surface (e.g., [60, 111, 143]).

Robust consideration of fundamentalmineral and surface properties has been lack-
ing in all previous soil classification frameworks. Recent efforts, however, demon-
strate a shift toward more fundamental approaches for soil classification. Lin and
Cerato [84], for example, recognized the importance of SSA, CEC, mineralogy,
microstructure, mineral-water-ion interactions, permittivity, electrical conductivity,
and suction. As noted in Chapter 4 “Linking Soil Water Adsorption to Geotechnical
Engineering Properties” of this volume, Jang and Santamarina [61] explicitly rec-
ognized the lack of consideration of pore-fluid chemistry and proposed an approach
for fines classification based on liquid limits obtained with electrically contrasting
pore fluids. Methods have been established for determining water vapor sorption
isotherms of clays [79], and to link sorption isotherms to SSA [2, 3, 68] and CEC
[96]. Direct linkages among SSA, CEC, Atterberg limits, and volume change have
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been established [42, 90, 91]. These types of studies provide a basis for implemen-
tation in new soil classification frameworks.

3.1 Microstructural Clay Parameters

Expansive soil—that is, clayey soil that experiences volumetric swelling or shrinkage
with adsorption or desorption of water—covers one-fourth of the United States, and
is distributed worldwide in semi-arid or arid regions in China, Brazil, and theMiddle
East. Expansive soil poses potential damage to foundations for structures, bridges,
and roads and can induce landslides along transportation corridors. On the other
hand, expansive soil can be beneficial when used as low hydraulic conductivity lining
material for canals or irrigation ducts, as engineered clay barrier material for nuclear
waste repositories, or to retard the movement of gas and liquid phase contaminants
at disposal sites such as landfills.

Understanding the microstructure of expansive soils is of vital importance in
physical interpretation and mechanical modeling of expansive soil behavior at the
macro-scale [124]. Currently, design engineers cannot reliably predict how an expan-
sive soil will behave at the macroscale in terms of volume change and shear strength
because the controlling mechanisms are complex and governed by surface physic-
ochemical forces rather than mechanical forces. Volume change of expansive clay
in response to water sorption (or desorption) includes two mechanisms. The first,
crystalline swelling, is controlled by interlayer forces that cause hydration of crys-
talline surfaces [71, 76, 78, 110, 114, 163]. Crystalline swelling is confined to the first
several water layers, depending on the particle composition and the aqueous chem-
istry in the external surface of the tetrahedral sheet [163]. Crystalline swelling thus
describes the water holding capacity of clays at very low water contents (i.e., crys-
talline swelling takes place as a result from the hydration process upon first exposure
to water or water vapor). The second mechanism, double-layer swelling [71, 163] or
osmotic swelling [80, 105], originates from the chemical gradient between the phyl-
losilicate interlayer surface and the external environment (i.e., water in macropores).
Volume change is manifest by expansion (or contraction) of the diffuse layer and is
governed by interplay between surface forces such as capillary forces, Coulombian
electrostatic attraction, van der Waals forces, and double layer repulsion [6–8, 105].

An innovative approach to characterize expansive soils and quantitatively predict
volume change and swell pressure behavior lies in understanding surface phenomena
for individual clay platelets or aggregates within the soil matrix and the interaction
of contacting particles under the influence of various surface forces. It is the surface
area and mineral composition of the soil solid phase, and the available cations of
the external pore fluid that largely determine the nature and behavior of expansive
soil, including its internal geometry and porosity, its mineralogy and geochemical
composition, its interaction with fluids and solutes, and its mechanical behavior such
as compressibility and strength.
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Identification and quantification of surface forces, however, can be extremely
challenging. SSA (Sa) and CEC are inherent soil properties that depend only on com-
position, pore fluid chemistry, and time, and therefore are fundamental in describing
fine-grained soil behavior. Similarly, surface conductance (λddl) can be estimated as
the product of surface charge density and cation mobility [128] in the following form
[84]:

λddl �
∑

ui Pi · CEC

Sa
(5)

where ui is cation mobility and Pi is the percentage of each exchangeable cation
(in quantity) in the exchange complex. Cation mobility determines the drift velocity
of electrons mobilized under an applied electrical field. In addition to these four
properties, there are at least seven other microscale properties that reflect soil com-
position, structure, and pore fluid chemistry. These include mineralogy, structure,
elemental composition, diffuse double layer thickness (t), real relative permittivity
(κ ′), effective electrical conductivity (σ ), and suction. Among these, diffuse dou-
ble layer thickness, real relative permittivity, effective electrical conductivity, and
suction are anticipated to govern the macroscopic behavior of expansive soil.

3.2 Sorption-Based Clay Characterization

Swelling potential of expansive soils is most commonly classified by correlation to
routinely measured index and soil compositional properties, usually including Atter-
berg limits, clay content, and activity. Well-established techniques in this “plasticity-
based” family include, for example, those proposed by Holtz and Gibbs [58], Seed
et al. [130], and Chen [29]. Suction-based methodologies have also been pro-
posed, including those by Johnson [63], McKeen and Nielson [102], and McKeen
[101]. McKeen’s methodology [101], for example, relies on determining a parame-
ter referred to as the total suction – water content index to quantify the slope of the
SWRC in the high suction range. Soils with a relatively flat SWRC adsorb a greater
amount of water for a given change in suction than those exhibiting a relatively steep
SWRC, and are thus classified as having higher swelling potential.

In many respects, suction-based expansive soil characterization methodologies
are an advancement over plasticity-based methodologies by acknowledging that the
source of volume change and swelling pressure is the energy released by adsorbing
water from a high-energy state (free water condition) to a low energy state (adsorbed
condition). Someof this energy translates to heat, some translates towork done as vol-
ume change, and some translates to work done as swelling pressure. The distribution
betweenwork done as volume change andwork done as swelling pressure is governed
by environmental factors such as particle fabric, density, confining conditions, pore
fluid chemistry, and initial moisture conditions [130]. Despite the fundamental link
between suction behavior and swelling behavior, however, practical difficulties with
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Fig. 2 Water vapor sorption isotherms illustrating the effects of amineralogy [79] and b exchange
cations [2]

measuring suction in practice have generally limited confidence in and accessibility
to suction-based methodologies. Current suction-based methods require difficult and
time consuming measurements, such that plasticity-based methods remain the norm
[73].

When a hydrophilic material is placed in an atmosphere containing water vapor,
water condenses on its surface under physical and chemical bonding mechanisms
that decrease the energy of the adsorbed water. A water vapor sorption isotherm
quantifies the relation between relative humidity (RH) of that atmosphere and equi-
librium moisture content of the material along an adsorption and/or desorption path
at some temperature. RH is a measure of water vapor pressure in the headspace of
the atmosphere, and thus also quantifies the potential of the adsorbed water. Because
RH and total soil suction are related by Kelvin’s equation (e.g., [143]), a water vapor
sorption isotherm is equivalent to an SWRC in the high suction range. A sorption
isotherm, therefore, is a direct measure of how physical and chemical interactions
between water and a mineral surface result in water retention, and thus is an indirect
measure of fundamental compositional and surface properties (mineralogy, SSA,
CEC).

Sorption isotherms for clays have been studied using a variety of experimental
and computational approaches [25, 37, 78, 79, 81, 82, 102, 107, 151]. Figure 2a,
for example, shows adsorption/desorption isotherms for samples of kaolinite, illite-
smectite, Na+-smectite, and Ca2+-smectite obtained along wetting and drying paths
using the mixed-flow apparatus of Likos and Lu [79]. Figure 2b shows isotherms
obtained along sorption paths for bentonite exchanged to produce several homoionic
forms (Mg, Ca, Na, K, Li) and a mixed Na/Ca form [2]. Together these results
illustrate the influences of mineralogy and exchange cation on the shape, slope, and
hysteresis of sorption isotherms for typical clays.



Fundamental Challenges in Unsaturated Soil Mechanics 219

Fig. 3 Molecular dynamics
simulation of clay-water
system at different
temperatures [142]

Sorption in the range of an isotherm (RH <~90%) is governed by several compet-
ing soil-water interaction mechanisms, most notably including hydrogen bonding
between water and oxygens or hydroxyls comprising the mineral surfaces, dipole
polarization effects arising from surface charge, van der Waals forces, and hydra-
tion of exchangeable cations residing at or near mineral surfaces [60, 96, 104, 111].
Adsorbed water resides in the form of thin films on the mineral surfaces and as
“bunches” of water grouped about mineral charge sites and cations. As evident in
Fig. 2b, cation type has a significant influence, where in general clays with smaller
or higher valance cations adsorb more water than clays with larger or lower valence
cations, a direct reflection of the differences in cation hydration energy [65, 152].

For expansive clayminerals, water is also adsorbed in the mineral interlayer space
in a step-wise fashion associated with successive adsorption of discrete water layers
(crystalline swelling) as evidenced by the wavy shape of the isotherm for the Na+-
smectite in Fig. 3a [76, 80, 114]. As RH increases to beyond about 80% to 90%,
adsorbed films on the particle surfaces are generally thick enough to extend beyond
the influence of short-ranged hydration mechanisms. At this point, coarse-grained
and non-expansive soils enter a regime dominated by capillary water retention such
that continued adsorption becomes a function of pore fabric, and thus is sensitive
to compaction or disturbance. Depending on the type of the predominant exchange
cation (for Na+-smectite) and pore fluid chemistry, expansive soils enter a regime
dominated by osmotic swelling driven by a gradient in osmotic potential between the
solute-rich interlayer water and free water in the larger pores. A sorption isotherm
might thus be used as a signature to differentiate water adsorption by crystalline,
capillary, and osmotic swelling and potentially exploited for expansive soil classifi-
cation. This remains an active area of research.
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4 Computational Frameworks for Unsaturated Soil

Physical measurements of unsaturated soil behavior remain challenging, which lim-
its the availability of quality experimental data by which emerging theoretical and
empirical constructs for unsaturated soil behavior may be validated. Historical mea-
surement techniques preclude comprehensive observations over a wide range of suc-
tion or soil type. Advances in computational experiments or modeling thus play an
increasingly important role in obtaining better fundamental understanding of unsat-
urated soil properties and processes, including mineral-water interactions, pore fluid
retention, soil fabric, strength, and coupled deformation and fluid flow in multiphase
porous media. Several of these computational frameworks are described herein.

4.1 Strain Localization

Strain localization is a ubiquitous failure mode of geomaterials. In a localized defor-
mation zone, geomaterials involve intense shear deformation that usually serves as a
precursor of failure [15, 16, 140]. For this reason, numerous theoretical, experimen-
tal and computational research efforts have been conducted to study the inception
of localized deformation and its triggering mechanism in geomaterials under dry or
fluid saturated conditions [10, 15, 48, 126, 154]. Rudnicki andRice [126] first derived
a mathematical condition for the onset of shear banding in pressure-sensitive geoma-
terials. Recently, this mathematical criterion has been extended to study the drained
[15, 133, 136] and transient bifurcation conditions at finite strain [134] for unsatu-
rated soils. Results demonstrate that spatial variations of density and fluid saturation
have a major influence on the inception of localized deformation. Researchers have
also investigated the bifurcation of unsaturated geomaterials at the material point
level via constitutive modeling under both isothermal and non-isothermal conditions
[116, 129, 140].

While theoretical and experimental methods provide insight into localized defor-
mation in multiphase geomaterials, computational modeling is a useful approach to
study the onset and triggering mechanisms for localized deformation [23, 45, 74,
133]. For example, Callari et al. [23] studied localized deformation in unsaturated
porous media via the finite element enhanced by strong discontinuities method in
an effort to resolve the pathological mesh sensitivity issue with the finite element
method [41]. A two-scale model was formulated to study fluid flow in an unsaturated
and progressively fracturing porous medium [120]. Lazari et al. [74] formulated a
non-local constitutive model to simulate localized deformation in unsaturated soil
under non-isothermal conditions. However, few of these numerical formulations
considered spatially varying material properties such as density and fluid saturation
and the associated impacts on inception of localized deformation. Recent numerical
investigations via amesoscale finite element method have demonstrated that material
heterogeneities, such as density and degree of saturation, have afirst-order role in trig-
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gering strain localization in unsaturated porous media [18, 19, 133, 134, 137–139].
However, such studies have been based on a numerical framework that assumes a
passive pore air pressure and thus cannot capture the active role of gas movement
and its impact on progressive failures such as slope failures [103]. Recently, Song
et al. [141] formulated a three-phase numerical model for unsaturated soils via the
stabilized mixed finite element method in which pore air pressure is considered
explicitly. Numerical simulations demonstrate that a three-phase model with active
pore air pressure is physicallymore appropriate to numerically simulate the inception
of strain localization in unsaturated soils.

4.2 Molecular Dynamics

Clays and related phases present a particularly daunting set of challenges for the
experimentalist and computational chemist. For this reason, molecular computer
simulations have become helpful in providing an atomic perspective on the structure
and behavior of clay minerals [39]. Molecular dynamics (MD) is a technique for
computing the equilibrium and transport properties of a classical many-body system
[4]. MDmodeling is a useful tool for investigating the physical and chemical proper-
ties of materials at atomic scales. In MD, the positions, velocities, and accelerations
of atoms in a molecular system are computed by numerically solving the equations
of Newton’s second law of motion. External force can be directly applied to selected
atoms. Energy of themolecular system is expressed using suitable empirical potential
energy functions or force fields.

Successful application of any computational molecular modeling technique
requires the use of interatomic potentials (force fields) that effectively and accu-
rately account for the interactions of all atoms in the system. In the geomechanics
community, two force fields for clays, CHARMm [21] and CLAYFF [39], have
been commonly applied. In the CHARMm force field, the total potential energy
is expressed as the sum of the bounded energy and the non-bounded energy. The
CLAYFF force field for clay minerals is a versatile force field built around the flex-
ible version of the simple point charge (SPC) water model [12] to represent water,
hydroxyl, and oxygen-oxygen interactions.

Ebrahimi et al. [44] usedMDwith the CLAYFF force field to simulate isothermal
isobaric water adsorption of interlayer Wyoming Na-montmorillonite. In this work,
nanoscale elastic properties of the clay-interlayer water systems were calculated
from the potential energy of the model system at 0 K as a function of water uptake.
Carrier et al. [24] investigated the elastic properties of swelling clay particles at
finite temperature upon hydration via MD and found that the elastic properties of
montmorillonite cannot be extrapolated from computation at 0 K. Teich-McGoldrick
et al. [147] adopted theCLAYFF forcefield to determine the pressure and temperature
dependence of the elastic properties of muscovite. Recently, Weinan [159] and Song
et al. [142] studied the impact of temperature on capillary force between clay platelet
particles via full-scale MD modeling (Fig. 3). These and other studies demonstrate
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that MD simulation is a useful numerical technique for studying unsaturated soils at
the atomistic scale and should continue to play a significant role in formulating an
atomic-informed multiscale modeling technique.

4.3 Monte Carlo Simulations

WhileMDprovides atomic-scale behavior of soil water interaction, it is limited to the
nanometer scale. Many physical processes such as soil-water retention, evaporation,
condensation, and heat transfer occur at the mesoscale or pore scale. Monte Carlo
simulations provide excellent tools to upscale behavior at pore scale while retaining
the physics at inter-atomic scales. For example, if capillary water distribution and
air-water interface configuration in unsaturated soil are of interest, mesoscale Monte
Carlo simulation (also called Coarse-Grained Monte Carlo or CG-MC) can be used
to develop the soil-water retention curve resulting from the atomic scale interacting
energies among air (vapor), liquid, and soil (solid) at the energy equilibrium state.

Similar to the Lattice Boltzmann method [30], the CG-MCS conceptualizes mul-
tiple individual molecules into effective groups that reside on lattice sites [69, 100].
However, these lattice site groups contain information only aboutwhich phase ismost
prevalent at that location [100, 164]. These lattice sites interact with neighboring sites
through free-energetic interactions, and thus are capable of naturally capturing inter-
facial behavior. Just as molecular Monte Carlo simulation is an efficient alternative
to MD, the CGMC is an efficient alternative to the Lattice Boltzmann method for
coarse-grained simulations of local equilibrium phase distribution [164].

Figure 4 shows the results of a three-phase simulation of capillarity in Ottawa
sand. The microXCT (micro X-ray computed tomography) technique was first used
to obtain images of unsaturatedOttawa sand at differentwater saturations (Fig. 4a–d).
The images of soil particles and pore water retained were used as the geometric
domain for the CG-MCS. The results of the CG-MCS is shown in Fig. 4e–h under
different matric potential conditions (also called grand canonical). Visual compar-
isons between the microXCT images and the CG-MCS are excellent in the occur-
rences and distribution of capillary water and pore air. The simulated results can be
used to compute the soil-water retention curve and compared with the experimental
results from the conventional Tempe cell method (Fig. 4i), and to calculate the spe-
cific surface areas and compared with that directly computed from the microXCT
images (Fig. 4j). Excellent comparisons are obtained, indicating the validity of the
CG-MCS methodology.

4.4 Multiscale Modeling

Multiphase porous media (e.g., unsaturated clay and sand) play a major role in
geotechnical and geoenvironmental engineering (e.g., slope stability, embankment
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Fig. 4 Coarse-Grained Monte Carlo simulation of capillarity and soil-water retention curve of
Ottawa sand: a–dmicroXCT images with saturations of 15, 25, 75, and 90% (solid as purple, gas as
red, andwater as green), e–h simulation results with the same saturations to a–d (solid as brown, gas
as white, and water as blue), i comparison of soil-water retention curve between the experimental
and simulated results, and j comparison of specific surface area between the experimental and
simulated results [164]

erosion, and sinkholes) [50, 98]. However, current knowledge of fundamental mech-
anisms of the instability of multiphase porous media under environmental loads
(e.g., humidity and temperature) is limited. Computational experiments are playing
an increasingly important role in obtaining a better understanding of such failures,
as well as more general coupled deformation and fluid flow phenomena in multi-
phase porous media. Concurrent and hierarchal multiscale computational modeling
methodologies have been developed to study the instability of single phase materials
(e.g., metal or dry granular materials) [88]. However, it is still challenging to for-
mulate high-fidelity multiscale computational frameworks for modeling multiphase
porous media, such as unsaturated soils. This deficiency is rooted in the limited
knowledge of the physics (e.g., the interfaces among soil particles, water, and air for
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unsaturated soils) of multiphase porous media at different length scales (e.g., nano,
particle, and continuum scales) and the linkages between scales [159]. In particular,
four challenges for multiscale modeling of unsaturated soils are: (1) understanding
the physical models at different scales; (2) understanding how models of different
complexity are related to each other; (3) understanding howmodels of different com-
plexity can be coupled together smoothly, without creating artifacts; and (4) under-
standing how to formulate models at intermediate levels of complexity, (mesoscale
models) [159]. To tackle these challenges, thermodynamic consistent average theory
(TCAT) [53] can be used to upscale the physical properties of unsaturated soils at
the pore scale [77] to the continuum scale and to formulate a thermodynamically-
consistent multiscale model from the pore scale to the continuum scale for modeling
unsaturated soils.

5 Emerging Problems in Unsaturated Soil Mechanics

5.1 Unsteady (Finger) Flow

Multiphase flow in porous media is a significant research topic in soil physics,
agronomy, chemical engineering, petroleum engineering, environmental engineer-
ing, water resources, and geotechnical engineering. The last several decades have
shown a tremendous increase in the number of theoretical and experimental studies
on unstable (finger) flow in porous media (e.g., [46, 55, 59, 112, 157]). The fingering
phenomenon was first described as viscous fingering in petroleum engineering (e.g.,
[33, 54, 59, 127, 146]). Since the late 1960s, unstable flow has been widely reported
and described as gravity fingering in soils and fractured rocks during infiltration and
redistribution by gravity. Unstable flow is distinct from other forms of preferential
flows in that unstable flow occurs in both heterogeneous and homogeneous porous
media.

Figure 5 shows an experimental observation of finger flow for water in uniform
sand. This phenomenon is affected by capillarity, gravity, and pore structure and
can be further complicated if there are varying characteristics of the liquid phase,
such as non-aqueous phase liquids (NAPL). This research topic has implications for
water resources and liquid contaminant management because fingering can move
water and chemicals far below the expected root zone of wetting and can increase
the possibility of groundwater contamination.

5.2 Multiphase Transport and Transfer in Rocks

In hydraulic fracturing for oil or natural gas extraction, multiphase flow interactions
among gas, pore water, and fracking fluids with sand suspensions in dynamically
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Fig. 5 Unstable (finger)
flow occurring in
homogeneous sand in flow
redistribution experiments by
Wang et al. [158]. The
illustrated region is a subset
of 1.0 m wide, 1.0 m deep,
1 cm thick slab chamber [64]

varying rock fractures under high pore pressure and stress may have significant
scientific, engineering, and economic values. As illustrated in Fig. 6, gas transport
through tight shales is a multi-mechanistic flow process including both Darcy and
non-Darcy flows [35, 38, 62]. Assuming that only theDarcy’s flow regime dominates,
gas transport in porous rocks can be described by the one-dimensional mass balance
equation [157]:
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where t is time; ρ is gas density; q is adsorbate density per unit sample volume; ϕ is
porosity of rock sample; p is pressure; k is Darcy permeability; μ is gas viscosity; r
is pore radius, and m � 0, 1, and 2 represents slab, cylindrical, and spherical shapes,
respectively. If one assumes that gas transport is dominated by gas diffusion through
micropores and governed by Fick’s law, Eq. (6) becomes [157]:
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Fig. 6 Migration process of gas in shale formation (Image courtesy: Prof. ShiminLiu, Pennsylvania
State University)
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where D is the diffusion coefficient.
The non-Darcy flows include sorption, diffusion, and slippage. Characterization

of these non-Darcy flows in a shale matrix is challenging due to the complex pore
structures from nano- to macroscale. For example, the absolute adsorption can be
estimated by correcting Gibbs adsorption [36, 118, 122, 145]:

Vabs � VGibbs

1 − ρgas/ρads
(8)

where Vabs and VGibbs are the absolute and Gibbs sorption, respectively, and ρgas and
ρads are the gas densities in the gaseous and adsorbed phases respectively.

To date, themulti-mechanistic flowbehaviors quantitatively described by apparent
permeability have been characterized under unrepresentative field conditions. The
impact of true in situ conditions on the apparent permeability and its evolution has
not been investigated and the influence of the in situ fluid on pore structures and
apparent permeability at elevated pressures remains largely unknown. In addition,
gas adsorption to and desorption from shale organic matter causes surface energy
variation of the organic matter and results in flow-induced micro-structuring, that
is, micro-deformation of the organic matter [85, 87]. Limited effort has been made
towards understanding this flow-induced micro-structuring for carbonaceous rocks
[86, 156].
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5.3 Multiphase Flow Under Microgravity

In space explorations, designing a reliable plant growth system for crop produc-
tion requires an understanding of pore fluid distribution in unsaturated porous media
under reduced gravity andmicrogravity. Spatial distribution of wetting fluids and dis-
continuous pore fluid ganglia under microgravity may strongly impact plant growth
conditions, such as water transport and root uptake.With gravity, excess water drains
along a vertical gradient, and water recovery is easily accomplished. Under micro-
gravity, the distribution of water is less predictable and can lead to flooding as well
as anoxia [57]. It is generally regarded that capillarity governs the multiphase flow
and distribution in porous media under microgravity. Significant research has been
conducted in the past several decades to study multiphase flow and distribution in
porous media aboard the International Space Station (e.g., [106, 144]), using the
parabolic flight of NASA KC-135 aircraft (e.g., [72, 119]), and through numerical
simulations. In addition, due to soil particle rearrangement and pore restructuring
that may occur under zero gravity, controlled delivery of water to the plant root zone
remains a challenge in the exploration of plant growth under zero gravity, in which
soil water retention characteristics are difficult to predict. So far research has focused
on terrestrial conditions and zero gravity. The effect of varying gravity onmultiphase
flow and distribution in porous media is not well understood.

5.4 Erosion in Unsaturated Soil

Particle mobilization (erosion), transport, and immobilization (clogging) phenom-
ena have been studied to understand internal erosion of earthen embankments such
as levees and earthen dams and associated filter design. Soil erosion can be gen-
erally divided into surface erosion mechanisms such as runoff-induced erosion on
slopes and scour in streams and subsurface or internal erosion mechanisms such as
piping and suffusion. Briaud et al. [20] pointed out that soil particle dislodging (or
mobilization) results from complex interactions of various forces, including elec-
trical forces between particles, forces at contacts between particles, fluid pressure
around particles, and shear stress around particles. The contributions of these forces
to particle mobilization may vary with degree of saturation. Erodibility depends on
soil properties such as water content and unit weight of soil and these soil properties
are affected by degree of saturation. Soil erodibility can be represented by critical
shear stress, which is the minimum hydraulic shear stress beyond which soil erosion
occurs. Chen and Anderson [31] proposed an equation for the critical shear stress
for surface erosion for non-cohesive material and showed that critical shear stress
increases with the increase of soil’s unit weight. Other researchers derived regres-
sion equations on critical shear stress for surface erosion, and the critical shear stress
increases with the increase of moisture content [148, 161]. These studies suggest
that as degree of saturation increases, surface soil erosion is less likely to occur.
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Piping progression in a tubular channel is considered a form of subsurface erosion,
however, the interaction between the flow and the soil surface of the inner piping
wall is mechanistically equivalent to the hydrodynamic process of surface erosion
in open channels. Therefore, research methodologies and findings in sediment trans-
port in open channel flow and in surface erosion on slopes can be extrapolated to
understand the particle detachment mechanisms in an initial crack inside a soil. Sed-
iment 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 [70], Shields [131], White [160], Tison
[149], Simons and Richardson [132], Gessler [52], and Vanoni [153] have studied
the problem of initiation of particle motion. The Shields diagram is widely used as
a tool to determine the incipient soil erosion at different fluid characteristics. Soil
erosion is not only affected by soil properties that can vary with degree saturation,
but wetting-drying cycles that naturally occur in soils also affect soils structure and
engineering behavior, thus affecting soil’s erodibility. Fluctuation of phreatic sur-
faces in earthen dams and levees due to seasonal water level change and moisture
migration in the soil during the year can cause formation of shrinkage cracks and
water flowing through such cracks may cause significant erosion. The density and
size of shrinkage cracks depend on the initial moisture content and plasticity of the
soil. Extreme climates such as drought and flooding that are more frequently seen
in modern times exacerbate wetting-drying cycles in soils, further contributing to
the problems such as overtopping of levees during hurricanes or floods, river banks
erosion, and surface erosion of highway embankments.

6 Closing Remarks

The essential difference between saturated soils and unsaturated soils is inclusion of
a variable gas phase in the latter. This completely changes the scenario for considera-
tions of mechanical, hydraulic, biological, chemical, and thermal behavior, as well as
coupling among these processes. There is practical motivation to develop seamless
links between concepts, theory, and experiments applicable to saturated soils, which
form the basis of current geotechnical engineering practice, and those applicable to
unsaturated soils, which are ubiquitous in the face of new global challenges.

A framework for quantifying internal stress state in unsaturated soils and its evolu-
tion with saturation, pore water potential, and wetting-drying or loading-unloading
history is essential to effectively and fully capture mechanical behavior of unsat-
urated soils. Effectively doing this will require resolving pore water retention by
short-ranged hydration mechanisms from water retention by longer-ranged capil-
lary mechanisms. Progress to date has effectively captured how capillary water con-
tributes to unsaturated soil behavior, but capturing the contribution of adsorbed water
remains a significant challenge.
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Fine-grained soil behavior is dominated by interaction forces occurring at the
interface between mineral surfaces and water. A new fundamentals-based paradigm
for soil classification that more effectively captures these interactions is needed.

Physical measurements of unsaturated soil behavior remain challenging.
Advances in computational experiments are playing an increasingly important role
in obtaining better fundamental understanding of unsaturated soil properties and pro-
cesses, includingmineral-water interactions, pore fluid retention, soil fabric, strength,
and coupled deformation and fluid flow in multiphase porous media.

Flow in unsaturated porous media is manifest in the forms of unsteady (finger)
flow in soils, multiphase transport and transfer in rocks, and seepage-induced particle
transport in porous media. Fundamental advances in these areas have multi- and
cross-disciplinary applications such as contaminant transport, hydraulic fracturing
for oil or natural gas extraction, developing plant growth modules for outer space
exploration, and soil erosion in partially saturated earthen structures.

The research advances summarized in this chapter represent only a small taste of
activity in the broad area of unsaturated soil mechanics and hopefully will stimulate
much needed continuous advances in the future.
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ena that are relevant to a wide variety of applications in Geotechnical Engineering,
including the use of engineered clay barriers for waste containment, electro-osmosis
for soil consolidation, highly compacted bentonite buffers for high-level radioac-
tive nuclear waste disposal, and electrokinetics for soil contaminant removal, among
others. For all of these applications, a fundamental understanding of coupled flow
phenomena is required, including the basis of the various phenomena, the poten-
tial effect of the phenomena on fundamental soil behavior, and the applicability
of the phenomena in both natural and built environments. This chapter highlights
some of the advances over the past approximate three decades, including the effects
of osmotic phenomena (chemico-osmosis, electro-osmosis, and thermo-osmosis) on
the mechanical behavior of clays, the formulations andmeasurement of coupled flow
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1 Introduction

Conduction phenomena refers to the combination of direct and coupled flowphenom-
ena associated with the transfer of liquids, chemicals (solutes), electrical current, and
heat through porousmedia (e.g., soils or rocks) due to hydraulic, chemical, electrical,
and thermal gradients, as summarized in Table 1. The direct conduction phenomena
represent flows that are linearly related to the corresponding driving force (gradi-
ent) as represented by Darcy’s, Fick’s, Ohm’s and Fourier’s laws. The indirect or
coupled flow phenomena represent flows of one type due to driving forces or gra-
dients of another type. For example, fluid flow can result not only from a hydraulic
gradient, but also from chemical, electrical, and thermal gradients with, the latter
three processes commonly being referred to as chemico-osmosis, electro-osmosis,
and thermo-osmosis, respectively [71].

All coupledflows, i.e., the off-diagonal flows identified inTable 1, aremacroscopic
manifestations of fundamental physico-chemical processes that occur at the pore
scale. The constituents of soil or rock, viz., the solidmineral, pore liquid anddissolved
chemicals (solutes) therein, and the gas phase, determine the chemical potential of
the pore fluid. The driving force originates from the mineral structure that generates
electromagnetic fields within the crystalline structure and near the particle surfaces
within the pores. Specific surface area (SSA) and cation exchange capacity (CEC)
are indicators of the strength of such forces (see Chapter 4 “Linking Soil Water
Adsorption to Geotechnical Engineering Properties”). Together with the dielectric
pore constituents of liquid, solutes, and gases, these electromagnetic fields generate
forces and hydrodynamic pressure within the pores, which are manifestations of the

Table 1 Direct and indirect (coupled) flow phenomena (modified after [12, 72, 76])

Flow Driving force or gradient

Hydraulic
(Pressure)

Chemical
(Concentration)

Electrical
(Voltage)

Thermal
(Temperature)

Fluid Hydraulic
Conduction
(Darcy’s law)

Chemico-
Osmosis

Electro-
Osmosis

Thermo-
Osmosis

Solute Streaming
Current
(Advection), or
Ultrafiltration

Diffusion
(Fick’s law)

Electrophoresis Thermal
Diffusion
(Soret Effect)

Current Streaming
Current
(Rouss Effect)

Sedimentation
Current

Electrical
Conduction
(Ohm’s law)

Thermo-
Electricity
(Seebeck
Effect)

Heat Thermal
Filtration or
Isothermal Heat
Transfer

Dufour
Effect

Peltier
Effect

Thermal
Conduction
(Fourier’s law)



Research Challenges Involving Coupled Flows … 239

surface charge density, surface electrical potential, and the thickness of the electric
double layers associated with individual solid particles.

Four types of electromagnetic forces in earthen materials are known to exist (see
Chapter 4 “Linking SoilWater Adsorption toGeotechnical Engineering Properties”),
viz., (i) the van der Waals force between the solid phase and nearby pore liquid; (ii)
the electric double layer force formed by the negative surface potential (charge)
associated with the solid surface and the counter-cations in the nearby liquid; (iii)
hydrogen bonding between the solid surface and hydrogen of the water molecule
(H2O); and (iv) the cation hydration force resulting from the presence of exchange-
able cations associated with the clay minerals. These forces strive to reach energy
equilibrium among the constituents of the pore fluid, i.e., ions or electrolytes and
solvents, following the laws of thermodynamics. Thus, if one constituent changes
(e.g., liquid displacement), another constituent (e.g., dissolved electrolytes) also will
displace, resulting in a nonequilibrium condition that leads to the existence of a cou-
pling phenomenon to re-establish equilibrium. As such, all participating constituents
strive to reach a new equilibrium, leading to coupled flows. In general, the closer
these constituents (e.g., the lower the porosity) and the higher the charge density, the
stronger the coupling effects. For example, when the concentrations of solutes within
the pore water of a dense clay with high surface charge density are low, the repulsive
electrical force generated by the overlap in the electric diffuse double layers (DDLs)
of adjacent clay particles results in a net negative potential within the pore that
restricts the entrance of anions into the pore (anion exclusion), resulting in the rise of
chemico-osmosis. The most widely used theoretical framework to describe coupled
flow processes at the macroscopic scale is the so-called theory of “nonequilibrium”
or “irreversible” thermodynamics (e.g., [29, 45, 63]).

1.1 Coupled Flow Processes

In some cases, direct and/or indirect flows associated with the aforementioned con-
duction phenomena occur simultaneously. For example, solute migration through
porous media involves both advection in accordance with Darcy’s law and diffusion
in accordance with Fick’s law. Advection tends to dominate solute migration in high
permeability porous media (e.g., coarse-grained soils such as aquifers), whereas dif-
fusion tends to dominate solute migration in low permeability porous media (e.g.,
aquitards and clay barriers for waste containment).

An example of direct and indirect flows occurring simultaneously is electroki-
netic remediation, whereby a voltage gradient is applied across electrodes (anode
and cathode) inserted into contaminated fine-grained soils for the purpose of remov-
ing the contaminants. In this case, three primary processes are known to contribute
to electrokinetics, viz. diffusion, electro-osmosis, and ion migration (electromigra-
tion), although diffusion generally is negligible relative to electro-osmosis and ion
migration [1].
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Finally, both direct and indirect conduction phenomena may be coupled with
other processes, such as mechanical deformation (e.g., consolidation) of porous
media (e.g., [3]), chemical reactions (e.g., ion exchange, precipitation), and biologi-
cal reactions (e.g., bioclogging, microbial mediated precipitation). Physico-chemical
interactions between migrating solutes and the host porous medium also can signif-
icantly affect both direct and indirect conduction phenomena, particularly in high
activity clays such as sodium bentonites ([105, 106]).

1.2 Relevance of Coupled Flows in Geotechnical Engineering

Mitchell [72] summarized the relevance of the 12 coupled (indirect) flows shown
in Table 1 to soil-water systems. Examples of the relevance to Geotechnical Engi-
neering were provided for seven of these 12 coupled flows, viz., thermo-, electro-,
and chemico-osmosis, isothermal heat transfer, streaming current both in terms of
hydraulically driven electrical current and hydraulic driven ion (solute) migration
(i.e., advection), and electrophoresis (e.g., ion migration). Of the remaining five
coupled flows, the relevance of three, viz., thermal-electricity (Seebeck effect), sed-
imentation current, and thermal diffusion of electrolytes (Soret effect), was some-
what uncertain, whereas electrically and chemically driven heat flow (i.e., Peltier
and Dufour effects, respectively) were considered to be irrelevant, although these
last two flows had not been studied to any significant extent at that time.

Nowadays, direct and coupled flows are particularly relevant to two sub-
disciplines ofGeotechnicalEngineering, i.e., EnvironmentalGeotechnics andEnergy
Geotechnics. For example, advection, diffusion, chemico-osmosis, thermo-osmosis,
and thermal diffusion of electrolytes (e.g., dissolved metals and radionuclides) are
relevant to the use of engineered clay barriers for chemical containment applica-
tions, such as municipal and hazardous solid waste disposal, liquid storage, low-
level radioactive waste (LLRW) and high-level radioactive waste (HLRW) disposal,
mine waste management, and carbon sequestration (i.e., long-term storage of carbon
dioxide or other forms of carbon for the purpose of mitigating anthropogenic cli-
mate change). As previously noted, diffusion, electro-osmosis and electromigration
(ion migration) are relevant flows for electrokinetic remediation. Finally, thermal
conduction (see Chapter 10 “Emerging Thermal Issues in Geotechnical Engineer-
ing”) is relevant to geothermal piles that serve both as foundations for buildings
and as heat exchangers used to store and extract heat from the subsurface, and the
production of electrical power via geothermal reservoirs involves consideration of
fluid and heat flows through porous media (soils and rocks) coupled with mechani-
cal and chemical processes, commonly referred to as coupled thermal-hydrological-
mechanical-chemical (THMC) processes, under unsaturated conditions [120]. These
applications of coupled flow processes are critical for addressing the newworld chal-
lenges described in Chapter 1 “The Role of Geotechnics in Addressing New World
Problems”.
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2 Osmotic Phenomena and Mechanical Behavior of Clays

Coupled flows can have a profound impact on the mechanical behavior of clays.
For example, consolidation of clays can be accomplished via both electro-osmosis
(e.g., [5, 7, 8, 22, 27, 37, 50, 73, 110, 126]) and chemico-osmosis (e.g., [4, 15, 28,
77]). Since consolidation of clays results in a decrease in the void ratio of the clay,
consolidation resulting from coupled flows also can increase the strength of clays.

In general, the impact of coupled flows on the mechanical behavior of clays
becomes more significant with an increase in the activity of the clay, which in turn
is a function of the mineralogy of the clay. For example, the effects of coupled
flows on the mechanical behavior of clays generally are greater for clays comprising
predominantly high activity, smectite clay minerals (e.g., montmorillonite), such as
bentonites, versus those comprising primarily lower activity clay minerals, such as
illite and kaolinite. This difference results from the greater significance of electro-
static interactions between adjacent clay particles associatedwith higher activity clay
minerals versus lower activity clay minerals (e.g., [98]).

Medved and Černy [71] provide a comprehensive review of coupled flows, specif-
ically chemico-osmosis, electro-osmosis, and thermo-osmosis, in “bulky porous
media” (i.e., as opposed to “thin membranes”). The focus of their review is pri-
marily on the various theoretical formulations and models describing these osmotic
phenomena, although they also summarize some experimental studies associated
with the theories. The focus of this section is on the role of these osmotic phenomena
in affecting volume change in soils, principally fine-grained soils such as silts and
clays.

2.1 Chemico-Osmosis

Chemico-osmosis is the process whereby water (H2O) flows in response to a differ-
ence in solute concentration or in response to a concentration gradient, from a region
(zone) of lower solute concentration (higher chemical activity of water) to a region
(zone) of higher solute concentration (lower chemical activity of water) (e.g., [58,
61]). For chemico-osmosis to occur, the porous medium must exhibit solute restric-
tion (membrane behavior), which in clay soils has been attributed to the interaction
of the negative potentials associated with the surfaces of the individual clay particles
at the pore scale [23].When adjacent clay particles are sufficiently close such that the
negative potentials of the particle surfaces overlap, the net electrical potential within
the pore space between the particles is negative, resulting in the repulsion of anions
(e.g., Cl−) that try to enter the pore, a process often referred to as “anion exclusion.”
Because of the requirement for electroneutrality (charge balance) among all ionic
chemical species, cations associated with the anions (e.g., Na+, K+, Ca2+, Mg2+) are
similarly excluded from entering the pore space.
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In clay soils that exhibitmembranebehavior, the pore sizes generally vary such that
not all pores are exclusionary, because not all the clay particles are sufficiently close to
result in overlap of the negative surface potentials. Thus, the membrane efficiency of
most clay soils exhibiting solute restriction ranges between zero for non-membrane
behavior (no solute restriction) and 100% for “perfect” or “ideal”membrane behavior
(complete solute restriction). The magnitude of membrane efficiency in a given clay
soil is affected by the pore-water chemistry, as this chemistry affects the extent of the
negative surface potentials associated with individual clay particles. Also, membrane
efficiency is influenced by volume change of the soil, which affects the proximity of
adjacent clay particles and the concomitant sizes of the pores [100].

For clay soils exhibiting membrane behavior, volume change can be imposed
via traditional mechanical consolidation resulting from applied (external) loading or
induced via osmotic phenomena. In either case, the volume change results from a
change in the true effective stress, σ*, of clay soil, or �σ*, where σ* is defined as
follows for water saturated porous media [4, 9, 76, 111]:

σ∗ � σ − uw − (R − A) � σ′ − (R − A) (1)

where σ is the total (applied) stress, uw is the pore-water pressure, σ′ (� σ – uw)
is the conventional effective stress, R is the interparticle repulsive stress resulting
from the electrostatic repulsion between the negatively charged surfaces of adjacent
clay particles, and A is the attractive stress between adjacent clay particles typically
attributed to van der Waals forces. Thus, the R – A in Eq. 1 represents the net
interparticle repulsive-minus-attractive stress, which is a function of the pore-water
chemistry in that R generally decreases with increasing concentration and valence
(charge) of counterions (cations) in the pore water, and with decreasing dielectric
constant and pH of the pore water, while A remains relatively independent of the
pore-water chemistry and, therefore, relatively constant [76, 114].

Volume change occurs due to changes in the true effective stress, with expansion
(swelling) resulting from a decrease in σ* (i.e., �σ* < 0) and compression (consol-
idation) resulting from an increase in σ* (i.e., �σ* > 0). Based on Eq. 1, �σ* is
defined as follows:

�σ∗ � �σ − �uw − �(R − A) � �σ − �uw − �R + �A (2)

As previously noted, A is relatively constant (i.e., �A ≈ 0), such that Eq. 2
essentially reduces to the following form:

�σ∗ � �σ − �uw − �R (3)

For example, in the absence of physico-chemical interactions (i.e., �R � 0),
conventional consolidation occurs as a result of external loading (i.e., �σ > 0) such
that, by the end of the consolidation process, all of the applied stress has been
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converted to a change in conventional and, therefore, true effective stress (i.e., �uw
� 0, �σ � �σ′ � �σ* > 0).

In the absence of external loading (i.e., �σ � 0), Eq. 3 reduces to the following
form:

�σ∗ � −�uw − �R (4)

Thus, in accordance with Eq. 4, consolidation (�σ* > 0) can occur when there is
a decrease in the pore-water pressure (�uw < 0) and/or a decrease in the interparticle
repulsive stress (�R < 0).

In this context, Barbour and Fredlund [4] identified two osmotic consolidation
mechanisms based on Eq. 4, viz., osmotically induced consolidation and osmotic
consolidation. As illustrated in Fig. 1a, osmotically induced consolidation results
when chemico-osmotic flow of pore water occurs from the pores of a clay to a
surrounding zone of higher solute concentration, resulting in a decrease in pore-water
pressure (�uw < 0) and an increase in the conventional and, therefore, true effective
stresses (�σ′ > 0, �σ* > 0). Osmotic consolidation occurs simultaneously as solutes
diffuse from the zones of higher solute concentration into the pores, resulting in a
decrease in the interparticle repulsive stress (�R < 0) and an increase in the true
effective stress (�σ* > 0). Note that the opposite scenario is also possible, whereby
a higher solute concentration within the pore water of a clay results in chemico-
osmotic flow into the clay (�uw > 0) and diffusion of solutes from the clay (�R
> 0), resulting in a decrease in effective stress (�σ* < 0) and swelling (see Fig. 1b).
These processes are relevant both macroscopically, such as in the case where a
geologic finer-grained soil layer is bounded by geologic coarser-grained soils, such
as a shale layer bounded by sandstones (e.g., [79]), and microscopically, such as
in the case of thin bentonite-based barriers comprising granular bentonite, whereby
the interlayer regions of the individual bentonite particles are distinguished from
the intra-aggregate regions comprising essentially immobile water and intergranular
(inter-aggregate) regions comprising mobile pore water (e.g., [39]).

Barbour and Fredlund [4] evaluated experimentally both osmotic consolidation
mechanisms for two soils, (1) a mixture of 20% sodium bentonite and 80% Ottawa
sand, and (2) Regina Clay, a naturally occurring calciummontmorillonite soil, based
on exposure to a 4 M NaCl solution. They concluded that osmotic consolidation
(�R < 0) was the dominant mechanism of consolidation, with the rate of volume
change being controlled by the rate of diffusion of the salt (NaCl) into the specimen.
Although chemico-osmotic flow was measured, osmotically induced consolidation
(�uw < 0) was determined to be insignificant.

Di Maio [15] evaluated the effect of exposure of specimens of Ponza bentonite to
saturated salt solutions containing NaCl, KCl, or CaCl2 on both the volume change
and the residual shear strength of the specimens. The results indicated significant
decreases in the volume of the specimens and significant increases in the residual
strength of the specimens exposed to all three salt solutions. The volume changes
were attributed to osmotic consolidation resulting from diffusion of the salts into the
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(a) (b)

Fig. 1 Directions of chemico-osmotic flowand solute diffusion associatedwith the osmotic induced
and osmotic volume-change mechanisms for a fine-grained soil layer, e.g., clay (middle section):
a consolidation; b swelling (modified after [77]). [Note: R � interparticle repulsive stress; uw �
pore-water pressure]

pore water of the specimens. However, upon re-exposure of the specimens to water,
the volume changes associated with the NaCl solution were found to be reversible,
whereas those associated with the KCl and CaCl2 solutions were essentially irre-
versible. This difference in behavior was attributed to whether the principal salt
cation was the same as (Na+) or different than (K+, Ca2+) the principal counter-ion
(Na+) initially dominating the exchange sites of the clay particles. In the case of KCl
or CaCl2, the irreversible volume change was attributed to cation exchange of K+ or
Ca2+ for the initially bound Na+.

Kang and Shackelford [42] describe the use of a flexible-wall cell for measuring
the membrane efficiency coefficient of specimens of a geosynthetic clay liner (GCL)
comprising sodium bentonite (Na-bentonite) under closed-system boundary condi-
tions at a constant applied effective stress, σ′ (Eq. 1), of 241 kPa. The membrane
efficiency coefficient, designated herein as ω, is a measure of the relative degree of
solute restriction of a semipermeable membrane, with values of ω typically ranging
from zero for no solute restriction to unity for complete solute restriction correspond-
ing to ideal or perfect membrane behavior (i.e., 0≤ ω ≤ 1), although negative values
of ω (<0) also have been measured under special circumstances (e.g., [6, 47, 83]).
The measured values of ω for the two GCL specimens are shown in Fig. 2a as a
function of the average salt (KCl) concentration, Cave, within the specimens during
testing, whereby salt solutions with different source concentrations of KCl, Co, were
circulated across the top boundary of the specimen while de-ionized water (DIW)
was circulated simultaneously across the bottom boundary of the specimen (i.e.,Cave

� Co/2). For comparison, values of ω previously reported by Malusis and Shack-
elford [58] for the same GCL and salt concentrations measured using a rigid-wall
cell also are shown in Fig. 2a. Kang and Shackelford [42] attributed the difference
in the trends shown in Fig. 2a (i.e., the semi-log linear trend for the rigid-wall data
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Flexible-Wall Cell (GCL1)
Flexible-Wall Cell (GCL2)
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Fig. 2 Membrane behavior of two specimens of a bentonite-based geosynthetic clay liner (GCL)
as measured in a flexible-wall cell under closed-system boundary conditions at constant applied
effective stress (σ′) of 241 kPa: a comparison of trends in membrane efficiency coefficient versus
salt (KCl) concentration based on flexible-wall versus rigid-wall cells; b volume change during
flexible-wall testing (Reprinted from Ref. [42], with permission from Elsevier)

and the semi-log nonlinear trend for the flexible-wall data) to drainage and consol-
idation of the specimens measured in the flexible-wall cell that occurred during the
brief periods (≤2 min) in the tests when the system was opened to refill and sample
the circulating liquids, resulting in a decrease in volume of the specimen as shown
in Fig. 2b. Because σ′ was maintained constant during the tests, the drainage and
consolidation were attributed to the R – A effect due to the processes illustrated in
Fig. 1a resulting in �σ* > 0 (Eq. 4).

2.2 Electro-Osmosis

Electro-osmosis is the movement of water in response to an applied electrical gra-
dient. As illustrated schematically in Fig. 3, electro-osmosis in clays occurs when
electrodes are inserted at a desired spacing, and a voltage difference (�V ) is applied
via a direct current (DC) power supply across the electrodes, thereby inducing elec-
trolysis reactions at the electrodes, such that one electrode loses electrons (�e− < 0)
and becomes positively charged (anode) while the other electrode gains electrons
(�e− > 0) and becomes negatively charged (cathode). As a result, the excess of
cations in DDLs associated with the clay particle surfaces results in the net migra-
tion of the hydrated cations in the DDL towards the cathode, which in turn results
in viscous drag of mobile water within the pores that exists outside the influence of
the negative potential of the clay particle surfaces. Protons (H+) are generated via
electrolysis at the anode, resulting in an acid front (pH < 7) migrating from the anode
to the cathode. Simultaneously, electrolysis at the cathode results in generation of
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Fig. 3 Schematic profile view illustrating the concept of electro-osmosis in saturated clay (modified
after [103])

hydroxide (OH−), resulting in a basic front (pH > 7) migrating from the cathode to
the anode. The net electro-osmotic water flow to the cathode results in the genera-
tion of negative pore-water pressures within the clay near the anode, resulting in an
increase in effective stress and consolidation that simultaneously reduces the void
ratio and compressibility of the clay and, therefore, increases the shear strength of
the clay.

In comparison to chemico-osmosis and thermo-osmosis, electro-osmosis has been
well studied in Geotechnical Engineering, with much of the earliest work focused on
the use of electro-osmosis to reinject salts into the pores of metastable quick clays
for the purpose of stabilizing these clays against collapse upon loading (e.g., [5, 7,
8]), and then subsequently for the purpose of stabilizing soft, low permeability clays
by inducing consolidation (e.g., [13, 14, 21, 22, 27, 37, 38, 50, 73, 75, 116–118,
126, 127]). Over the past approximately 30 years, electro-osmosis has been studied
extensively as one of the mechanisms governing electrokinetic remediation of con-
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taminated fine-grained soils (e.g., [1, 40, 115, 122]). More recently, some studies
have focused on electrokinetic remediation under unsaturated soil conditions (e.g.,
[69, 70, 124]), as well as the development of more comprehensive electrokinetic
models [53].

2.3 Thermo-Osmosis

Thermo-osmosis is the movement of a fluid (gas and/or liquid) in response to a
gradient in temperature, from a region of higher temperature to a region of lower
temperature (e.g., [76]). The primary soil property associated with thermo-osmosis
is the thermo-osmotic conductivity, kT , which generally is considered to range from
10−14 to 10−10 m2 K−1 s−1 [125]. In general, the higher the magnitude of kT , the
greater the thermo-osmotic flux.

Compared to other coupled flow phenomena, the study of thermo-osmosis has
been largely ignored on the basis that the magnitude of the thermo-osmotic flux is
negligible [97]. However, the significance of thermo-osmosis is based not somuch on
the absolutemagnitude of the thermo-osmotic liquid flux, but rather on themagnitude
of the thermo-osmotic flux relative to other flux processes, such as hydraulic (Dar-
cian) flux. In addition, the significance of thermo-osmosis increases with decreasing
saturation of the soil because the significance of Darcian flux decreases rapidly with
decreasing saturation (e.g., [76]). Finally, although the extent of the thermo-osmotic
liquid flux may be small in the near term, the extent of thermo-osmosis in certain
applications involving long-term considerations, such as containment of LLRW and
HLRWwhere the design lives are on the order of 1000 and 10,000 years, respectively,
can be significant.

For example, Horseman and McEwen ([35]) reported that the thermo-osmotic
water flux in a saturated compacted kaolinite clay subjected to a temperature gradient
of 20 °C m−1 could reach a magnitude of 0.5 m y−1, which equates to 500 m in
1000 years or 5000 m in 10,000 years. Although a water flux of 0.5 m y−1 may be
considered small, Horseman and McEwen [35] indicated that the thermo-osmotic
water flux could be as much as 1000 times greater than the hydraulic (Darcian) flux
of water, which could be of practical consequence over this time period.

Based on a physical molecular theory for thermo-osmosis, Gonçalvès et al. [26]
evaluated the relative contributions of hydraulic flow and thermo-osmosis directed
vertically upward through an illitic shale located within a sedimentary basin. Their
analysis was based on “standard conditions” including a hydraulic gradient of 0.1
and a thermal gradient of 0.033 K m−1 (� 0.033 °C m−1), which was considered
to represent the natural geothermal gradient. Their results indicated that thermo-
osmosis could be up to 10 times greater than the hydraulic flow. They also noted that
the relative contribution of thermo-osmosis to hydraulic flow would be expected to
be greater if heat-emitting nuclear wastes were stored in deep shale layers resulting
in higher temperature gradients.
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Gonçalvès et al. [26] also performed an analysis showing that thermo-osmosis
could contribute to the anomalous (non-hydrostatic) pressures that have been mea-
sured in shales (e.g., [79]). Their analysis pertained to the Callovo-Oxfordian for-
mation in northeastern France, and indicated that when both thermo- and chemico-
osmotic flows are considered, the estimated excess pore-water pressure of 480 kPa
was close to the maximum measured value of 530 kPa, suggesting that thermo-
osmosis could be another factor contributing to the observed excess pore-water pres-
sures.

Thermo-osmosis also can be a significant factor in dissipating excess pore-water
pressures generated by temperature increases at a heat source, depending on the
magnitude of kT [125]. A relatively rapid increase in temperature results in the
generation of excess pore-water pressures near the heat source that dissipate with
time due to both hydraulic and thermo-osmotic drainage of water from the heat
source to a surrounding drainage boundary. The generation of excess pore-water
pressures results from the difference between the thermal expansion of the solid
and liquid phases. The resulting dissipation of excess pore-water pressures results
in a concurrent increase in effective stress and consolidation. Zagorščak et al. [125]
performed an analysis showing that themagnitude of the excess pore-water pressures
generated at the heat source tends to decrease with increase in kT , such that failure
to account for thermo-osmosis results in an overestimation of the excess pore-water
pressures.

3 Recent Advances in Coupled Flow Phenomena

3.1 Coupled Flows Under Saturated Conditions

Theoretical approaches employed to create a mathematical framework for coupled
flows in porous media have included both a phenomenological approach and a
physical approach, where the former involves description of coupled phenomena
based on macroscopic-scale observations derived from experimentation and the lat-
ter involves characterizing the phenomena based on physical and chemical inter-
actions that occur at the microscopic or pore scale (e.g., [18, 91]). Malusis et al.
[63] provide a critical review of coupled flow formulations for liquid, electrical
current, and solutes through a saturated semipermeable porous medium under an
isothermal condition based on the phenomenological approach. The primary out-
comes from this review were that differences among the various phenomenolog-
ical formulations that have appeared in the literature over the past approximately
30 years (e.g., [17, 55, 60, 65, 122, 123]) result primarily from the type and num-
ber of solutes (e.g., a single solute, a single salt, or multiple ionic species) and
the nature of the solute diffusion process assumed in the formulation (i.e., salt
diffusion versus counter diffusion). Formulations based on the physical approach
have been introduced more recently (e.g., [18, 68, 91]), and complement the phe-
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nomenological approach by providing constitutive expressions for the pore-scale
mechanisms controlling the macroscopic soil properties or coupling coefficients
utilized in phenomenological formulations (e.g., hydraulic conductivity, effective
diffusion coefficient, membrane efficiency coefficient). A brief summary of these
considerations and their major differences is provided subsequently.

3.1.1 Phenomenological Formulations

The phenomenological framework for coupled flow formulations is based on the
second law of thermodynamics, adapted for nonequilibrium systems in which irre-
versible processes occur (see [45, 121]). Coupled fluxes (representing the flows per
unit cross-sectional area) are derived from the dissipation of free energy (i.e., the
dissipation function; see [76]) and are represented as a set of equations in which the
fluxes are linearly related to the driving forces. Assuming a one-dimensional, isother-
mal porousmedium, the resulting equations for simultaneous (coupled) fluxes of fluid
(water), electrical current, and chemicals can be expressed in general form for an
ideal (dilute) chemical solution containing M solute species as follows:

q � L11
∂(−P)

∂x
+ L12

∂(−�)

∂x
+
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i�1

L1,i+2
RT
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∂x
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(5c)

where q is the liquid (solution) flux (i.e., the volumetric liquid flow rate per unit total
cross-section area of the porous medium), P is the liquid pressure, I is the electrical
current flux,� is the electrical potential, J d

j is the diffusive flux of solute species j,Ci

is the concentration of solute species i, R is the universal gas constant, T is absolute
temperature, and x is the flux direction. The coefficients L are phenomenological
coefficients representing the properties of the porous medium, as follows [63]:

L11 � kh
γw

+
k2e
nσ∗

e

(6a)

L21 � L12 � ke (6b)

L22 � nσ∗
e (6c)

L1,j+2 � Lj+2,1 � ωCjkh
γw

± keCju∗
j

σ∗
e

(6d)
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L2,j+2 � Lj+2,2 � ±nCju
∗
j (6e)

Lj+2,i+2 � δij

(
nD∗

j Cj

RT
+

ω2CjCikh
γw

)
(6f)

where kh is hydraulic conductivity,γ w is the unitweight ofwater, ke is electro-osmotic
conductivity, n is total soil porosity, σ∗

e is the effective electrical conductivity of the
soil, ω is the membrane efficiency coefficient, δij is the Kronecker delta function
(i.e., δij � 1 when i � j and δij � 0 when i �� j; see [113]), and u∗

j and D∗
j are the

effective ionic mobility and effective self-diffusion coefficient for solute species j,
respectively. The “±” operator in Eqs. 6d and 6e is positive if species j is a cation
and negative if species j is an anion. The expressions given by Eqs. 6a–6f assume
that the chemical solution is dilute and that the diffusion process governing solute
migration is mutual (or salt) diffusion, whereby solutes diffuse in the same direction.

A separate expression of Eq. 6c is required for each solute species. Thus, a com-
plete set of coupled flux equations for an isothermal system with M solute species
consists of M + 2 equations, with the equations each containing M + 2 terms and
collectively containing (M + 2)2 phenomenological coefficients (Lij) that must be
known in order to compute the fluxes. The off-diagonal coefficients are assumed to
be equivalent (i.e., Lij � Lji) based on Onsager’s reciprocal relations (see Eqs. 6b,
6d, and 6e), which reduces the number of unique coefficients to [(M + 3)(M + 2)]/2.
Nonetheless, the complexity of the formulation increases as the number of solutes
increases. As a result, most coupled flux formulations presented in the literature con-
sider systems containing a single solute (M � 1) or the cation and anion of a single
binary salt (M � 2) (e.g., see [28–30, 55, 65, 81, 121, 123]).

For example, the set of coupled flux equations for a system containing a single
cation (c) and a single anion (a) may be written as follows ([121, 123]):
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where the phenomenological coefficients given by Eqs. 6a–6f reduce to the following
expressions:
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where νc, νa, and ν are the numbers of cations, anions, and total ions, respectively,
per molecule of the salt. The coefficients in Eq. 8 are similar to those presented by
Yeung [121] except that the coefficients in Eq. 8 are defined based on the total cross-
sectional area of the soil, whereas the coefficients given by Yeung [121] were defined
based on the cross-sectional area of the voids. Also, the definitions for L33 and L44

given by Yeung [121] do not include the second term in Eq. 8, which arises as a
result of the aforementioned assumption of salt diffusion. The formulation of Yeung
[121] was based on the assumption of counter diffusion (or inter-diffusion) in which
solutes migrate in opposite directions. The salt-diffusion formulation is considered
more fundamentally correct, as discussed by Lu et al. [55] and Malusis et al. [63].

An alternative to the single-cation, single-anion formulation given by Eqs. 7a–8
is the single-salt formulation (see [55]) in which the cation and anion are treated as
a single solute (M � 1), assuming that the salt cation and salt anion must migrate
through the soil at the same rate to preserve electroneutrality in solution. For the
case in which no electrical current is applied across the soil (I � 0), the single-salt
formulation is consistent with the formulation for a single uncharged solute given
by Manassero and Dominijanni [65]. Regardless of whether or not the cation and
anion are tracked separately, both of these formulations are valid only when no ionic
species other than the salt cation and the salt anion are migrating through the soil.
This condition does not exist when ion exchange of the salt cation and/or the salt
anion is occurring, as ion exchange results in the release of other ionic species. Thus,
while these simplified formulations are applicable for describing coupled fluxes in
the absence of ion exchange processes, a more rigorous formulation is required for
describing coupled fluxes under transient conditions in which the migrating salt ions
exchange with other ions held electrostatically to the solid phase of the soil ([60,
113]). In addition, electrolyte solutions in the natural environment typically contain
multiple cationic or anionic species. For these more complex cases, the more general
formulation given by Eqs. 5a and 6a is required.
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3.1.2 Total Liquid and Solute Flux Through Semipermeable Clay
Membranes

The aforementioned coupled flux formulations have been utilized to develop expres-
sions for liquid flux and total (advective-diffusive) solute flux through engineered
soil barriers (e.g., compacted clay liners, geosynthetic clay liners, vertical cutoff
walls) that act as semipermeable membranes (i.e., ω > 0), restricting the migration
of solutes while allowing relatively unimpeded migration of water. For example, in
the case where there is no applied current (I � 0), the total liquid flux (q) and total
mass or molar flux of a solute (Jj) for one-dimensional flow and transport through a
saturated porous membrane can be expressed as follows based on Eqs. 5a and 6a:

q � qh + qπ � khih + ω khiπ � −kh
∂h

∂x
+

ω kh
γw
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∂Cj

∂x
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where qh is hydraulic liquid flux, qπ is chemico-osmotic liquid flux, h is hydraulic
head, π is chemico-osmotic pressure, ih is the hydraulic gradient, iπ is the chemico-
osmotic pressure gradient, Jha,j is the hyperfiltrated advective flux of solute species j,
Jπ,j is the chemico-osmotic flux of solute species j, D∗

sj is the effective salt-diffusion
coefficient of species j, and all other terms are as defined previously. For dilute
solutions containing M solutes, ∂π/∂x and D∗

sj are influenced by of all the species
present in the system, as follows [60]:

∂π

∂x
� RT

M∑

i�1

∂Ci

∂x
(10)

and

D∗
sj � D∗

j ± D∗
j

∣∣zj
∣∣Cj

∑M
i�1

[−D∗
i zi(∂Ci/∂x)

]
(
∂Cj/∂x

)∑M
i�1

(
D∗

i |zi|Ci
) (11)

where z is ion valence and the “±” term in Eq. 11 is positive when species j is a
cation and negative when species j is an anion. For the single-cation, single-anion
system, Eqs. 10 and 11 reduce to:

∂π

∂x
� RT

(
∂Ca

∂x
+

∂Cc

∂x

)
(12)

and

D∗
sc � D∗

sa � D∗
s � D∗

cD
∗
a(|za| + |zc|)

D∗
a|za| + D∗

c |zc|
(13)
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Note that Eq. 13, which represents the effective or porous medium form of
the liquid-phase Nernst-Einstein equation [102], yields equivalent effective salt-
diffusion coefficients for the cation and anion, since the rate of diffusion of both
species must be the same to satisfy electroneutrality. Alternatively, Eq. 13 may be
expressed as follows:

D∗
s � τaDso � τa

[
DocDoa(|za| + |zc|)
Doa|za| + Doc|zc|

]
(14)

where Dso is the salt-diffusion coefficient in free solution, Doc and Doa are the self-
diffusion coefficients of the cation and anion in free solution, respectively, and τa is
an apparent tortuosity factor (0 < τa < 1) accounting for the presence of the porous
medium [104]. According toMalusis and Shackelford [59], τa may be defined further
as the product of a matrix tortuosity factor, τm, and a restrictive tortuosity factor, τr ,
as follows:

τa � τmτr (15)

where τm represents the tortuosity solely associated with the geometry of the inter-
connected pores and τr represents additional tortuosity associated with factors such
as membrane behavior that further restrict diffusion by reducing the conductive frac-
tion of the pore space. In the absence of membrane behavior (ω � 0), τr � 1 and,
therefore, τa � τm, provided that other potential mechanisms for restricting diffusion
are insignificant (e.g., [101]).

The directions of the components of q and Jj for typical geoenvironmental con-
tainment scenarios are illustrated in Fig. 4. Note that, for the vertical barrier, qh and
Jha are actually two-dimensional, but usually are assumed to be one-dimensional for
convenience, on the basis that the head loss across the barrier is small relative to
the aquifer thickness. The chemico-osmotic solute flux, Jπ, represents the advective
drag of solutes by qπ in the direction opposite to the direction of diffusion (and,
for the scenarios in Fig. 4, also opposite to the direction of the hydraulically driven
advective flux Jha). Hence, Jπ has been referred to as counter-advection (see [57,
60, 63]). Analyses presented by Malusis et al. [63] and, more recently, by Malusis
et al. [57] indicate that the contribution of Jπ to the total solute flux tends to be
minor, particularly for diffusion-dominated conditions that are expected to exist in
typical geoenvironmental containment scenarios. Nonetheless, inclusion of chemico-
osmotic effects represents a more rigorous approach for evaluating liquid and solute
transport through clay barriers that behave as semipermeable membranes.

3.1.3 Limitations of the Phenomenological Approach

The efficacy of the phenomenological approach for describing coupled solute trans-
port in claymembranesmay be assessed, at least in part, by examining the total solute
flux expression given by Eq. 9b for the extreme conditions of (1) a soil exhibiting no
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Fig. 4 Directions of the components of liquid flow and solute transport across a porous
membrane barrier used for horizontal or vertical chemical containment scenarios [h1, h2 � up-
gradient and down-gradient hydraulic heads; Co, CL � source and exit solute concentrations].
Reprinted from Ref. [62], with permission of ELSEVIER

membrane behavior (ω � 0) and (2) a soil acting as an ideal or perfect membrane
(ω � 1). For the case of ω � 0, qπ � 0 (see Eq. 9a) and, therefore, Eq. 9b reduces
to the conventional expression for advective-diffusive solute flux through a porous
medium:

Jj(ω � 0) � qhCj − nD∗
sj

∂Cj

∂x
(16)

In contrast, for the case of ω � 1, Eq. 9b reduces to the following expression:

Jj(ω � 1) � −nD∗
sj

∂Cj

∂x
(17)

In this latter case pertaining toω� 1, the solute flux should reduce to zero, since an
ideal membrane completely restricts solute migration through the membrane pores
[55]. Thus, in theory, D*

s should decrease toward zero as ω increases toward unity, a
trend that has been supported by the results of several experimental studies related
to semipermeable clay membranes (e.g., [56, 59, 64, 107]). Failure to recognize
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this requirement can result in erroneous predictions of solute concentration profiles
within ideal semipermeable membranes in that concentration profiles are shown to
exist for the case of an ideal semipermeable membrane (e.g., see Fig. 4b in [109]).
Similarly, a considerable body of experimental data shows thatω is not constant for a
given claymembrane, but rather increases with decreasing solute concentration (e.g.,
[47, 48, 58]), as previously indicated in Fig. 2. As a result, decreases in D*

s reported
in the aforementioned studies also correlate with decreasing source concentration.

The concentration dependencies of bothω andD*
s are interrelated, in that decreas-

ing solute concentration results in greater expansion of the DDLs surrounding indi-
vidual clay particles, leading to higher ω and lower D*

s due to greater ion exclusion
in the pore spaces. Thus, in reality, both ω and D*

s vary spatially within a membrane
(due to spatial variations in solute concentration) and, therefore, values of ω and D*

s
reported in experimental studies on clay membranes are global (macroscopic) values
that lie somewhere between the maximum and minimum values that occur on a local
(microscopic) basis within the membrane ([16, 68, 77, 79]).

These considerations reveal two limitations of the phenomenological approach.
First, the approach explicitly fails to account for the concentration dependence of
ω. Second, the approach also fails to account for the interrelationship between ω

and D*
s , which has been referred to as “implicit coupling” [59]. As a result, in the

phenomenological approach, both ω andD*
s typically are treated as constants for the

porous medium, such that modeling of coupled solute migration through a semiper-
meable porous medium based strictly on the phenomenological approach requires
appropriate selections of ω and D*

s for the range of solute concentrations expected
in the system being studied.

3.1.4 Insights from the Physical Approach

The physical approach, which involves the development of constitutive relationships
for the phenomenological coefficients based on physical and chemical interactions
between the solid and liquid phases at the pore (microscopic) scale, has been used
to address the aforementioned limitations of the phenomenological approach. For
example,Manassero [68] describes a physicalmodel developed for a bentonite (mont-
morillonite) membrane barrier in contact with an electrolyte solution containing a
single, monovalent (1:1) salt ([16, 18, 19, 66, 67, 77]). The model was obtained by
upscaling (volume-averaging) the Poisson, Navier-Stokes, and Nernst-Planck equa-
tions at the pore scale and using the Donnan equations for electrochemical potential,
resulting in the following expressions that can be used to predict the global ω for a
bentonite barrier based on the salt concentrations present at the entry boundary (Co)
and exit boundary (CL):

ω � 1 +
c̄sk,0

2em�Cs

[
Z2 − Z1 − (2tc − 1) · ln

(
Z2 + 2tc − 1

Z1 + 2tc − 1

)]
(18)

and
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Z1 �
√
1 +

(
2Coem/c̄sk,0

)2
;Z2 �

√
1 +

(
2CLem/c̄sk,0

)2
(19a)

tc � Doc

Doc + Doa
(19b)

where c̄sk,0 is the effective solid charge concentration of the montmorillonite, em is
the void ratio representing the void space between montmorillonite tactoids, �Cs is
the difference in salt concentration across the barrier (i.e., �Cs � Co – CL), tc is
the cation transport number, and Doc and Doa are the free-solution or self-diffusion
coefficients of the cation and anion, respectively. Based on Eqs. 18–19a, ω can be
predicted for a given salt species and given boundary salt concentrations (i.e., known
values of tc, Co, and CL) provided that two material properties of the membrane,
c̄sk,0 and em, are known.

In addition, Dominijanni and Manassero [18] show that D*
s may be expressed as

a linear function of ω based on the physical model, as follows:

D∗
s � (1 − ω)Dse � (1 − ω)τmDso (20)

where Dse is a modified effective salt-diffusion coefficient that accounts only for the
matrix tortuosity (i.e., Dse � τmDso). Substitution of Eq. 20 into Eq. 9b yields the
following revised expression for coupled solute flux:

Jj � Jha,j + Jπ,j + J d
j � (1 − ω)qhCj + (1 − ω)qπCj − (1 − ω)nDse,j

∂Cj

∂x
(21)

Thus, incorporation of the physical model into the phenomenological framework
resolves the limitation identified by Eq. 17, as the total solute flux given by Eq. 21
reduces to zero for the case of an ideal membrane (ω � 1). Because the physical
model assumes that pore-scale variations in pressure, ion concentration, and water
velocity within the porous medium are negligible [18], Eq. 20 is an approximation of
the true relationship between D*

s and ω. However, a growing body of experimental
evidence indicates that Eq. 20 represents a reasonable approximation for bentonite
membranes (e.g., [20, 56, 59, 64]).

The aforementioned recent advances suggest that a combined physical-
phenomenological model offers the most promise for future advances in our under-
standing of coupled flow phenomena in porous media. However, one of the primary
challenges associated with employing the physical model within the phenomeno-
logical framework is determining the required material properties, viz., c̄sk,0, em,
and τm. For bentonite membranes, c̄sk,0 and em can be estimated by considering an
idealized model for the bentonite fabric in which the solid particles (or tactoids) con-
sist solely of layered, parallel lamellae (or platelets) with relatively immobile pore
solution within the interlayer spaces between the lamellae. Estimates of c̄sk,0 based
on this model require estimation of the bentonite specific surface, surface charge,
and the fraction of the surface charge compensated by the cations in the Stern layer
[68], whereas estimates of em further require estimation of the Stern layer thickness,
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the distance between tactoids, the number of platelets comprising each tactoid, and
the distance between platelets. Also, c̄sk,0 can be estimated by non-linear regression
of Eq. 18 through experimental data sets of ω plotted as a function of a suitable
reference salt concentration ([16, 20, 77]). In this latter approach, since c̄sk,0 is a
fitting parameter, the extent to which regressed values of c̄sk,0 are representative of
the actual c̄sk,0 or the c̄sk,0 predicted based on an idealized fabric must be established.
Furthermore, some experimental studies indicate that the linear approximation given
by Eq. 20 may not be appropriate in all cases (e.g., [107]). This aspect of the physical
approach represents an existing research challenge with respect to coupled flows in
porous media for Geotechnical Engineering applications.

3.2 Coupled Flows Under Unsaturated Conditions

In recent years, the existence and magnitude of coupled flows in unsaturated porous
materials have been evaluated with respect to applications pertaining to electro-
osmosis in shallowgeophysical explorations (e.g., [85]) and chemico-osmosis related
to both chemical containment barriers (e.g., [96]) and deep geologic sequestration
of CO2 (e.g., [10]). A summary of some of the recent studies is provided in Table 2.

In sandy soil, even though the salt membrane behavior due to chemico-osmosis
is essentially negligible, electro-osmosis can be significant. For example, Revil et al.
[85] found that the streaming potential or electro-osmosis coefficient increases with
increasing temperature and grain size, but decreases with increasing liquid satu-
ration and salinity. In contrast, based on the results of a column experiment on
unsaturated sand, Guichet et al. [31] found that the electro-osmosis coefficient
decreases with decreasing saturation (100 and 40%). Revil et al. [85] developed
an electro-osmosis theory by using the physical-based approach and found that the

Table 2 Recent studies on coupled flows in unsaturated porous materials

References Hydraulic
(Pressure)

Chemical
(Concentration)

Electrical
(Voltage)

Revil et al. [85] Sandy soil Sandy soil

Guichet et al. [31] Sand Sand

Linde et al. [52] Sand Sand

Revil et al. [91] Dolomite Dolomite

Jougnot et al. [41] Clay rock Clay rock

Chen and Hicks [10] Rock Rock

Schmid et al. [99] Rock Rock

Revil [86, 87] Porous media Porous media Porous media

Sample-Lord and
Shackelford [95, 96]

Clay soil Clay soil
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streaming potential could either increase or decrease, depending on not only the
degree of saturation but also the type of material and the history of the satura-
tion. Linde et al. [52] conducted an electro-osmosis test involving a sand column
and concluded that the magnitude of streaming potential depends primarily on the
fluid velocity, the excess of electric charge in pore fluid, and the porosity.

Inmany natural geomaterials, shallow unsaturated subsurface fluid flow can cause
significant streaming potential differences both spatially and temporally that can be
easily detected and mapped on the soil surface. These self-potential distributions
mapped either on the soil surface or in the subsurface via boreholes can be used
as boundary values for inversed numerical solutions of groundwater velocity and
temperature. Similarly, mapped self-potential changes due to chemico-osmosis can
be used to quantify spatial and temporal migration of contaminants in the unsaturated
shallow subsurface or vadose zone.

In clayey soil or rocks, particularly those rich in smectite minerals, both electro-
osmosis and chemico-osmosis can be significant due to high surface charge and high
CEC (i.e., high pore fluid charge density and small pore sizes). For example, Jougnot
et al. [41] conducted a series of laboratory, humidity-controlled tests on smectite-rich
rock (Callovo-Oxfordian clay) and evaluated the results based on a physical-based
electro-osmosis coupling model. They found that the streaming potential coupling
coefficient follows a power law with respect to fluid saturation. They also found
that the flux of the gas phase with respect to the liquid flux cannot be ignored when
the relative humidity is less than 30%. Schmid et al. [99] developed a theory of
coupled fluid and chemical flows and demonstrated that the capillary pressure in
rocks withmicropores can be strongly dependent on pore fluid salinity. Revil [86, 87]
developed a theory for coupled fluid, electric, and chemical flows under unsaturated
conditions, and demonstrated that the chemico-osmotic membrane coefficient can be
functionally related to fundamental pore-scale physical properties, including CEC,
porosity, chemical concentration, and liquid saturation.

Smectite-rich clays, such as Na-bentonites used in GCLs for near-surface waste
containment and highly densified bentonite buffers for deep geologic waste repos-
itories (i.e., for high-level radioactive wastes), have been studied extensively. For
example, Sample-Lord and Shackelford [95, 96] conducted laboratory-scale mem-
brane tests on specimens of a Na-bentonite at constant degrees of saturation ranging
from79 to 100%using salt solutionswith different concentrations ofKCl. They found
that, for a given concentration gradient, the chemico-osmotic membrane coefficient
increases as the saturation decreases (Fig. 5). However, for a given saturation, the
membrane efficiency coefficient decreased as the solution concentration increased,
which is consistent with previous results based on similar specimens evaluated under
saturated conditions. For the range of the saturations tested, the effective diffusion
coefficient of Na-bentonite remained relatively unchanged. These results represent
the first quantitative evidence of chemico-osmotic behavior in clay under unsaturated
conditions.

Several research challenges exist for providing a better understanding of chemico-
osmotic behavior in unsaturated porous materials. Except for the study of Jougnot
et al. [41], all of the experimental studies on unsaturated materials have been con-
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Fig. 5 Contour plot of
measured values of
membrane coefficient (ω) as
a function of average KCl
concentration and degree of
saturation for Na-bentonite
with a porosity of 0.88 (from
[96] Reproduced with
permission of AMERICAN
SOCIETY OF CIVIL
ENGINNERS)

ducted at saturations greater than 40%, due to limitations on the ability to achieve
lower saturations using the axis translation technique to control suction (e.g., [54]).
Other suction control techniques, such as relative humidity control, are promising for
lower saturations (e.g., [51]). The effects of solute restriction leading to membrane
behavior, chemico-osmosis, and restricted liquid-phase solute diffusion at lower sat-
urations (i.e. <40%) are expected to be more significant than at higher saturations,
since much of the pore water at lower saturations would be located near the clay par-
ticle surfaces where the ion-restricting electromagnetic fields have greater intensity
[96].

Most of the studies conducted to date also have been limited to testing under
steady-state conditions resulting in lengthy test durations ranging from several
months to more than a year for a given set of conditions. For example, the three
tests conducted by Sample-Lord and Shackelford [96] lasted from 232 to 335 days,
yielding a combined total testing duration of 1171 days (3.2 years). Shorter test dura-
tions may be possible through the development of transient testing methods, which
may involve transient forward and inversemodeling for parameter identification (e.g.,
[119]).

There also is a significant absence in the literature with respect to the develop-
ment of coupled flow theories under unsaturated conditions. Without these theories,
experimental results cannot be properly interpreted. As previously described, some
physical-based theories have beendeveloped for chemico-osmosis or electro-osmosis
under unsaturated conditions. However, these theories are not useful for interpret-
ing laboratory test results, as further assumptions or simplifications are needed. No
theory based on the phenomenological approach for all four coupled flows (i.e., liq-
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uid flow, heat transfer, electric current, and chemical transport) under unsaturated
conditions has been developed.

3.3 Phenomenologically-Based Material Property
Determination

As previously noted, two distinct approaches have been undertaken for understand-
ing coupled flows, viz., the phenomenological approach and the physical-based
approach. Although both approaches are based on thermodynamic principles, the
scales, physical properties, and theories of these two approaches differ significantly.

The phenomenological approach seeks macroscopic relationships among the
fluxes and the corresponding gradients (e.g., Table 1), leading to the material prop-
erties defined as the ratios between a specific flux and gradient. For example, the
ratio of fluid flux and hydraulic gradient without the involvement of other gradients
is the hydraulic conductivity, and the ratio of fluid flux to the chemical concentra-
tion gradient is the chemico-osmosis coupling coefficient. Based on this approach,
macroscopic laboratory experiments can be conducted to determine the appropriate
phenomenological coefficients.

The physical-based approach starts at the pore scale where coupling phenomena
occur. By defining the governing physics laws for the coupled phenomena pertain-
ing to fluid flow, heat transfer, electric current, and chemical transport, mass and
energy conservation principles can be applied to define boundary value problems
within the representative elementary volume (REV) at the pore scale. Solving the
boundary value problem by volume-averaging techniques provides upscaling to the
macroscopic variables and associated relationships in terms of physical properties at
the pore scale, such as pore fluid charge density, porosity, local and reservoir chem-
ical concentrations, etc. The resulting relationships among the fluxes and relevant
gradients provide direct linkages between the phenomenological coefficients and
fundamental physical properties.

The existing experimental methods for determining the relevant material proper-
ties required to describe coupled flows in porous media are summarized in Table 3.
The testing principles generally are founded upon basic theories for coupled flows,
including flow laws and mass and energy conservation principles. The experimental
methods vary in terms of the testing principles, whether the variables are controlled
or measured, and the interpretation techniques. Although each experimental method
is specifically designed and executed for measuring material properties or coeffi-
cients for coupled flows, reference is made only to what is controlled or measured,
since deducing material properties from experimental observations relies upon the
specific theory employed.

In some cases, the fundamental flow laws given by Darcy’s, Fick’s, Ohm’s, and
Fourier’s equations are utilized, and the tests are conducted under well-controlled
laboratory conditions by controlling gradients or fluxes and measuring the mate-
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Table 3 Direct or indirect measurement methods for coupled flow phenomena

References Controlled (C), Measured (M), Direct (-d), Indirect (-i)

Hydraulic
(Pressure)

Chemical
(Concentration)

Electrical
(Voltage)

Thermal
(Temperature)

Kemper and Rollins [48] C-d or M-d C-d or M-d

Olsen [81, 82] C-d or M-d C-d or M-d C-d or M-d

Shackelford [102] M-d C-d or M-d

Yeung and Mitchell
[123]

M-d C-d or M-d C-d or M-d

Alshawabkeh and Acar
[2]

M-i M-i C-i

Keijzer et al. [46] M-d C-d or M-d

Neuzila [78] C-i C-i or M-i

Sherwood and Craster
[108]

M-i C-i or M-i

Malusis and Shackelford
[58]

C-d or M-d C-d or M-d

Rosanne et al. [92] C-d or M-d-i C-d or M-d-i

Heister et al. [33] C-d or M-d C-d or M-d C-d or M-d

Revil et al. [90] C-d C-d or M-i M-d

Garavito et al.a [24] C-i C-i or M-i

Heister et al. [34] C-d or M-d C-d or M-d C-d or M-d

Paszkuta et al. [84] C-d or M-d C-d or M-d C-d or M-d C-d or M-d-i

Rosanne et al. [94] C-d or M-d-i C-d or M-d-i C-d or M-d-i C-d or M-d-i

Garavito et al.a [25] C-i C-i or M-i

Horseman et al. [36] C-d or M-d C-d or M-d

Cruchaudet et al.a [11] M-i C-i

Kang and Shackelford
[42]

C-d or M-d C-d or M-d

Kim and Mench [49] M-d C-d or M-d

Oduor et al. [80] C-d or M-d C-d or M-d

Jougnot et al.b [41] C-i C-i or M-i

Kang and Shackelford
[43]

C-d or M-d C-d or M-d

Tremosa et al.a [112] C-i or M-i C-i

Kang and Shackelford
[44]

C-d or M-d C-d or M-d

Shackelford et al. [107] C-d or M-d C-d or M-d

Sample-Lord and
Shackelfordb [95]

C-d or M-d C-d or M-d

aField-scale measurement conditions; all others laboratory measurement conditions
bUnsaturated conditions; all others fully saturated conditions
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rial properties after steady-state conditions have been achieved. These methods are
referred to as direct methods and are denoted as “–d” in Table 3. The material proper-
ties pertinent to direct flows generally can bemeasured reliablywithin the resolutions
of the experimental measurements. In contrast, indirect methods, denoted as “–i” in
Table 3, refer to those methods requiring numerical solution of a set of partial dif-
ferential equations to estimate material properties from transient experimental data.
The material properties obtained by indirect methods are constrained by not only
the coupled flow theories utilized, but also the boundary and initial conditions and
the measurement resolution. These methods often are applied to field experiments
or transient laboratory experiments. Direct methods generally provide for the best
control of the boundary conditions and are subject to less uncertainty than the indirect
methods. However, material properties obtained by direct methods can be subject to
different interpretations, depending on the theory utilized, the underlying assump-
tions and physical limitations of the method, and the experimental conditions. For
example, using the same experimental data set resulting from evaluation of a satu-
rated, bentonite-based GCL, Malusis et al. [63] showed that the effective diffusivity
of salt inferred from two different chemico-osmosis theories can differ by as much
as 12%. Also, a major drawback for any direct method is the limitation on the exper-
imental time required to reach and establish steady-state conditions. Depending on
thematerial type and specimen dimensions, some of the transport processes like heat,
fluid, and chemical transport are slow, such that establishing a steady state condition
even for typically small laboratory specimen dimensions may take months or years
(e.g., [96]).

Also, for materials such as smectite-based clays (e.g., bentonites) where the cou-
pling among the different flows can be significant, interpretation of the material
properties pertinent to the direct flows can be non-unique for the same experimen-
tal data set. For example, if a hydraulic gradient is applied to a saturated bentonite
specimen, Darcy’s law can be used directly to estimate hydraulic conductivity if a
steady-state head loss across the specimen is measured. However, constant, imposed
fluid flow also has been shown to result in a measurable streaming potential gradient
(electro-osmosis) leading to an additional component of fluid flow (e.g., [33, 82, 84]).
Failure to account for this latter component would result in conflation of hydraulic
conductivity and electro-osmotic conductivity (i.e., ke in Eq. 8). Alternatively, use of
coupled flow theory and an appropriate experimental setup will allow both hydraulic
conductivity and electro-osmotic conductivity to be inferred andwill yield a different
value of hydraulic conductivity than that based solely on Darcy’s law.

One potential issue in some of the previous experimental studies is the omission
of the measurement of variables that can affect the interpretation of the experimental
results. For example, most experimental studies pertaining to chemico-osmosis and
semipermeable membrane efficiency have not included measurement of the elec-
trical potential or current, on the basis that the material used to construct the cells
containing the specimens is nonconductive (e.g., plastic), such that short-circuiting
of the system is prevented and the induced electrical potential or current or both
are zero. However, in the case where the cell material is electrically conductive
(e.g., steel), short-circuiting of the system is possible such that the induced electrical
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potential can be significant and alter the interpretation of the properties pertinent to
chemico-osmosis (e.g., [33, 34]).

3.4 Microscopic Physical-Based Material Property
Determination

The physical-based approach seeks relationships between physico-chemical param-
eters at the pore scale and the phenomenological coefficients (e.g., [41, 84, 88, 90,
93]). This approach provides not only the scientific basis but also the quantitative
linkages between pore-scale constituent properties andmicrostructural parameters to
macro-scale phenomenological parameters. For example, the membrane efficiency
coefficient can be related directly to pore-scale electrical charge density, CEC, pore
chemistry, and porosity, among other fundamental material parameters at an atomic
scale. This approach is used together with the phenomenologically-based approach
to better interpret the experimental results.

The physical-based approach is mathematically complex and typically includes
the following steps (e.g., [84, 88, 89]): (1) physically conceptualizing of all the cou-
pled physico-chemical processes within a pore-scale REV, (2) defining the proper
laws governing the variables of temperature, pressure, chemical, and electrical poten-
tial within the REV, and the governing equations (principles) describing the spatial
and temporal variations of these variables within the REV, (3) averaging of these
variables over the entire REV by solving the well-defined boundary value problems
and employing a specific averaging theorem, and (4) defining the phenomenological
parameters by comparing the resulting coupled flow laws with those by the phe-
nomenological flow equations. For example, based on this approach, Gupta et al.
[32] show that the electro-osmotic coefficient can be linked to zeta potential (i.e.,
the electrical potential within the DDL at the interface between the stationary liquid
directly adjacent to the charged particle surface and the mobile liquid between adja-
cent charged particles, also referred to as the slip plane), electrolyte concentrations
and other pore-scale parameters.

The most commonly used pore-scale physical conception is the triple layer model
(TLM) wherein a pore-scale REV consists of three domains, viz., the clay mineral
particle surface, the Stern layer (immobile for ions), and a Gouy-Chapman layer
(diffuse double layer of ions). For example, by using the afore mentioned approach,
Revil and Leroy [88] established a coupled flow theory for fluid, salt, and electric-
ity, and the relationships between the coupling coefficients for chemico-osmosis,
electric-osmosis, and thermo-osmosis, and pore-scale properties of charge density,
porosity, CEC, salt concentration, and other fundamental physical properties. A com-
parison of their theoretical model predictions and measured results fromMalusis and
Shackelford [58] is shown Fig. 6.

Although the physical-based methodology provides a fundamentally attractive
way to understand coupled flows in porousmedia, there are challenging gaps between
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Fig. 6 Comparison of osmotic efficiency (membrane) coefficient (ω) based on theoretical model
results versus experimental results from [58] for a saturated geosynthetic clay liner exposed to KCl
salt solutions under isothermal conditions: a ω as a function of concentration; b measured versus
modeled ω (data from [88]) (Note n � porosity)

the established theories and macroscopically measurable parameters suitable for
engineering applications. These challenges include the nature of the specific REV
model, the determination of the physical properties at the atomic and/or pore scale,
the averaging techniques, and the experimental verification of the developed theory.
In terms of the REV model, physical laws have to be simplified to make the volume-
averaging mathematically trackable for analytical solutions at the REV level. For
example, the TLM is a more realistic conceptualization than the Gouy-Chapman
double layer theory. However, the TLM also deviates from reality in that local chem-
ical potentials exist that are more electrical in nature than the chemical potential
captured by the TLM, including van der Waals forces between solid particles and
the surrounding fluid, cation hydration both near the solid-fluid interface and inside
the mineral crystal, and hydration bonding between solid surfaces and the fluid (see
Chapter 4 “Linking SoilWater Adsorption toGeotechnical Engineering Properties”).
As a result, the corresponding hydrodynamic responses of these chemical potentials
could be different than those based on the TLM, resulting in different laws and
coupled physical processes within the REV.

Additional challenges with the physical-based approach lie in the requirement
to determine the fundamental atomic- and pore-scale physical parameters, such as
the zeta potential, CEC, and the ionic mobilities of multiple chemical species. The
methodologies for the measurement of these parameters generally are not well estab-
lished and are fraught with uncertainty. As a result, model predictions based on these
measured values also are uncertain, and experimental verification of the theories
underpinning the physical-based approach is subject to more uncertainty than that
for the phenomenological approach.



Research Challenges Involving Coupled Flows … 265

4 Challenges for Research on Coupled Flow Phenomena

Based on the aforementioned presentation, several research challenges pertaining to
coupled flow phenomena for Geotechnical Engineering applications remain. These
challenges can be summarized as follows.

4.1 Experimental Versus Theoretical Research

In the field of physics, theoretical physicists have been decades if not centuries
ahead of experimental physicists. A classic example of this observation is Albert
Einstein’s field equations for the Theory of General Relativity, whichwere postulated
inNovember of 1915. Although the Theory ofGeneral Relativity now forms the basis
for our current understanding of the interaction of space, time, and gravity, which
is used to explain the expansion of the Universe, the motion of the planets, and the
existence of black holes, some postulates of this Theory, such as the existence of
gravity waves, remained unproven experimentally until only recently (i.e., 2017).

Similarly, the theories describing coupled flows and coupled processes for appli-
cations relevant to Geotechnical Engineering seem, in some cases, to be far ahead of
the experimental evidence in support of these theories (e.g., the application of coupled
THMC processes for radioactive waste containment). Some of the factors that have
contributed to this gap between theory and experimental verification include lengthy
testing durations, the need for specialty (customized) testing equipment, limitations
in the accuracy of the measurements and the ability to control boundary conditions,
and limitations associated with the specimen size and the associated scale effects.
Therefore, the challenge is to provide experimental evidence in support of existing
theory.

4.2 Fundamental Versus Applied Research

Although all research in Geotechnical Engineering should be related to an applica-
tion, fundamental research focusing on mechanisms is necessary for accurate, long-
term prediction of the performance of engineered systems, e.g., engineered barriers
used for LLRW and HLRW containment where the design lives are 1000 and 10,000
years, respectively. Despite the apparent difficulty in comprehending such long time
periods, there is relatively recent, tangible evidence that consideration of long time
frames is relevant. For example, the current impact of anthropogenic climate change
can be traced to the onset of the industrial revolution, which started circa 1760 to
~1820, or about 195–255 years ago. Second, several 1000-year precipitation events
were associated with the flooding that occurred along the front range of the Rocky
Mountains in Colorado, USA, in September 2013, referred to as the 2013 Colorado



266 C. D. Shackelford et al.

Front Range Flood. Clearly, our ability to predict system performance over such
large time scales will be accurate only if the models being used for this purpose
are based on fundamental mechanisms that account for all of the factors impacting
long-term performance, including time-dependent changes in material properties.

For example, as previously noted, relatively recent research has shown that
bentonite-based containment barriers can exhibit chemico-osmosis, which is derived
from the ability of the bentonite to behave as a semipermeable membrane resulting
in solute restriction. Such solute restriction or membrane behavior also has been
recognized to exist in high–density bentonite buffers (dry (bulk) densities ranging
from 1.8 to 2.0 Mg/m3) used for HLRW containment. However, chemico-osmosis
often is ignored in the models used to predict the long-term performance of these
buffers, and solute exclusion often is treated in an empirical, rather than fundamental,
manner in terms of the migration of radionuclides (e.g. [101]). Thus, the challenge
is to conduct fundamental research focused on mechanisms that take into account
time-dependent changes in material properties over long time frames.

4.3 Saturated Versus Unsaturated Research

Thebulk of experimental studies on coupledflows andprocesses havebeen conducted
under saturated soil conditions (e.g., see Table 3). Although the assumption of satu-
rated soil conditions may be appropriate in some cases and/or conservative in other
cases, the assumption of saturated soil conditions frequently has been made for con-
venience, i.e., because measurement of the governing parameters under unsaturated
soil conditions is more difficult than measurement under saturated soil conditions.

For example, the recent study by Sample-Lord and Shackelford [95, 96] evalu-
ated the effect of the degree of water saturation, S, on the existence and magnitude of
semipermeable membrane behavior in sodium homo-ionized bentonite. As hypoth-
esized on the basis of classic diffuse double layer theory, the magnitude of the solute
restriction increased with decreasing S. However, due to long test durations (~1 year)
and the complexity and limitations of the testing equipment, the lowest S evaluated
was limited to 79%. Since many problems faced in Geotechnical Engineering occur
under unsaturated soil conditions (e.g., water-balance covers for waste containment,
subsurface contaminant migration in the vadose zone, etc.), a challenge is to extend
our understanding of the existence, magnitude, and relevance of coupled flows and
processes under unsaturated conditions.

4.4 Abiotic Versus Biotic Research

Biological activity can play a major role in affecting coupled flow processes. For
example, in the studies by Sample-Lord and Shackelford [95, 96] pertaining to the
effect of S on semipermeable membrane behavior, biological activity was shown
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to affect the measurement of the chemico-osmotic pressure under unsaturated soil
conditions to an extent that the addition of a biocide to the circulating chemical solu-
tions was required in order to eliminate the biological effect. Also, electrokinetics
has been proposed as a method to induce biodegradation of contaminants in clays
via either bioaugmentation, whereby specific non-indigenous microbes are used to
degrade susceptible contaminants, or biostimulation, whereby nutrients are injected
to stimulate biodegradation by indigenous microbes (e.g., [103]). However, due to
the complexity associatedwith biological processes, the inclusion of biological activ-
ity can significantly complicate research. Therefore, our ability to conduct relevant
research related to the effects of biology on coupled flows and processes remains a
significant research challenge.

4.5 Laboratory- Versus Field-Scale Research

Fundamental studies typically are conducted under controlled conditions in the labo-
ratory. For example, the vast majority of experimental research pertaining to coupled
flow processes has been conducted in the laboratory using relatively small-scale
specimens and homogeneous soils, such as processed clays (e.g., kaolin, bentonite)
and mixtures of sands with processed clays (e.g., see Table 2). While these studies
provide a basis for determining fundamental behavior, the justification for upscaling
the results of these studies to the field scale often is problematic, due in part to com-
plexity of the conditions that can occur at larger scales (e.g., variations in boundary
and initial conditions, heterogeneities in thematerials). This reality suggests the need
for long-term, large-scale field laboratories as recommended by Mitchell et al. [74].
Several such field-scale research facilities exist around the world related to deep dis-
posal of HLRW in argillaceous deposits, such as the Hades Underground Research
Laboratory (URL) located in the BoomClay formation in Belgium, theMeuse/Haute
Marne URL in France, and the Mont Terri URL located in the Opalinus Clay forma-
tion in Switzerland. However, no similar laboratories exist in the USA. Therefore,
the challenge is to develop capabilities that allow for an evaluation of performance
at more realistic field scales.

5 Concluding Remarks

Coupled flow phenomena will continue to be important in many Geotechnical Engi-
neering and natural science problems. For most engineering problems, the macro-
scopic phenomenological approach has been shown to be effective for describing
fluxes. However, because the phenomenological coefficients often cannot be directly
measured, transformations to express the phenomenological coefficients in terms of
experimentally determinable material properties become necessary. Such transfor-
mations typically involve assumptions, someofwhich are justifiable andotherswhich
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are not, leading to inconsistencies among the various coupled flux formulations pre-
sented in the literature and incorrect descriptions of fluxes resulting from failure of the
phenomenological approach to explicitly account for inter-dependencies among the
material properties and the state variables (e.g., the dependence of chemico-osmotic
membrane efficiency on solute concentration).

In recent years, the physical-based approach based on physical processes that
occur at the pore scale has been adopted. In this approach, pore-scale physical prop-
erties are used to express the phenomenological coefficients and the commonly mea-
sured macroscopic material properties. This approach uses the pore-scale physical
properties as the common threads for the phenomenological coefficients and the
macroscopic material properties, providing a powerful methodology for overcoming
some limitations in the phenomenological approach. The challenges in the physical-
based approach are the assumptionsmade in the pore-scale physical processes, which
often are driven by both physics and mathematical simplicity to make the problem
solutions more analytically trackable, and the difficulty associated with determining
microscopic material properties (e.g., surface charge density).

The major challenges in experiments include: (a) complexity, uncertainties, and
capability in controlling andmeasuring boundary conditions of variables, their gradi-
ents, and fluxes; (b) limitations in controlling or measuring saturation or pore-water
pressures; and (c) long test durations. These experimental challenges restrict our
ability to quantify coupled flow phenomena for more realistic systems and a wider
range of conditions which, in turn, limits our ability to consider the effects of coupled
flows in many Geotechnical Engineering applications.
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1 Introduction

In the last decade, geotechnical engineering has expanded its domain into the field
of energy geotechnics, which is associated with the extraction, transfer, storage, and
management of energy, energy waste, or energy infrastructure in the subsurface soil
or rock. The development of energy geotechnics has led to the identification of new
problem classes that require an understanding of the behavior of soils and rocks
under complex and potentially extreme pressure and temperature regimes in both
water-saturated and unsaturated (multi-phase) conditions, often involving coupled
thermo-hydro-mechanical (THM) processes [163, 215].

A schematic illustration of the basic physics and their mutual interactions antic-
ipated in soils and rocks subjected to simultaneous THM boundary conditions is
shown in Fig. 1. Heat transfer in soils due to conduction is closely tied to the amount
of water in the soil and the porosity. Temperature affects the properties of the pore
fluids, including density and viscosity among others, resulting in water and gas flow
in the soil. This flowwill lead to additional heat transfer due to convection,whichmay
be enhanced in unsaturated soils and rocks due towater vapor diffusion and latent heat
transfer due to water phase change. Further, in the case of unsaturated soils, changes
in degree of saturation will lead to changes in thermal conductivity and specific heat,
altering the heat transfer process. The changes in temperature and water flow pro-
cesses will also lead to changes in effective stress and soil volume, which in turn are
coupled with the heat transfer and water flow processes as the thermal and hydraulic
properties of soils are dependent on the porosity. The thermal volume changes may
be recoverable (thermo-elastic) or irrecoverable (thermo-plastic) depending on the
type of soil, its degree of overconsolidation, and drainage conditions.

Although the range of problems in energy geotechnics requiring an understand-
ing of THM processes is evolving, it is well known in geotechnical engineering that
the processes of heat transfer and water flow are closely linked with the mechanical
behavior of soils, with potentially different effects depending on the THM paths
followed. There has been a long history of research and interest in nonisothermal
problems in soil physics and agronomy going back to the early 1900s, with focus
primarily on coupled heat transfer and water flow in nondeformable soils. Inter-
est in nonisothermal problems in geotechnical engineering started in the 1950s and
1960s, involving the effects of temperature on soil sampling, engineering properties,
thermal pressurization of saturated soils, and design of roads in permafrost regions
(Highway Research Board 1969). In the 1970s and 1980s, the topics of interest to
geotechnical engineers expanded to offshore storage of nuclear waste, cold regions
soil behavior and permafrost characterization, buried high voltage electrical cables,
thermal failure, geothermal heat exchangers, and aquifer thermal energy storage
systems. Due to the need to provide a long-term management solution for nuclear
waste (an idea started in 1956), significant research focused on the development of
advanced THM constitutive models and experimental efforts in the 1980s and 1990s.
Renewed interest in geothermal heat exchange in the 2000s and 2010s led to inter-
est in energy piles, desiccation of clays, high temperature thermal remediation of
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Fig. 1 Inter-relationships between thermal, hydraulic, and mechanical processes in soils ([214]
with permission from Elsevier)

contaminated sites, enhanced geothermal systems, and massive hydraulic fracturing.
Most recently, energy geotechnics problems have evolved, including borehole ther-
mal energy storage, compressed air energy storage, energy extraction from landfills,
methane hydrate behavior, and CO2 sequestration. Consideration of the effects of
climate change on geotechnical infrastructure also requires a deep understanding of
the THM behavior of soils. The range of temperatures in these different applications
is very broad, ranging from values below 0 °C in cold regions and methane hydrate
research, to values between 5 and 80 °C in geothermal heat transfer and storage
applications, to values in excess of 100 °C in elevated temperature landfills, thermal
remediation applications, and enhanced geothermal systems.

Although a strong body of knowledge has been assembled on the non-isothermal
problems, additional efforts are still required before the necessary level of technolog-
ical maturity is reached to be used in geotechnical engineering practice. Accordingly,
the purpose of this chapter is to provide a general overview of the important phe-
nomena and fundamental mechanisms encountered in studying the thermo-hydro-
mechanical behavior of soils and rocks, and to point to practical applications and
evolving areas of research involving thermal issues. This includes a discussion on the
coupling between the effects of temperature on the soil pore fluids (e.g., fluid-solid
contact angle, fluid viscosity, surface tension, etc.), the generalized governing equa-
tions for heat transfer and water flow in unsaturated soils (in either liquid or vapor
forms), as well as coupling between the fundamental properties governing these
processes. These properties are in the form of function relationships that describe
the changes in the parameters with the degree of water saturation, and include the
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soil-water retention curve (SWRC), hydraulic conductivity function (HCF), thermal
conductivity function (TCF), and volumetric heat capacity function (VHCF). Inter-
esting challenges can be encountered when coupling flow processes with mechanical
effects under nonisothermal conditions. This includes the effects of temperature on
the relative expansion and contraction of soil constituents (air, water, solids) and
associated volume changes during drained conditions or pore fluid pressurization
during undrained conditions. Although temperature does not have a major effect on
macroscopic mechanical properties of soils, such as the friction angle and compress-
ibility indices, changes in the yield stress associated with thermal softening may
lead to contractile volume changes during heating. Although this has led to the use
of elasto-plastic models to simulate thermal volume changes, the actual mechanisms
of thermal volume change are not fully understood.

2 Thermo-hydro-mechanical Behavior of Soils

This section is arranged to first focus on the fundamental aspects governing coupled
heat transfer and water flow in saturated and unsaturated soils, as this flow mecha-
nism will be present in any thermal application in geotechnical engineering. Next,
this section focuses on the mechanical implications of this heat transfer and water
flow process, starting with thermal softening of the preconsolidation stress, ther-
mal pressurization during undrained heating, thermal volume change during drained
heating, thermal hydro-shearing of brittle soils or rocks, and thermal desiccation
cracking. This section concludes with a summary of software available that integrate
the fundamental concepts discussed in this section that can be applied in numerical
simulations of different energy geotechnics applications.

2.1 Coupled Heat Transfer and Water Flow in Porous Media

Coupled heat transfer and water flow in soils and rocks is critical to the understand-
ing of many thermal geotechnics problems. These topics include radioactive waste
disposal (e.g., [96]), ground-source heat pumps [196], energy piles (e.g., [37, 141,
176, 183]), thermally-active embankments [66], heat storage in soils [52, 159], geo-
logical CO2 sequestration (e.g., [81]), and recovery of unconventional hydrocarbon
resources (e.g., [105]).

As the properties of water in liquid and gas phases are dependent on temperature,
heat transfer may lead to coupled flow of water through soils. Specifically, temper-
ature dependency of the density of liquid water [109] and the viscosity of liquid
water [146] may lead to thermally-induced water flow through saturated soils, with
a magnitude depending on the hydraulic properties of the soil [52, 216]. Further, the
temperature dependency of other properties such as the surface tension of soil water
[207], relative humidity at equilibrium [193], saturated vapor concentration in the gas
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phase [47], vapor diffusion coefficient in air [47], and latent heat of vaporization of
water [169] may lead to thermally-induced water flow in both liquid and vapor forms
through unsaturated soils. Examples of the effects of temperature on the properties
of air and water are shown in Fig. 2.

Because of temperature effects on the water-air surface tension σ(T), Grant and
Salehzadeh [102] proposed a correction for the capillary pressure, equal to the dif-
ference in pore air and pore water pressures (Pc � ua − uw), as follows:

Pc(T ) � Pc(Tref )
[
σ (T )/σ (Tref )

]
(1)

where Pc is the capillary pressure at a given temperature T (K) and Tref is a reference
temperature (K). The relative humidity of the pore air at equilibrium Rhe is related
to the capillary pressure and water density through Kelvin’s equation, which also
incorporates effects of temperature, as follows:

Rhe � exp[PcMw/(ρwRT )] (2)
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where R is the universal gas constant and Mw is the molecular weight of water. The
product of Rhe and the saturated vapor density in the gas phase cvs in Fig. 2d is equal
to the equilibrium vapor density ρv,eq.

The governing equations for coupled heat transfer and water flow are well-
established in the literature for deformable, water-saturated porous media [29, 32,
33, 217, 220]. Although the predictions from these studies match well with observed
distributions in pore water pressure and temperature in soils with variable hydraulic
conductivities, the mechanisms of thermal volume change in these models is still
evolving, as will be discussed in the next section of this chapter. The governing
equations for coupled heat transfer and flow of water in liquid and vapor forms
have also been investigated for unsaturated porous media in nondeformable condi-
tions [51, 86, 87, 106, 155, 167, 180, 181, 188, 193, 197, 198, 204, 222, 229, 241,
246], deformable conditions [245, 246], and in the presence of pore fluids containing
chemicals [62, 103, 104]. There are perhaps more opportunities for advancing the
state of the art on the simulation of heat transfer and water flow in unsaturated soils,
including: (1) consideration of nonequilibrium water vapor diffusion (i.e., consider-
ing water vaporization in unsaturated soils as a time-dependent process), (2) consid-
eration of elasto-plastic volume change mechanisms for unsaturated soils using the
single-valued effective stress principle [151, 152, 266] or dual-stress variables. [8,
95], and (3) consideration of coupled, nonisothermal constitutive relationships for
deformable and nondeformable soils. Some of these issues have received attention in
recent studies (e.g., [23, 63, 170, 171, 229]). Other challenges include consideration
of desiccation cracks on the heat transfer and water flow processes in unsaturated
soils [192].

Several general observations may be made regarding coupled heat transfer and
water flow in unsaturated porous media: (1) heat transfer occurs by a combination of
conduction, convection in both liquid and gas phases, and latent heat transfer associ-
ated with water phase change; (2) water movement due to a temperature gradient is
controlled by both vaporization/condensation processes as well as the development
of a suction gradient caused by changes in water properties with temperature (i.e.,
density, viscosity, solid-liquid contact angle); (3) themagnitude of thermally induced
liquid water flow depends on the initial degree of saturation; and (4) the duration
required to reach steady-state distributions in degree of saturation and temperature
may be different depending on the coupling between the thermal and hydraulic prop-
erties of a given soil. Fluid movement in soils due to temperature gradients is caused
by buoyancy forces that form due to thermally-induced variations in the fluid den-
sity and viscosity. When an unsaturated soil is subjected to thermal gradients, the
water in liquid and vapor forms in the pores will decrease in density and viscosity,
resulting in flow upward and away from a heat source toward colder regions. In unsat-
urated soils, thermal gradients also create vapor density gradients that cause the pore
water to evaporate from hot regions and flow toward colder regions. When the water
vapor eventually condenses, latent heat transfer will occur due to the energy release
associated with phase change. Non-uniform distributions in degree of saturation in
unsaturated soils will also cause a decrease in the vapor density gradient as well as
the development of a matric suction gradient in the direction opposite to the vapor
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density gradient. The development of a matric suction gradient causes liquid water
to flow from the colder and relatively wetter locations back toward hotter and drier
regions.

Philip and de Vries [193] and de Vries [79], derived a widely-used theory for liq-
uid water and water vapor transport building upon the vapor flow theory of Penman
[191] under non-isothermal flow conditions as an extension to Richards’ equation
[200]. In this approach, liquid water and water vapor transport is driven by pressure
head and temperature gradients. The model of Philip and de Vries [193] has since
become the underlying theory employed in many other studies (e.g., [14, 30, 44,
49, 167, 207, 208, 225, 231, 243, 244]). However, the model of Philip and de Vries
[193] includes a number of simplifications and assumptions to reduce complexity
that may not represent the mechanisms of heat transfer and water flow on a pore scale
[229]. Specifically, the approach of Philip and de Vries [193] proposed two effects
occurring at the pore scale that contributed to enhancement of water vapor diffusion
through partially saturated soils. First, because of the different thermal conductivities
of the soil, air, and water, they hypothesized that a microscopic temperature gradi-
ent across air-filled pores would be higher than a macroscopic temperature gradient
measured across the soil sample. Second, they hypothesized that water vapor diffu-
sion is enhanced due to condensation and evaporation from liquid islands between
the particles, in effect causing an increase in the area available for vapor diffusion.
Because vapor flux predictions by Fick’s law of diffusion did not match experimental
data, Philip and de Vries [193] implemented an enhancement factor to account for
the greater diffusion of vapor under nonisothermal conditions. Several studies have
measured values of the vapor enhancement factor for different soils (e.g., [49, 50]).

Although the approach of Philip and de Vries [193] has been used in many cou-
pled heat and water flow transfer problems, an issue with their model is that the vapor
enhancement factor was explained at the pore scale following the hypotheses men-
tioned in the previous paragraph, while the vapor diffusion process was formulated
macroscopically [229]. Further, their hypotheses of the physical mechanisms leading
the enhancement in vapor diffusion have been drawn into question [110, 208, 226].
For example, Ho andWebb [110] used a pore-scale model to estimate the steady state
mass flow of water vapor in two different pore-scale transport paths including vapor
mass transfer through the liquid islands and around the liquid island. They found that
the net water vapor mass transfer through the liquid islands may be only an order
of magnitude higher than water vapor transport around the liquid island by Fickian
diffusion. More recently, Shokri et al. [226] found that the vapor enhancement factor
may not be needed if capillary flow is included, meaning that Fick’s law of diffusion
may be sufficient. Consideration of capillary flow requires a careful assessment of
tortuosity effects for water flow in unsaturated soils [166].

An alternate approach to solving coupled heat transfer and water flow problems is
through the theory of irreversible thermodynamics, summarized in detail by Luikov
[155] and further investigated by Pandey et al. [188]. A similar approach was used
in the model of Taylor and Cary [241] specifically for unsaturated soils. Although
Thomas et al. [247] noted that this approach may be more fundamentally correct
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than the mechanistic approach of Philip and de Vries [193], it is difficult to calibrate
some of the parameters used in the model of Luikov [155].

Another issue is the choice between coupled heat transfer and water flow models
that include equilibrium or nonequilibrium phase change. In the case of equilibrium
phase change, the pore water is assumed to volatilize instantaneously. This is a
common assumption in many coupled heat transfer and water flowmodels (e.g., [30,
44, 167, 193, 207, 208]). However, experimental studies have identified that time is
required for liquid water to volatilize in response to a change in vapor pressure in a
pore that may be caused by gas phase vapor diffusion caused by gradients in vapor
pressure and/or temperature [12, 26, 27, 54, 59]. To account for this in a model of
coupled heat transfer and water flow, a source term for the liquid/gas phase change
rate is typically added to the mass balance equations of liquid and vapor. This is
the case in the formulations of Bénet and Jouanna [26], Bixler [31], Zhang and
Datta [270], Smits et al. [229], Moradi et al. [171], McCartney and Baser [161],
and Baser et al. [23]. The phase change rates used in these formulations are based
on irreversible thermodynamics, first order reaction kinetics, or the kinetic theory
of gases which all contain a phenomenological coefficient that is physics-based or
defined as a fitting parameter during modeling efforts. Smits et al. [229] adopted the
approach of Bixler [31], who derived a phase change equation from the kinetic theory
of gases, making it inherently temperature dependent. In the model of Bixler [31],
the vaporization rate is proportional to (a) the difference between local equilibrium
vapor pressure and local partial vapor pressure and (b) the difference between local
degree of saturation and residual degree of saturation. Smits et al. [229] compared
predictions from equilibrium and nonequilibrium models for coupled heat transfer
and water flow, and found major differences in the initial stages of evaporation for
soils with initially low degrees of saturation.

McCartney andBaser [161] used a formof themodel of Smits et al. [229] extended
by Moradi et al. [171], but incorporated a new set of coupled thermo-hydraulic con-
stitutive relationships (described in the next section), and presented an experimental
approach to define the parameters governing the vapor enhancement factor and the
vapor phase change rate. In their model, the governing equation for nonisothermal
flow of water in unsaturated soils is given as follows:

nSrw
∂ρw

∂t
+ n ρw

dSrw
dPc

∂Pc

∂t
+ ∇ ·

[
ρw

(
−krwκ

μw

)
∇(Pw + ρwgz)

]
� −Rgw (3)

where n � porosity (m3/m3), Srw � degree of water saturation (m3/m3), ρw �
temperature-dependent density of water (kg/m3) [109], t � time(s), Pc � Pw −
Pg � capillary pressure (Pa), Pw � pore water pressure (Pa), Pg � pore gas pressure
(Pa), krw � relative permeability function for water (m/s); κ � intrinsic permeability
(m2); μw � temperature-dependent water dynamic viscosity [kg/(ms)] [145], g �
acceleration due to gravity (m/s2) Rgw � Phase change rate (kg/m3s). Similarly, the
governing equation for nonisothermal flow of air in unsaturated soils is given as
follows:
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nSrg
∂ρg

∂t
+ n ρg

dSrg
dPc

∂Pc

∂t
+ ∇ ·

[
ρg

(
−krgκ

μg

)
∇(Pg + ρggz)

]
� Rgw (4)

where Srg � degree of gas saturation (m3/m3), ρg � temperature-dependent den-
sity of gas (kg/m3) [229], krg � relative permeability function for gas (m/s); μg �
temperature-dependent gas dynamic viscosity [kg/(ms)]. The water vapor mass bal-
ance needed to consider the balance of liquid and water vapor is given as follows:

n
∂(ρgSrgwv)

∂t
+ ∇ · (ρgugwv − Deρg∇wv) � Rgw (5)

where De � Dvτ � effective diffusion coefficient (m2/s), Dv � diffusion coefficient
of water vapor in air (m2/s) [47], wv � mass fraction of water vapor in the gas
phase (kg/kg), τ � n1/3S7/3rg η � tortuosity [166]. The enhancement factor for vapor
diffusion, η following the approach of Cass et al. [49] is:

η � a + 3Srw − (a − 1) exp

⎧
⎨

⎩
−

[(

1 +
2.6
√
fc

)

Srw

]3
⎫
⎬

⎭
(6)

where a� fitting parameter, fc � clay fraction. The nonequilibrium gas phase change
rate Rgw in Eqs. (3), (4), and (5) is given as follows [31, 171]:

Rgw �
(
bSrwRT

Mw

)
(ρveq − ρv) (7)

where b � empirical fitting parameter (s/m2), R � universal gas constant (J/molK),
ρveq � Rhecvs � equilibrium vapor density (kg/m3) [47], T � Temperature (K), ρv
� vapor density (kg/m3), Mw � molecular weight of water (kg/mol). Finally, the
heat transfer energy balance that considers both conduction, convection, and phase
change is given as follows [171, 267]:

(ρCp)
∂T

∂t
+ ∇.

(
(ρwCpw)uwT + (ρgCpg)ugT − (λ∇T )

) � −LwRgw + Q (8)

where ρ � total density of soil (kg/m3), Cp � specific heat of soil (J/kgK), Cpw �
specific heat capacity of water (J/kgK), Cpg � specific heat capacity of gas (J/kgK),
λ � thermal conductivity (W/mK), Lw � latent heat due to phase change (J/kg), uw
� water velocity (m/s), ug � gas velocity (m/s), Q � heat source (W/m3).

A major challenge in applying the coupled set of equations described above is the
determination of thematerial parameters. In particular, the parameters a and b depend
on the soil type [22] and must be determined using physical modeling tests involving
inverse analysis of temperature and degree of saturationmeasurements during heating
[161]. The other thermo-hydraulic parameters are more established, but linkages
between the individual parameters need to be further explored. In unsaturated soils,
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the soil-water retention curve (SWRC) is the fundamental relationship governing
the amount of water in the soil and the energy state in the water. A commonly-used
SWRC is that of van Genuchten [258], as follows:

Srw � Srw,res + (1 − Srw,res)

[
1

1 + (αvGPc(T ))NvG

]1−1/NvG

(9)

where Srw,res is the residual degree of saturation to water, αvG and NvG are parameters
representing the air entry pressure and the pore size distribution, respectively, and
Pc(T) is the temperature-corrected capillary pressure according to themodel of Grant
and Salehzadeh [102]. Although most studies use the van Genuchten [258] SWRC
model to fit a smooth function to experimental SWRC data, recent advances indicate
that there may be other forms that better capture the mechanisms of water retention.
For example, the SWRC of Lu [150] can represent both the capillary regime at
low suctions and the adsorbed regime at higher suctions. Another advance is the
consideration of volume change on the shape of the SWRC [182, 189, 203, 209, 239,
252, 271] and ways to consider hysteresis [190].

It is well established that the hydraulic conductivity of unsaturated soils depends
on the available pathways for water flow through the soil that change with the degree
of saturation [174]. The HCF describes the relationship between hydraulic conduc-
tivity and degree of saturation (or suction), and can be predicted by incorporating
the van Genuchten [258] SWRC, as follows:

krw �
√(

Srw − Srw,res

1 − Srw,res

)
⎡

⎣1 −
(

1 −
(
Srw − Srw,res

1 − Srw,res

)1/(1−1/NvG)
)1−1/NvG

⎤

⎦

2

(10)

where αvG and NvG are the same parameters as in Eq. (9). Although the SWRC
is temperature dependent ([101]; She and Sleep [223]; Vahedifard et al. [256], the
temperature dependencyof theHCFhas not beenwell evaluated. Itwould be expected
that the temperature dependency of the SWRC and the change in viscosity of the
pore fluid would both have important effects on the magnitude and shape of the HCF.

As the transfer and storage of heat in unsaturated soils are both dependent on
the amount of water in the pores, a logical extension is that the thermal properties
are linked to the shape of the SWRC [80]. Several studies have evaluated the effect
of degree of saturation on the thermal conductivity [38, 88, 147, 148, 230]. Dong
et al. [80] summarized several of the constitutive modeling approaches that have
been used to capture the trends in the thermal conductivity with degree of saturation,
includingmulti-phasemixingmodels that involve series and parallel combinations of
solid, air, andwater, mathematicalmodels that build upon analogous relationships for
other physical properties (electrical conductivity, hydraulic conductivity) and involve
volume factions of the different components, and empirical models developed based
on curve fitting. Unfortunately, only the empirical models have been shown to have
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a good match to the experimental data, so several models have been widely used
in practice (e.g., [48, 71, 134, 154]). However, because of the empirical nature of
these models, the thermal and hydraulic properties are uncoupled if they are used in
coupled heat transfer and water flow models. To address this shortcoming, Lu and
Dong [153] developed a new TCF that builds upon the shape of the SWRC, given as
follow:

λ − λdry

λsat − λdry
� 1 −

[
1 +

(
Se
Sf

)m]1/m−1

(11)

whereλdry andλsat are the thermal conductivities of dry and saturated soil specimens,
respectively, Se is the effective saturation, Sf is the effective saturation at which the
funicular regime is onset, and m is defined as the pore fluid network connectivity
parameter for thermal conductivity. The TCF does not approach λsat at Se � 1, so
this should be considered as an additional fitting parameter. Lu and Dong [153] used
a large database of experiments performed in an extended version of the transient-
release and imbibition method (TRIM) of Wayllace and Lu [265] to define empirical
relationships between the parameters and those of the SWRC. Baser et al. [20] pro-
posed a relationship for the volumetric heat capacity function (VHCF) that uses the
same form as the TCF of Lu and Dong [153] that also employs the same parameters,
as follows:

Cv − Cv dry

Cv sat − Cv dry
� 1 −

[
1 +

(
Se
Sf

)m]1/m−1

(12)

where Cvdry and Cvsat are the volumetric heat capacities of dry and saturated soil,
respectively, and are similarly treated as fitting parameters, and Sf and m are the
same parameters as in Eq. (11). Examples of the SWRC and HCF of a compacted
silt are shown in Fig. 3a, while examples of the TCF and VHCF for the silt are
shown in Fig. 3b. The shapes of these coupled thermo-hydraulic relationships are
highly nonlinear, with the hydraulic relationships varying over several orders of
magnitude and the thermal relationships varying over a single order of magnitude.
The VHCF can be calibrated concurrently with the TCF if a dual-thermal needle is
used in the nonisothermal TRIM test. However, the VHCF has only been measured
for unsaturated silt, so further research is needed to confirm the shape of the VHCF
for other soils.

In summary, there are many challenges when evaluating the coupled heat transfer
and water flow in soils, especially when the soil is unsaturated. Applications of the
governing equations discussed in this section have been presented for surface evap-
oration from unsaturated soils by Smits et al. [229] and for thermal energy storage
systems by Moradi et al. [171] and for geothermal heat exchangers by McCartney
and Baser [161]. Future fundamental studies may focus on further linkages between
the thermal and hydraulic properties of saturated and unsaturated soils together with
the parameters governing phase change and enhanced vapor diffusion. The applica-
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Fig. 3 Coupled properties of unsaturated Bonny silt obtained using the thermal TRIM analysis of
Lu and Dong [153]: a Hydraulic properties; b Thermal properties

bility and validation of the nonequilibrium approach for considering phase change
in unsaturated soils could also be further explored for different soil types, such as
high plasticity, expansive clays. The role of the liquid island assumption in explain-
ing the concept of enhanced vapor diffusion is another issue that deserves further
experimental and pore-scale evaluations, as it has only been investigated for sandy
soils that can be approximated as an assembly of bulky particles.

2.2 Thermal Softening of the Preconsolidation Stress

Asheat transfer andwater flowoccur through saturated andunsaturated soils, changes
in mechanical behavior are expected. Although most mechanical properties of soils
have been found to be temperature independent, like the friction angle [139] and com-
pression indices [46], the preconsolidation stress has been found to be dependent on
temperature for saturated soils (e.g., [16, 149]) and unsaturated soils [10, 210, 253].
One source of these changes in mechanical behavior is due to changes in effective
stress with changes in suction or degree of saturation [151, 152], but this may not
fully explain some of the changes in volume observed in the literature. Instead, the
preconsolidation stress, which reflects the stress history in the soil, may have a more
significant role. Observations of the role of stress history in the literature encouraged
the development of thermo-elasto-plastic models, where temperature is expected to
cause changes in the preconsolidation stress [74, 116, 143]. Although these models
have been used successfully to capture the observations from element-scale tests,
they unfortunately are not related to any underlying micro-scale mechanisms of tem-
perature effects on soils. In particular, two important challenges are: the prediction
of the role of temperature variations in changes in the preconsolidation stress of soils
and in the volume change of soils. Further, the role of unsaturated conditions in both
challenges leads to other concerns including changes in stress state and path depen-
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dency [10]. An improved understanding of the underlying mechanisms that govern
these phenomena along with development of modeling strategies will help better
predict the THM behavior of soils. Further study of these topics may help to better
understand the impacts of cyclic heating and cooling that have been observed in some
studies [42, 120, 260] and on the role of anisotropic stress states [65] which are both
particularly relevant to the performance of geothermal heat pumps incorporated into
civil engineering infrastructure.

An underlying feature of the thermo-elasto-plastic models mentioned above is
the impact of temperature on the preconsolidation stress in soils, which hence is
called an apparent preconsolidation stress. A summary of the trends in normalized
apparent preconsolidation stress after heating for several saturated soils reported in
the literature is shown in Fig. 4a. A trend of decreasing apparent preconsolidation
stress with an increase in temperature is observed, indicating thermal softening.
Although the slope of the compression curve is not affected by temperature, the
trends indicate that plastic strains initiate at an earlier stress. The softening effect
on the apparent preconsolidation stress due to heating may not be permanent, and
limited sets of data show that drained cooling after a drained heating stage may
lead to an increase in preconsolidation stress from before the temperature cycle was
applied, as shown inFig. 4b (see also [15]).Despite these observations, the underlying
mechanism behind the change in preconsolidation stress with temperature is not
understood.

The interaction between softening mechanisms due to the heating of soils with
hardeningmechanisms due to increases in suction have been observed to lead to inter-
esting soil behavior, as observed for example in the shear strength results of Alsherif
and McCartney [9] shown in Fig. 5a (see also [94, 143]). These results show that the
path of heating and suction application can lead to changes in the apparent cohesion.
The role of temperature and suction on the effective stress in unsaturated soils is
another important issue to consider. The interplay between the effective stress and
preconsolidation stress during application of high suction magnitudes for a spec-
imen at room temperature is shown in Fig. 5b. Some soils exhibit different rates
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of increase in effective stress and preconsolidation stress with suction, which may
lead to metastable structures that are susceptible to collapse [137]. The model of
Grant and Salehzadeh [102] indicates that the SWRC will shift downward to reflect
lower water retention at higher temperatures due to a decrease in surface tension
and soil-particle contact angle, which is expected to affect the effective stress state.
Changes in the shape of the SWRCwith temperature are expected to lead to changes
in the effective stress in unsaturated soils [152]. Further advances may be obtained in
effective stress analyses using the new SWRC of Lu [150], which considers the inde-
pendent roles of capillarity and adsorption in water retention. These twomechanisms
of water retention may be affected differently by temperature. Vahedifard et al. [256]
accounted for the effects of temperature on capillarity and adsorption and extended
commonly-used SWRCs to nonisothermal conditions. The temperature dependency
of capillarity was considered through quantifying the impacts of temperature on sur-
face tension, soil-water contact angle, and adsorption by the enthalpy of immersion.
The results in Fig. 5c indicate that different path-dependent (i.e., drying first then
heating, or heating first then drying) lead to different increases in the preconsolida-
tion stress for unsaturated soils under high suctions and temperatures. Although the
underlying mechanism behind the changes in preconsolidation stress and the path
effects is not fully understood, empirical models for the preconsolidation stress such
as those shown in Fig. 5c are useful to determine trends in the overconsolidation
ratio for unsaturated soils. For example, an understanding of the overconsolidation
ration permits trends in the thermal volume change of unsaturated silt measured by
Alsherif and McCartney [10] to be reconciled with the thermal volume change of
saturated silt measured by Vega and McCartney [260], as shown in Fig. 5d. This
example highlights the promise of use of the effective stress principle to unify the
THM behavior of unsaturated and saturated soils, although further confirmation is
needed.

The results in Fig. 5d for the thermal volume change of saturated silt after several
cycles of heating and cooling indicate that this may be important to consider. Studies
like Burghignoli et al. [42] and Vega and McCartney [260] observed greater cyclic
heating and cooling effects in normally consolidated soils, and that cyclic effects
diminish after a few cycles. Further research is needed to understand if anisotropic
stress states lead to ratcheting effects during heating and cooling similar to those
observed during cyclic mechanical loading. Temperature may play an important role
in cyclicmechanical loading of soils. Zhou andNg [272, 273] evaluated the impact of
cyclic loading on the modulus from cyclic triaxial tests, and observed that the cyclic
threshold strain was insensitive to temperature, but that the accumulation of plas-
tic strains during cyclic loading increases with increasing temperature. Alsherif and
McCartney [9] observed that the modulus of soils obtained from triaxial compres-
sion tests increase with temperature when heating unsaturated soils at high suction
magnitudes, and was proposed to be due to a reduction in the degree of saturation
during heating that leads to a hardening effect and an increase in stiffness.

When considering the behavior of unsaturated soils, it is important that consti-
tutive models capture the volume change of soils to consider the role of changes
in degree of saturation during changes in void ratio. Mun and McCartney [175]
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Fig. 5 Thermo-mechanical behavior of compacted silt [10]: a Changes in shear strength due to
changes in suction and temperature; bChanges in preconsolidation stress, effective stress, and OCR
with suction; c Path dependent changes in preconsolidation stress of unsaturated soils; d Thermal
volume change trends with OCR

found that the model of Zhou et al. [274] can provide a good means of considering
the role of changes in degree of saturation on the compression curve in terms of
effective stresses. Models that use bounding surface plasticity concepts to consider
nonlinearity in the compression curve may lead to better stress-strain predictions
than conventional elasto-plastic models.

2.3 Thermal Pressurization

It is well established that during undrained heating of soils and rocks, positive pore
water pressures will be generated [16, 28, 46, 98, 111, 118]. Since the early model
of Campanella and Mitchell [46] was developed, several studies have continued
the development of thermo-poro-mechanical theories assuming thermo-elasticity to
predict thermal pressurization [13, 98, 99, 157, 164, 199] and thermo-elasto-plasticity
[16, 261]. In the thermo-elastic models for thermal pressurization, the compatibility
of strains during undrained heating is given as follows:
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αwVw	T + αsVw	T − (	Vst)	T � −mvVm	u − mwVw	u (13)

where αw is the cubical coefficient of thermal expansion of the pore water, αs is
the cubical coefficient of thermal expansion of the mineral solids, Vw is the initial
volume of pore water before heating, Vm is the total volume of the soil mass equal
to the sum of Vw and Vs, 	T is the change in temperature of the soil, 	u is the
change in pore water pressure, (	Vst)	T is the volume change of the soil due to the
reorientation and relative movement of the soil particles during undrained heating,
mw is the coefficient of volume compressibility of water and mv is the coefficient of
volume compressibility of soil skeleton. This equation can be reorganized to estimate
the change in pore water pressure during undrained heating [46]:

	u � n	T(αs − αw) + αst	T

mv
(14)

where αst is the physico-chemical coefficient equal to (	Vst)	T/Vm. As it may be
challenging to define the value ofmv,which depends on the effective stress increment,
it is possible to incorporate the bi-log-linear compression indices for isotropic loading
conditions to define the change in pore water pressure during undrained heating
normalized by the initial mean effective stress [98]:

	u

p′
0

� [n(αs − αw) + αst](1 + eo)	T

(1 − 
)λ
(15)

where p′
0 is the initial mean effective stress, e0 is the initial void ratio, 
 � κ/λ, λ

is the slope of the virgin compression in isotropic conditions, κ is the slope of the
recompression line in isotropic conditions. The main challenge of applying Eq. (15)
is the appropriate definition of material properties governing thermal pressurization
[78, 99], in particular the physico-chemical coefficient. Equation (15) was used by
Ghaaowd et al. [98] to evaluate the physico-chemical coefficient for different soils in
the literature, as shown inFig. 6a. The correlation for the physico-chemical coefficient
shown in Fig. 6a is still approximate but was also used to successfully predict the
excess pore water pressure in saturated clays having different overconsolidation
ratios (quantified using different initial void ratios and mean effective stresses) in
Fig. 6b. Future research is needed to evaluate thermal pressurization in other soil
types, especially sands and unsaturated soils. Thermal pressurization may also be
encountered in fault shear zones during CO2 injection [172].

2.4 Thermal Volume Change

Another relevant issue is that volume changes may arise in soils due to coupled
heat transfer and water flow, potentially occurring due to changes in effective stress,
changes in the apparent preconsolidation stress, or thermally-induced creep. Efforts
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Fig. 6 Thermal pressurization of saturated clays [98]: a Physico-chemical coefficient as a function
of plasticity index (PI); b Impact of temperature change on the change in pore water pressure for
Bangkok clay specimens having different OCRs

in the characterization of thermal volume changes have been divided between the
development of constitutive models that couple temperature changes with volume
change, focusing on equilibrium conditions, and models that consider the impact of
volume change on the heat transfer andwater flow processes in soils. Themotivations
of many of these studies have varied, with a few including consideration of temper-
ature effects on soil sampling, thermal stability of buried electrical cables, earthen
barriers for radioactive waste disposal, and soil-structure interaction in energy piles.

The conventional explanation of thermal volume change for normally consoli-
dated soils is the dissipation of these excess pore water pressures, which has been
incorporated into numerical simulations [40]. However, several sets of data have
shown that this explanation may not work in all cases. First, the magnitude of excess
pore water pressures during undrained heating has not been linked to a volumetric
strain expected after drainage, even though Delage et al. [77] and Cui et al. [75]
showed that the process still follows a time dependent process similar to consolida-
tion. Further, Burghighnoli et al. [42] and Towhata et al. [250] found that preparation
of overconsolidated specimens by unloading will lead to thermal expansion upon
heating, while preparation by reloading to a low OCR leads to contraction. As the
thermally-induced excess porewater pressures during undrained heating are expected
to be positive in all soils, the dissipation of pore water pressures is not a sufficient
explanation. Also, the changes in pore water pressure will lead to a change in effec-
tive stress during undrained heating, but the effective stress will not change after
cooling, making this explanation difficult to apply.

The possibility for thermal volume changes to be due to thermally-accelerated
creep has been proposed in several previous studies [42, 46, 111, 187]. Following
these studies, Coccia and McCartney [68, 69] proposed a new model using a testing
methodology developed by Coccia and McCartney [70] that assumed the coefficient
of secondary compression Cα is sensitive to the temperature and dependent on the
change in viscosity of the pore water with temperature. This means that the sec-
ondary compression expected under the increment of effective stress applied before
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Fig. 7 Alternate mechanisms of thermal volume change: a Thermally-accelerated creep ([68] with
permission from Elsevier); b Thermal collapse during an increase in temperature from T1 to T2

a temperature change may be enhanced by an amount equal to 	eα(T0) defined by
Coccia and McCartney [69], as shown in Fig. 7a. This mechanism may reflect the
ease of clay particles to rearrange into the direction of shear at elevated temperatures,
or potentially a time-dependent change in the diffuse double layer due to temperature
changes. Thermally-enhanced creep behavior was also observed in in situ pull-out
tests on energy piles in high-plasticity clays [6].

The thermal volume change of unsaturated soils also presents a complex scenario
to explain if using the dissipation of thermally-induced excess pore water pressures
as the cause of thermal volume changes. Specifically, heating is expected to lead to
expansion of the pore water, which should lead to an increase in degree of saturation,
decrease in suction, and decrease in effective stress, all of which should lead to
thermal expansion. However, in many unsaturated soils a contractive behavior is
observed. This permanent contraction has been satisfactorily explained byCoccia and
McCartney [69] using the thermal creepmechanism.However, a collapsemechanism
related to the decrease in preconsolidation (yield) stress with temperature may be an
alternate mechanism, as described schematically in Fig. 7b. Heating of a normally
consolidated soil will lead to a decrease in the preconsolidation stress, which will
mean that the soil is in an unstable state requiring permanent collapse to a stable
preconsolidation stress, causing a downward shift from one virgin compression line
(VCL) to another.

Regarding constitutivemodel development, some efforts focused on poromechan-
ical models to predict thermal pressurization of pore fluids during undrained heating
[46, 98] and thermo-elasto-plastic models to predict thermal volume changes of sat-
urated and unsaturated soils [2, 74, 114–116, 140, 143, 144]. Thomas and He [244]
and Thomas et al. [246] developed coupled THMmodels that can consider heat trans-
fer and water flow processes as well as deformations, which have been validated by
subsequent experimental studies (e.g., [211, 262]). An issue with this topic is that
some of the advances in the constitutive model development have not been incor-
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porated into the coupled THM models to better capture the response of some soils
(i.e., soft clays, unsaturated compacted soils). Alsherif and McCartney [9] found
that the effective stress principle is valid even under elevated temperatures and high
suctions in unsaturated soils (where the soil would be expected to behave in a brittle
fashion), and Alsherif and McCartney [10] used trends in the preconsolidation stress
defined in terms of the effective stress using the approach of Khalili and Khabbaz
[136] to unify the thermal volume change behavior of saturated soils tested by Vega
and McCartney [260] with unsaturated soils tested by Alsherif and McCartney [9].

As mentioned, changes in volume of saturated soils may occur during heating,
typicallywith elastic expansionobserved for overconsolidated soils and elasto-plastic
contraction observed for normally consolidated soils [1, 15, 16, 42, 53, 101, 118,
142, 236, 250]. These volume changes will have important effects on the thermal
and hydraulic properties of saturated soils, in particular the hydraulic conductivity
is expected to decrease with decreasing void ratio and the thermal conductivity is
expected to increase with decreasing void ratio. The changes in these two parameters
may lead to changes in the heat transfer pattern in saturated soils, especially those
with substantial thermally-induced water flow (e.g., [216]).

The main fundamental topics where further developments may be investigated for
water-saturated porous media include the consideration of coupling effects associ-
ated with large-strain thermal consolidation of very soft clays, the role of fluid pres-
surization during undrained heating leading to thermal failure, and the underlying
mechanisms of thermal volume change. On the last topic, Coccia andMcCartney [68,
69] evaluated different mechanisms for thermal volume change including thermo-
poro-elastic evaluations (e.g., [46, 98, 238]) and thermo-elasto-plastic models [2, 74,
116, 140, 143], and found that both have shortcomings in predicting thermal volume
change of overconsolidated soils prepared by re-loading (instead of unloading) eval-
uated by Towhata et al. [250] and Burghignoli et al. [42]. The thermo-visco-elastic
behavior of soils is another topic that deserves further study [35, 69].

2.5 Thermal Hydro-Shearing

Thermal hydro-shearing is the process of pressurization of fluid in porous media
leading to a reduction in effective stress, which in the presence of an initial shear
stressmay lead to possible shear failure or fracturing. Themagnitude of thermal pres-
surization of pore fluids can be estimated using approaches similar to that described
in Sect. 2.3. The problem was first identified in practice during so-called “thermal
failure” of clays and shales, arising around heat sources, such as buried cables [39]
or nuclear waste canisters [119–121]. Saturated natural clay samples loaded to a
total in situ stress, heated slowly, may develop undrained shear failure when the pore
pressure grows at a constant principal stress difference and the effective stress path
reaches the critical state at about 74 °C. An example of thermal failure of Boom
clay are shown in Fig. 8, showing the changes in pore water pressure normalized
by the initial effective confining stress during both a room-temperature shearing test
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Fig. 8 Normalized pore pressure versus axial strain during undrained heating ([120] with permis-
sion from NRC Research Press)

and a test where the specimen was sheared to point B and then the temperature was
raised in stages. Similar behavior has also been noted in several other clays and
rocks by Hueckel and Pellegrini [119, 120], such as high porosity plastic Boom clay
(Belgium), highly fractured stiff Pasquasia shale (Sicily), and Sasamon clayey shale.
The strains observed in Fig. 8 cannot be simulated using thermo-elastic models, and
must be considered using thermo-elasto-plastic models such as those of Hueckel and
Borsetto [116] or Hueckel et al. [121] for clays and Hueckel et al. [123] for rocks.

There are visible differences between the thermal failure and hydro-shearing
encountered during hydraulic fracturing processes in energy reservoirs. During
hydraulic fracturing, only a part of the pore pressure boost comes from the con-
strained heating of the cooler injected pore water, while a comparable boost comes
from the injection pressure [55]. Further, there is also a difference in heat exchange
between rock and water. During hydro-shearing, the rock is cooling as the hydraulic
fracturing process proceeds, which means that the rock shrinks and induces further
stresses. Hence, the pore water pressure increase is magnified by the collusion of two
thermally driven processes: water expansion and rock shrinkage. It is thus clear that
the assessment of the amount of pressure boost and activation of the critical shear
depends on our understanding of water expansion (highly non-linear with temper-
ature) and thermo-plastic deformation of rock. Rice [199] also observed that there
may be another mechanism that could affect the shear strength, referred to as flash
heating. In this case, highly-stressed frictional contacts slip during rapid heating.
Also, depending upon the shearing rate, dilatant strengthening, which is intrinsic to
compacted granular materials, may happen for lower shear rates [218, 219]. In this
case there may be a competition between weakening due to thermal pressurization
and dilatant strengthening.

In enhanced geothermal systems (EGS), hot water is retrieved through extraction
boreholes when it reaches a required temperature, while a corresponding volume
of cold water is supplied via an injection well. The cooled rock after the extraction
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process undergoes subsequent re-heating by the adjacent rock mass, and a corre-
sponding reduction of pore pressure, while the new cooler water is being mixed
with the departing hot water. At this stage, the heated rock is thermally expanding.
Notably, cyclic heating/cooling most likely creates dilatancy associated with a pro-
gressive damage [118, 120]. This suggests also that the pressure required to inject
water at an nth cycle of operation in an EGS system should be considered based on
the estimated amount of accumulated damage.

2.6 Thermal Desiccation Cracking

Thediscussion to this point in the chapter assumes that the soil remains as a continuum
during a coupled heat transfer and water flow process. However, near a free surface
changes in temperature and water content may lead to desiccation cracking, which
may lead to a change in the boundary condition for heat transfer and water flow.
Specifically, the thermo-hydraulic surface boundary condition may extend deeper
into the soil layer than in the case that the soil layer was intact. Thermal desiccation
cracking is a superposition of several parallel and coupled processes: thermal expan-
sion or contraction (depending on the stress history), drying shrinkage or straining,
depending on kinematic constraints, air entry connected with water, vapor and air
mass transport, heat transport, and the driving phenomenon of evaporation. Crack-
ing is highly undesirable in soil from both the mechanical and hydraulic points
of view, usually degrading engineering soil quality including the repeated wetting-
drying cycles reducing the soil from peak to fully softened shear strength [228, 234,
268]. Cracking may adversely affect integrity of soil in energy production/storage
related projects, such as nuclear waste container barriers, storage/retrieval of heat
from energy piles.

Desiccation cracks generally arise in an absence of external forces. Hence, either
self-equilibrated stresses resulting from kinematic incompatibilities, or reaction
forces at the constraints appear as a cracking cause, when reaching tensile strength
[192, 213]. At a meso-scale, tubular drying pores have been modeled near a random
imperfection, inducing a stress concentration, in the presence of significant suc-
tion [112, 113]. Hu and Hueckel [113] use an effective stress analysis, which away
from the stress concentration point yields a criterion paradox: compressive effective
stresses are observed in the field, a physically incompatible criterion for formation
of a tensile crack. Experiments on clusters of grains suggest that an imperfection of
an air entry deep into the medium penetrates over 4–8 radii of a typical pore that
yields a tensile effective stress concentration at the air entry finger-tip, sufficient for
crack propagation [122].

Subcritical crack propagation resulting from a spontaneous or engineered change
in the rock chemical environment is of relevance in several energy technologies,
among which are unconventional oil and gas recovery, and enhanced geothermal
systems. The enhancement consists of a combination of fluid pressure and injec-
tion of acids. Acid chemically softens the material, which occurs relatively quickly,
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especially in carbonate rocks. The main question is to correlate the chemical flux to
the rate of crack propagation. Hu and Hueckel [113] addressed the effect of mineral
mass removal on the material strength, via coupled chemo-plasticity approach. The
chemical part of the processes being explicitly rate dependent, requires plasticity to
be treated incrementally and iteratively. Simplified calculations with the Extended
Johnson approximation (i.e., all fields are axially symmetric round crack tip point)
allow following the stress evolution as minerals are dissolved. The effect of cou-
pling of chemicals on elasticity near a crack subject to acidizing under isothermal
conditions is another topic of importance. The release of mineral mass into liquid
phase affects solute diffusion, while the rate of mass release is dependent on local
acidity. Most importantly, when a fraction of mass is removed from a stressed solid,
a further strain is induced. This induced strain is assumed to be proportional to the
mass removal, with the proportionality (chemical deformation) coefficient, likely
dependent on the material damage. In the deviatorically-coupled solution obtained
using an adapted Airy function, a dramatic increase in hoop stress is observed in
front of the crack tip which can be associated with the shrinkage of the chemically
affected zone. Other scenarios and their possible combinations still await suitable
solutions, including the impact of cracking on the thermal and hydraulic properties
of soils shown in Fig. 2.

2.7 Software to Consider THM Effects in Soils

A theoretical formulation is an appropriate way to integrate the relevant THM phe-
nomena discussed in the previous sections via a consistent and unified framework.
In a coupled formulation, the roles of the various physical phenomena and their
mutual relationships are clearly expressed with no ambiguity. Once implemented
numerically, the mathematical formulation can be used to achieve a better under-
standing about the interaction between the different physics (e.g., [185, 206]). There
are several topics that have received significant attention and are at the point that
a good understanding is available for the topics although they could still benefit
from further study. These include the development of thermo-hydraulic flow models
(TOUGH2, COMSOL), thermo-elasto-plastic models (models from the groups
of Hueckel, Laloui, Cui, Gens, etc.), validated research codes (CODE_BRIGHT,
COMPASS, LAGAMINE, COMSOL), experimental and theoretical soil-structure
interaction analyses for energy piles, development of advanced laboratory tests for
THM behavior (thermal triaxial, thermal oedometer, thermal needle, etc.), and field
tests (e.g., the thermal response tests on geothermal heat exchangers, FEBEX test on
bentonite barriers [96]). Many of these codes are currently only suitable for research
purposes, and may need further refinement for use in geotechnical practice.
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3 Thermal Energy Applications in Geotechnical
Engineering

This section describes three emerging applications of thermal energy in geotech-
nical engineering that have reached a reasonable stage of maturity but still require
varying amounts of research to be fully implemented into engineering practice. The
first application involves barrier systems for radioactive waste repositories. Although
barriers involving compacted bentonite have been implemented into practice in sev-
eral situations, the complex behavior of these clays under unsaturated conditions
and elevated temperatures is not fully understood. The second application is that of
energy piles, which are perhaps the most established energy geotechnics technology
that integrates the concept of ground-source heat exchangers into deep foundations.
These systems require an understanding of the heat transfer performance of these
systems, as well as the thermally-induced stresses and strains in the energy pile.
The third application involves storage of thermal energy in the subsurface. Although
types of thermal energy storage systems have been evaluated and implemented into
practice, an emerging application is the storage of thermal energy in unsaturated
soils or rocks, transferred using ground-source heat exchangers. Unsaturated soils
and rocks have lower thermal conductivity than when saturated, so they will have
lower heat losses. However, the mechanisms of heat transfer in unsaturated soils and
rocks are much more complex and must be considered as part of the design of these
systems.

3.1 Barrier Systems for Radioactive Waste Repositories

The storage of high level radioactive waste (HLW) is an important topic that involves
coupled heat transfer andwater flow [195]. Deep geological disposal ofHLW is a pre-
ferred option for the isolation of high level nuclearwaste and requires significant input
from geotechnical engineers [93, 94, 96, 117]. Most repositories involve an unsat-
urated rock deposit that serves as a natural barrier in which tunnels are formed for
placing waste canisters, which are encapsulated by a highly densified buffer material
(e.g., pure bentonite or a sand-bentonite mixture). The natural and engineered bar-
riers are expected to be subjected to simultaneous thermo-hydro-mechanical-chemo
(THMC) phenomena triggered by the heat-emitting nature of the nuclear waste, the
swelling character of the unsaturated clay barrier, the highly confined conditions
of the isolation system, and the chemical interactions between the barriers material
and the pore fluid [211]. Many of the fundamental studies on the THM behavior
of saturated and unsaturated soils discussed in Sect. 2 were developed as part of
the design of barrier systems for radioactive waste repositories. The FEBEX test
on bentonite barriers was a major step forward in providing useful validation data
for the different numerical simulations used to design these barrier systems, more
recent developments are related to the study of clay structure changes during heating
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an hydration (e.g. [212, 248]), the potential of pelletized clayed materials as barrier
materials and seals (e.g. [97, 215]). Further efforts will be necessary as different
evolutions in modified bentonite materials are developed (e.g., polymer bentonites)
and higher temperatures for the storage system are investigated (i.e. above 100 °C).

3.2 Energy Piles

In recent years, reinforced concrete geostructures like piles, walls and slabs have been
used as geothermal heat exchangers to access the relatively constant temperature of
the ground for efficient heating and cooling of buildings. Full-scale energy piles have
been successfully implemented in buildings and experimental tests in Europe [4, 37,
141], Japan [107], the United Kingdom [11, 36], China [91], Australia [34, 263], and
the US [7, 160, 176, 237]. The soil-structure interaction response and heat exchange
capabilities characterized in these studies have generally indicated that energy piles
can serve as sustainable geothermal heat exchangers. The main advantage of energy
piles is that they help improve the energy efficiency of building heat without needing
additional infrastructure or materials beyond that needed for building support.

Several researchers have evaluated the thermo-mechanical response of energy
piles in soils subjected to monotonic or cyclic heating or cooling [11, 100, 176].
Based on findings from previous studies on energy piles in soils, different approaches
or guidelines have been developed to analyze the complex interaction between tem-
perature changes and induced thermo-mechanical stresses and deformations in sands
and clays, like numerical methods based on the axial load transfer (T-z) approach
[57, 138, 235] and finite element or finite difference methods [24, 91, 141, 184,
264]. Of these methods, axial load transfer is most commonly used in the design of
piles [168] or to study the behavior of piles under cyclic thermo-mechanical loading
[235]. Some design recommendations have been made using finite element analyses
via parametric analyses [24]. Future challenges for energy piles involve an assess-
ment of the behavior of energy piles in deformable soils where changes in soil volume
may lead to dragdown effects on energy piles [162], as well as the development of
design codes that incorporate both structure and geotechnical aspects of energy piles.

3.3 Thermal Energy Storage

An important challenge facing society is the storage of energy collected from renew-
able sources. One such application is the storage of heat collected from solar thermal
panels in the subsurface during summer, so it can be harvested in winter [159, 227].
A practical mode of heat injection into the subsurface involves the circulation of a
heated carrier fluid through a closely-spaced array of closed-loop geothermal heat
exchangers in boreholes or shallow trenches [18, 56, 60, 61, 73]. Unsaturated soils
in the vadose zone are an ideal storage medium for heat because the storage vol-
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ume is abundant and lower heat losses can be expected in unsaturated soils due to
lower thermal conductivity [18]. However, the mode of heat transfer during injection
of heat into the ground in the vadose zone is complex as it may be coupled with
thermally-induced water flow in either liquid or vapor forms.

Most models of heat transfer from geothermal heat exchangers employ analytical
solutions to the heat equation assuming conduction is the primary mechanism of heat
transfer, with constant thermal properties for the soil (e.g., [135]). These include
analyses of heat transfer for an infinite line source [25, 124], a finite line source
[145], a hollow cylinder source [92, 125], a finite plate source, and one- and two-
dimensional solid cylinder sources [240]. Numerical simulations of geothermal heat
exchangers have also been performed, although most also consider conduction as
the primary mechanism of heat transfer in soils [18, 186]. While these conduction-
based numerical simulations may be practical for the design of heat exchangers
in dry or saturated low permeability soils, they may not be practical for those in
unsaturated soils due to the potential for convective heat transfer associated with
thermally-induced liquidwater orwater vaporflow(e.g., [23, 170, 193, 229]). Further,
the thermal properties of unsaturated soils are highly dependent on the degree of
saturation even if conduction is assumed to be the primary mode of heat transfer
(e.g., [80, 88, 153, 230]). In addition, the analytical solutions for heat transfer from
geothermal heat exchangers may not be practical due to convective heat transfer
in saturated soils with high permeability due to buoyancy-driven thermally-driven
water flow [52].

Most studies on the behavior of geothermal heat storage systems focus on their
overall performance during heating and do not consider coupled heat transfer and
water transport [61, 84]. However, some recent studies highlighted the importance of
considering coupled heat transfer and water flow in unsaturated soils in the vadose
zone to better understand heat transfer mechanisms when the soils are subjected
to relatively higher temperature gradients as in borehole heat storage systems [17,
19, 21, 52, 171]. Further, the impact of vapor flow during heating and cooling has
been investigated by McCartney and Baser [161] and Baser et al. [23], who found
that permanent drying during heat injection leads to a longer period of heat storage
when the system cools to ambient conditions. Further studies on the impact of this
mechanism on the efficiency of heat extraction are still needed.

4 Emerging Thermal Problems in Geotechnical
Engineering

Although there are many emerging thermal energy problems in geotechnical engi-
neering (e.g., cold regions problems, temperature effects on expansive soils, land-
slides, waste containment, increased volatility of weather/climate), this section
focuses on some recent developments involving thermal effects in geotechnical engi-
neering associated with climate change and elevated temperature landfills. Climate
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change effects have only been simulated due to the large scale of the problem, while
the setting of elevated temperature landfills has only been characterized experimen-
tally due to the complex material properties. Both problems are challenging and
require application of the fundamental concepts discussed in this chapter.

4.1 Effects of Climate Change on Geotechnical
Infrastructure

Historical data as well as projected trends indicate an increase in the frequency and
intensity of climatic extreme events related to temperature [126]. Current models
indicate temperature increases of 2–4 °C across the United States by the end of the
century with prolonged periods of warm spells [58, 165]. Even historical observa-
tions indicate substantial increases in warm spells, short-term heatwaves, and con-
current drought and heat waves [76, 158, 224]. Dry and warm spells are coupled and
have feedbacks on each other through land-surface processes [221]. Dry spells can
potentially trigger or intensify droughts and below average precipitation can increase
the likelihood of heatwaves. Recent examples of such droughts, partly attributed to
anthropogenic activities, have occurred in Australia, Europe, Texas, Oklahoma, and
California [5, 221, 254].

While several large-scale studies have been conducted to evaluate various aspects
of climate change, there is a clear gap in the state of our knowledge in terms of assess-
ing the resilience of geotechnical infrastructure (natural and engineered) to extreme
events (e.g., drought, extreme precipitation, etc.) under a changing climate [64, 90,
133, 249, 257, 259]. While progress has been made in understanding the unsatu-
rated soil behavior, the impacts of concurrent changes in degree of saturation and
temperature, especially for relatively dry soils, remain uncertain. Soil-atmospheric
interactions and extreme event patterns in a changing climate may affect both the
shear strength and compressibility of near-surface soils through changes in degree
of saturation and desiccation, but may also affect the loading on geostructures due to
changes in the water table and infiltration [43, 133, 201, 251, 254, 255, 259]. Drought
can weaken near-surface soil through desiccation cracking, heat-induced softening,
erosion, and subsidence, and soil organic carbon decomposition. Previous cases of
drought occurrence have demonstrated that many of the described processes can
result in the weakening of earthen structures. The Australian Millennium drought
provided examples including slump failure of riverbanks and extensive desiccation
cracking [201]. A schematic depiction of potential drought-induced weakening pro-
cesses in an earthen levee is shown in Fig. 9.

In addition to weakening and cracking, drought conditions may also increase
the rate of land subsidence and organic carbon decomposition [201]. For example,
California’s Delta region has been historically undergoing land subsidence due to
microbial oxidation and compaction of organic-rich soils resulting from extreme
temperatures and groundwater extraction [41, 173]. The rate of subsidence in the
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Fig. 9 Potential drought-induced weakening processes in an earthen levee (from [201] with per-
mission from ASCE)

region, however, significantly increased during the recent protracted drought in Cal-
ifornia, reaching a record-setting rate of around 5 cm per month in some locations
during 2014 and 2015 [89]. Land subsidence may occur due to increased ground
water consumption and rate of evapotranspiration during drought conditions. Subsi-
dence occurs as previously saturated soils dry out allowing the soil to collapse and
fill void space. This behavior is worsened by the decomposition of organic soil that
becomes exposed to oxygen under dry conditions [201]. The rate of decomposition is
heavily affected by temperature and moisture content with hot dry conditions yield-
ing rapid loss of organic carbon [72]. Drought-accelerated land subsidence can lower
the height of levees increasing the risk of overtopping.

Further, it is prudent to consider amulti-hazard scenariowhen assessing the effects
of drought on earthen structures. It is almost inevitable that drought is superimposed
or followed by other climatic conditions, such as severe flooding, storm surges, high
temperatures, sea level rise, and extreme rainfall events, which can further threaten
the structural integrity of earthen structures [254]. One recent example is California,
where an extremelywet year in 2017was superimposed on a record-setting protracted
drought, arguably contributing to several damages to earthen structures and slopes
[255]. Because of the crack systems developed during a drought, the soil is exposed
to rapid infiltration and pore pressure increases, which may cause the soil to reach its
limit state [201, 259]. Flow through these cracks can also lead to internal and external
erosion [259]. Some types of earthen slopes have also been noted to fail more easily
due to the onset of rapid pressure changes and surface erosion due to overland flow



302 J. S. McCartney et al.

caused by heavy precipitation [202]. The development of piping systems due to high
pore pressures due to flooding and sea level rise can also be exacerbated by these
crack systems.

4.2 Elevated Temperatures in Landfills

Leachate, gas, and heat are the three most common byproducts of organic waste
decomposition in landfills. Landfill monitoring has shown that temperatures in
municipal solid waste (MSW) landfills are usually within the mesophilic range of 38
to 54 °C [269].As a result,most research on landfills, e.g., desiccation of geosynthetic
clay liners and cover systems, service life of geomembranes, thermal-chemical-
biological modeling, waste mechanics and shear strength, contaminant transport,
and in situ monitoring, are focused primarily on temperatures below 65 °C. Recent
landfill case studies indicate that extremely high temperatures (above 100 °C) can
develop and negatively impact the behavior and performance of waste containment
systems. This section provides a summary of current research in elevated temperature
landfill engineering and identifies pressing challenges for future research in thermal
geotechnics.

Elevated temperatures have been documented in MSW landfills, construction
demolition debris landfills, industrial waste fills, and sanitary dumps. Several factors
can lead to elevated landfill temperatures (i.e., exceeding 65 °C), including aero-
bic decomposition, partially extinguished surface fires, exothermic chemical reac-
tions, spontaneous combustion, and smoldering/pyrolysis. For example, the ampho-
teric reaction of aluminum dross with water produces hydrogen gas and heat [45].
Observed temperatures ofMSW landfills undergoing aluminum reactions range from
88 to 110 °C [128, 130, 233]. However, a more commonmechanism causing elevated
temperatures is the introduction of ambient air into a landfill during gas collection
and control operations, thus increasingwaste temperatures to 80 °C. The introduction
of oxygen in the waste mass and accumulation of heat via aerobic biodegradation or
another exothermic process, provides the necessary conditions to initiate and sustain
subsurface smoldering of MSW [156]. Smoldering processes have been documented
to persist within a solid waste landfill between 100 and 120 °C [85]. In other cases,
smoldering temperatures observed inMSW landfills have ranged from 200 to 300 °C
and as high as 700 °C [205].

Techniques, such as gas wellhead monitoring, geophysical methods, infrared
imagery, and surface elevations, are used to detect elevated temperatures [156]. Jafari
et al. [131, 132] shows the initiation and expansion of elevated temperature results in
a sequence of indicators that delineates the location, boundary, andmovement. These
indicators follow the systematic progression: (1) changes in landfill gas composition
(decreasing ratio of CH4 to CO2 and elevated carbonmonoxide and hydrogen levels);
(2) increased odors; (3) elevated waste and gas temperatures, e.g., wellhead temper-
atures greater than 55–90 °C; (4) elevated gas and leachate pressures that cause
leachate outbreaks; (5) increased leachate volume and migration; (6) possible slope
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movement; and (7) unusual and rapid settlement. Although the global behavior and
indicators of elevated temperature events have been defined, fundamental research
questions relating to thermal geotechnics remain. The pressing challenges are devel-
oping numerical models that can capture the progression of indicators (specifically,
landfill slope instability and settlement), evaluating the efficacy of heat extraction
for renewable energy and containment of elevated temperatures, and development
and performance of novel engineered barriers.

Slope instability and movement have occurred at landfills with elevated tempera-
tures, gas, and leachate pressures [108, 127, 233]. The failure described by Stark et al.
[233] resulted in over 6 m of displacement and waste being located outside of the
permitted landfill boundary. In general, slope movement is preceded and accompa-
nied by forceful gas and leachate outbreaks.Mechanisms for slope instability usually
include elevated gas pressures, perched leachate surfaces, and/or reducedMSWshear
strength [232]. For example, the interconnecting plastics and other reinforcing mate-
rials that contribute to the high shear strength of fresh MSW are mostly consumed,
degraded, burnt, and/or decomposed at elevated temperatures.

The energy balance inside a landfill subjected to elevated temperatures, slope
movement, and settlement is shown in Fig. 10. In this schematic, heat is generated by
three processes: (1) aerobic decomposition caused by air intrusion into thewastemass
from cracks in the soil cover or damaged wellheads; (2) anaerobic decomposition of
organic matter by methanogenesis; and (3) exothermic reactions of MSW. Several
mechanisms are shown to result in heat loss in the system, but the gas collection and
leachate removal systems are likely the most influential. The schematic also shows
the possible thermal energy transfer due to elevated temperatures. Heat generated
in the exothermic reaction front can induce a thermal gradient inside the landfill.
This heat also drives moisture away from MSW (see blue arrows in gas and heating
fronts in Fig. 10) and thermally degrades the waste via pyrolysis/smoldering, which
produces large quantities of gas (CO2, H2, and CO) and results in excessive and rapid
settlement beneath the exothermic reaction front and residual material zone. Due to
the elevated leachate and gas pressures, the propagation of exothermic processes
is leading to slope instability and settlement via heat transfer (conduction, phase
change, convection), movement of leachate and gas from hotter regions to cooler
areas near the side slopes and surface, and changes in biological and chemical nature
of waste.

Some studies, such as Nastev et al. [179] and El-Fadel et al. [82], have developed
numerical models to capture generation and transport of gas and heat in landfills.
To date, numerical models that capture the heat and gas generation from exothermic
reactions, settlement and slope movement, fluid (gas, steam, leachate) flow, and gas-
leachate contaminant transport at elevated temperatures has not been investigated,
and hence is a pressing challenge for future research. Another challenge is measuring
the properties of waste required for input in the numerical models. These inputs
include thermal, compressibility and permeability relationships, shear strength, gas
production potential, and leachate generation.
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Fig. 10 Schematic of an elevated temperature landfill showing heat transfer mechanisms (from
[131] with permission from Elsevier)

Another challenge is isolating and containing elevated temperatures from normal
operating areas. In recent cases, landfill owners, design engineers, and environmen-
tal regulators have lacked proven containment alternatives, such as vertical barrier
walls, ground source heat pumps, and injection of coolants, to isolate and contain
heating events. For example, a U-tube heat exchanger system has been installed at
a facility to isolate/contain an elevated temperature event. Future research should
investigate the design of ground source heat pumps to extract heat from elevated
temperature landfills, which otherwise escapes from the gas collection system, for
energy applications [67].

Sustained elevated temperatures can degrade and compromise gas extraction,
leachate collection, and barrier systems. For example, Jafari et al. [129] evaluate
the time-dependent antioxidant depletion and stress cracking to predict high-density
polyethylene (HDPE) geomembrane service life. Using time-temperature history of
a liner system, they conclude that HDPEgeomembrane service life can decrease from
several hundred years to less than a decade.As a result, there is a need to develop novel
barrier systems for industrial waste leachates, elevated temperatures, and hazardous
air pollutants. In particular, future research on novel barriers should investigate the
mechanisms of contaminant migration, changes in mechanical properties, bentonite
desiccation, polymer chemistry, and degradation.
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5 Conclusions

This chapter summarizes the fundamental issues related to the thermal behavior of
saturated and unsaturated soils and rocks that may be encountered in geotechnical
engineering applications. Amajor emphasis of this chapter is on the need to consider
coupled multi-physical processes that occur in nonisothermal conditions in soils.
Heat transfer and water flow processes in soils are closely coupled with changes in
degree of saturation and stress state, which may lead to changes in volume which
further alter the properties that govern heat transfer and water flow. Changes in the
apparent preconsolidation stress and effective stress in saturated and unsaturated soils
may have significant effects on the mechanical response of soils, and the interplay
between softening mechanisms associated with heating of soils that lead to reduc-
tions in preconsolidation stress with other hardening mechanisms associated with
unsaturated soil conditions and mechanical loading that lead to increases in apparent
preconsolidation stress need to be carefully considered in future studies. Identifying
the underlying mechanisms behind changes in apparent preconsolidation stress with
temperature and suction may help better explain thermal volume changes, and may
help identify if creep or collapse mechanisms should be used to simulate thermal
volume change behavior.

There are also other key issues that have not received significant attention and
need collaborative research efforts to solve. These include physical modeling or field
observation for model validation, evaluation of cyclic heating and cooling or wet-
ting and drying effects, including consideration of creep phenomena and underlying
mechanisms of thermal volume change, evaluation of coupled chemical effects with
both flow and mechanical processes, understanding of scale effects, including appli-
cation of pore scale processes to element scale to hydrological scales, study of climate
change phenomena that incorporate soil behavior, identification of appropriate hydro-
geological siting of energy storage systems and their effects on efficiency, evaluation
of soil/rock behavior under low temperatures and freeze/thaw cycles, and thermal
remediation of contaminated soils using elevated temperatures of 35–70 °C associ-
ated with geothermal heat exchanger operation (e.g., enhanced soil vapor extraction,
enhanced bioremediation with bio-augmentation). Future fundamental challenges
may be encountered when including biological and chemical effects in the cou-
pling relationships between heat transfer, water flow, and the mechanical response
of soils. Big-risk and big-payoff ideas in thermal energy geotechnics include solv-
ing key issues with enhanced geothermal systems, such as thermal shock, drilling
costs, sampling and field investigations. Others include mega-landfill issues that may
be encountered due to the fewer number of large landfills, environmental problems
associated with the recovery of gas hydrates, and issues with CO2 sequestration such
as cap rock integrity, cost limited conditions, and induced seismicity.
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1 Introduction

The National Academy of Engineering has identified fourteen Grand Challenges for
the 21stCentury.Of those, four directly involve rockmechanics and rock engineering:
Restore and Improve Urban Infrastructure, Provide Access to Clean Water, Develop
Carbon Sequestration Methods, and Engineer the Tools for Scientific Discovery. All
call for an improved understanding of the multi-physics phenomena involving rock
and all require a multi-disciplinary approach.

Rocks and rock masses are highly heterogeneous, with complex behavior that
it is not only stress and time dependent, but also, and this is most important, scale
dependent. It can be argued that the behavior at different scales is due to the “defects”
that exist in the rock. These defects can be found at the atomic scale, where atom
lattices may have irregularities; at the grain scale, where cracks are pervasive at the
grain contacts and inside crystals, and up to the regional or continental scale because
of different geological formations or due to discontinuities or faults that can range
from microns to hundreds of kilometers in size, e.g. the North Anatolian or the San
Andreas faults (see Fig. 1).

The complexities that the rock mechanics/geomechanics profession face are
many. Rocks are formed from many different minerals, each with different chemo-
mechanical properties, and defects (joints) that make the materials highly heteroge-
neous, anisotropic, and stress, time and scale dependent. The minerals in the rock
may weather with time under different environments, joints may propagate due to
subcritical crack growth or due to anthropogenic activities, which all change the
behavior of the rock mass. Rocks, at great depth, are subject to large temperature and
stress gradients and to different fluids such as formation fluids, oil, gas. Fluids in the
rock mass originate from either geological processes or anthropogenic interventions
such as carbon-dioxide sequestration or leakage from nuclear waste disposal. The
stresses in the rock as well as the fluid environment may be engineered, e.g. for oil
and gas extraction, for geothermal energy or for energy or waste storage including
carbon sequestration.

(a) Micron scale
(gypsum crystals)

(b) Meter scale (c) Kilometer scale
(slope in flysch) (fault in Turkey)

Fig. 1 Rock discontinuities at different scales



The Role of Rock Mechanics in the 21st Century 321

The challenges for rock mechanics and rock engineering in the 21st century stem
out of society’s continuous demand for improved levels of comfort and access to
sustainable, safe and renewable resources. Sustainability calls for safe and economic
technologies for waste disposal, CO2 sequestration and new sources of clean energy.
The science required to face these problems is inherently interdisciplinary, but not
yet available. Finding solutions for these questions is a great challenge but also a
great opportunity.

It is not possible to discuss in a single chapter the state of knowledge in rock
mechanics/geomechanics, nor the specific research needs for the entire subject.What
is done is focus on a few particular aspects that, in the authors’ opinions, limit further
developments in the field or are critical to societal demands. The topics chosen align
with the challenges identified in Chapter 1 “The Role of Geotechnics in Addressing
New World Problems”, and revolve around the following themes:

• Underground construction, geology and geotechnical risk
• Microstructure-enriched damage and healing rock mechanics
• Damage detection inside rock
• Coupled processes for energy extraction
• Sustainable recovery of subsurface energy resources.

The following sections address the themes and provide insights into fundamen-
tal aspects of rock behavior such as damage and healing across the micro-, macro-
and time-scales, coupled-processes to e.g., extract geothermal energy, as well as
into practical aspects such as the central role that rock mechanics plays on energy
resources, waste storage and anthropogenic effects associated to the utilization of the
underground space, the pressing need for volumetric imaging of the subsurface, and
on the interplay that exists between geology, design, construction and risk associated
through all the stages of the infrastructure process, from conception to implementa-
tion.

2 Underground Construction, Geology and Geotechnical
Risk

The underground construction industry has consistently provided the nation with
needed infrastructure, meeting schedule, cost and scope goals. Population growth
will continue, and so will the growth of our cities—but not always in predictable
ways. In the past, we have lived through urban migration and growth, followed by
suburbanization, and now perhaps the concept of the compact city describes how
our cities will change in the future. The compact city concept is intimately wedded
to increasing and intensive planned use of underground space, but engineers and
planners have challenges in preparing our old and new infrastructure for the future.

It is generally appreciated that the nation must invest in the rehabilitation of
existing infrastructure, but there continues to be a lack of political and public will to
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do so. The value of our underground infrastructure needs to be better communicated
to the US population. If our systems become increasingly unreliable, then it is likely
that more of the world’s leading industries will relocate to countries with more
reliable infrastructure.

Aswe create and usemore underground space, particularly in urban environments,
we may find ourselves working in ground conditions not experienced before. This
means that much of our conventional and current wisdom based on experience in
a city may not be applicable. For example, we anticipate increased use of deeper
underground space for many purposes. Higher ground stresses and water pressures
will likely be encountered, and soil and rock behaviormay becomemore problematic.
As newneeds for underground space are identified, owners and the publicwill request
larger andmore complex 3-D complex geometry for underground space applications.
This may require advanced design concepts for long-term performance and stability.
And as our coastal cities grow, more of the new infrastructure must be placed into
more challenging ground for which risks and costs may be higher. This may require
new approaches to ground improvement and displacement control.

The infrastructure can no longer be considered as isolated systems. Our infrastruc-
ture networks are developing emergent interdependencies that affect system perfor-
mance, reliability and expected life. More of our systems are becoming diversified
with gridded, distributed and local components not necessarily working together
seamlessly, and this threatens to lead to a loss in robustness and resilience of service
delivery at a time when the population is growing increasingly risk averse. We must
make our systems smarter and able to self-detect problems. We must also commit
to developing an IIM (Infrastructure Information Model) for all major cities, analo-
gous to a Building InformationModel (BIM) increasingly used for high-rise building
design and construction management. The functions of a city must be preserved, and
advanced sensing and spatial and temporal registration and tracking of all facilities
and functions will elevate our infrastructure to the reliable and resilient systems our
society needs [84].

Significant impacts from extreme events, including climate change, earthquakes,
tsunamis, floods, storms—are arguably becoming more frequent and costly. Our
future global cities must support the population both through disasters and for daily
living, perhaps analogous to the human body’s resistance and resilience to a high-
grade fever and also to manage a low-grade infection. With the growth of population
and megacities, our society deserves and demands integrated planning for improved
space utilization. The scale and definition of geologic variation are as important as
political boundaries. Engineers and planners must realize that:

• Urban growth will extend infrastructure into deeper and more fragile and chal-
lenging geologic environments

• Sustainability, terrorism and security drive new constraints for retrofit and new
infrastructure system design

• The experienced intensity, impact and frequency of extreme events have been and
are expected to continue to increase (data shown in Fig. 2 for weather-related
losses).
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Fig. 2 Weather-related loss events worldwide 1980–2014. (green is overall losses and blue is
insured losses, all in 2014 values) [55]

In many cases, the design loads used by engineers at the time of construction of
our older infrastructure, may not be the loads we would use now. Our design and
professional codes have always incorporated factors of safety against failure by such
events, but the impacts of recent events have been more severe and complex with
interdependent responses. Engineering professionals, construction contractors, and
urban planners and managers must work together to identify new ways to retrofit and
bolster our infrastructure against extreme event impacts. Underground engineering
can be a part of effective design and solution of problems. Therefore, the underground
is an important resource to enhance urban resilience, as is summarized in Table 1.

2.1 Reduction of Costs and Risks

Beyond the need for infrastructure services is the need to manage the budget. It
is notable that infrastructure costs for construction and rehabilitation have only
increased in recent time. Innovations are needed to reduce costs and support sched-
ule reliability, and best decisions on investments can only be made with increased
use of Life Cycle Engineering (LCE) which requires databases that by-and-large
do not exist. With increased use of LCE, performance metrics can be established
for integrated surface and underground infrastructure planning and design, and to
support sustainable multi-hazard design and LCE trade-offs. This need may define a
new profession of urban stewards—engineers who design and construct holistically
integrating over x, y, z and time.

It is also imperative the physical facilities be made more durable, and the infras-
tructure performance be made more reliable. Cost increases are often driven by
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Table 1 Advantages and disadvantages for underground infrastructure and extreme event impacts

Type of event Advantages or mitigations Disadvantages or limitations

Earthquake Ground motions reduce
rapidly below surface

Fault displacements must be
accommodated

Well-built structures move
with the geologic material

Instability in weak materials
or poor construction

Hurricane, tornado Wind loadings have
minimal impact on fully
buried structures

Damage to shallow utilities
from toppling of surface
structures such as trees and
power lines

Flood, tsunami Ground provides protection
from surge and debris flow

Extensive restoration time
and cost if entrances are
flooded

Fire, blast Ground provides effective
protection, limit damage by
compartmentalization

Entrances and exposed
surfaces are weaknesses,
confined space risk

Radiation, chemical/biological
exposure/releases

Ground provides additional
protection

Appropriate ventilation
system protections required

Limited exposure with
compartmentalization

Confined space may
increase personnel risk

increased risks: Risk � Probability x Consequences (or Impact). For consequence
evaluation, we need to know the value of underground space. We need an improved
ability to quantify risks—including impacts and their probability of occurrence, as
well as a framework for evaluation of mitigation strategy and assignment of respon-
sibility. Once we better understand what problems drive risk increases, then we
can contemplate where is the will to pay. A majority of the risk associated with
underground infrastructure construction and performance is derived from the spatial
variability and uncertainty associated with geologic conditions, including soil rock
and water. Six areas of focus are discussed below:

• Risk avoidance
• New technologies and methods
• Better subsurface characterization
• Better management of water
• Risk awareness, assessment and management
• Risk communication and willingness to accept and share risk.

Risk Avoidance. Geologic conditions in the subsurface should be primarily man-
aged by invoking the concept of underground zoning which provides spatial thinking
and integrated planning to place above- and below-ground facilities in an optimized
geologic setting. In New York City and other cities, such a consideration leads to
vertical segregation of different infrastructure systems. However, much of the shal-
low infrastructure represents spatial chaos and project costs are strongly impacted
by the need to manage the mayhem of aged near-surface systems.
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The Japanese experience is a bit different. The2001DeepUndergroundUtilization
Law established that land ownership rights in populated areas (e.g., Tokyo, Osaka)
only extend to 40 m below ground, or 10 m below a deep foundation. In the case of
public use of the underground space, no compensation to the land owner is required.
The first projects using the law have included underground water mains in Kobe, and
the Tokyo Gaikan Expressway.

New Technologies and Methods. In many areas of research, the pipeline from
fundamental research to application has been thwarted. It is imperative that indus-
try and owners commit to partner with universities to develop new technologies
and methods, including new ways to excavate and support underground openings.
The underground industry has many methods that can be applied including Tunnel
Boring Machines (TBMs) and shields, and the newer slurry, earth pressure balance
and hybrid pressure-face equipment, but more developments are needed to decrease
costs, and improve safety (e.g., avoid hyperbaric cutter replacements and other inter-
ventions). The seemingly inexorable trend is for larger and larger diameters, and this
by itself drives up project costs and expands project schedule.

In addition, it is important to incentivize the application of new technologies.
For example, ground improvement techniques have come a long way in the past
30 years, and it is important that advances continue, and that techniques of ground
improvement be proactively implemented before a project is started to change and
remove identified geologic risks, rather than respond to the risks as encountered.
Such postures often result in changed condition claims, litigation, increased costs
and delays.

Many of our infrastructure projects are designed for low first cost and to com-
ply with right-of-way limitations. Such systems are not necessarily designed for
long-term sustainability and maintainability. Engineers must seek new materials and
technologies to enhance performance and durability of our infrastructure systems,
new and old. In addition, new technologies must not be just implemented—they
must be assessed for short and long-term performance. Sober assessment of perfor-
mance is very often forgotten in the cycle of innovation we seek for the underground
industries.

Safety in the underground during construction and operation continues as a con-
cern, and incident rates for heavy construction are considerably higher than for min-
ing projects. Safety innovations continue to be needed, and include personal protec-
tive equipment during construction and also fire and explosion incident management,
particularly when the public are involved in response.

Spatial and temporal variations in subsurface materials and conditions continue
to be a risk, and a new look at integrating geophysical and remote sensing meth-
ods is warranted. Engineers should also rethink materials and methods in use. For
example, development of new concrete, grout and shotcrete materials for applica-
tion in the underground are needed, and engineers and contractors should revisit and
dramatically improve our “old” or “conventional” technologies such as drill/blast
operations.

Better subsurface characterization. Knowledge of the underground conditions has
been improving over past decades, but the combination of continuing sore points and
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arising new difficulties must be considered in planning. Inmany urban environments,
previous underground works have demonstrated spatial and material property distri-
butions to be expected, so our conventional site investigations should be confirmatory
rather than exploratory.

But some geologic issues continue without full resolutions, as a low-grade infec-
tion on the industry. Examples include the following:

• Shallow cover, varying depth to rock
• Ground movements, subsidence
• Consolidation settlements
• Weathered rock and rock mass (including karst)
• Rock mass structure and variability
• Time dependency in materials behavior
• Muck abrasiveness and stickiness
• Aggregate reactions and concrete durability.

Geological and Geotechnical Engineers still wrestle with scale effects as well,
extrapolating from laboratory behavior to full scale in the field. Many rock mass
rating systems have been developed—too many. On a large number of projects,
ratings applications have been uninformed and inconsistent, and there have been only
limited attempts to validate their inference, or the use of a large number of empirical
correlations. This observation also can be applied to the plethora of computational
models available for subsurface design. We must make opportunities to validate
design assumptions and performance prediction.

More urban infrastructure will necessarily be placed deeper, and the in situ stress
state will likely becomemore important on more projects. Estimation of in situ stress
is not easy without a clear geologic framework for interpretation, and most stress
assessments aremade as pointmeasurements (interpretation of deformationmeasure-
ments at a point). This can only be addressed by obtaining a better understanding
of the spatial variability of rock mass structured which introduces uncertainty. The
variety of excavation shapes and dimensions can be expected to vary in the future,
with more gallery space rather than plane strain tunnels needed, making the predic-
tions of stress redistribution around an underground opening increasingly important.
We need to understand spatial and temporal variations that affect performance of
existing facilities for sustainable design and operations.

Geologic material failure and time-dependent response of geologic materials are
far more likely to be observed in an underground mine than in a civil works project.
Mining engineers develop a strong geologic perspective on risk that would benefit in
application to civil construction projects. Such a partnership or collaboration across
industries brings an enhanced potential for real spatial understanding of rock mass
and water inflow and pressures variability, and for better understanding of time
effects, presenting the possibility to develop sustainability performance information.
The two industries also have many environmental issues in common, as do they
have a mutually beneficial potential for application of automation, robotics, and
big data/information systems. This is the era of information: with an expansion in
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sensing and measurement capabilities, how should the entire site investigation and
construction process be re-thought, not to mention real-time data flows and their
importance to effective management for resilience of urban infrastructure systems.

Better management of water. The presence of water in the subsurface changes the
behavior of materials and strongly influences the long-term performance of under-
ground facilities. Full consideration of the influence of water includes knowledge
and understanding of volume, flow rate, quality, pressure, and changes over time.

Management of water is sometimes a matter of resource conservation, but envi-
ronmental (bio-geo-chemical) and construction impacts can be profound. During
construction, water management includes compressed air, and the use of pressure-
faced shields. Microtunneling and trenchless methods are very flexible and work
well for smaller diameter emplacements, which potentially can be efficiently and
economically reamed to larger diameters.

Water inflows can complicate the construction process, and even compromise the
capabilities of installed support. Some of the most active areas of new technology
implementation have been the introduction of waterproofing into tunnel linings.

Operational impacts of seepage and inflows are incredibly important since water
drives long term deterioration in the underground, and inflows can cause piping
and ground loss that affects structures nearby. The long-term performance of water-
proofing or drainage management technologies is not well known in most cases.
Assessment is needed.

Risk awareness, assessment and management. Many underground construction
projects now use the three-legged stool of a Disputes Review Board (DRB), require-
ment for bid documents to be escrowed, and the development of a Geotechnical
Baseline Report (GBR) as a part of the contract documents explicitly developed for
geologic risk management.

The GBR is thoughtfully written to present a geologic analysis of “geoprob-
lem event” frequency (temporally and spatially) to be assumed during a project. To
be done is the collection of project data to inform statistical probability and con-
sequences of encountering major geotechnically-driven stoppages in underground
excavations. The data and information needed include:

• Spatial frequency: km/event
• Typical event sources: excavation and equipment, ground control, water
• Temporal frequency: hours/event
• Response duration distribution
• Quality/performance of contractor.

Not everything about a specific project is “one-off”, and the framework of geologic
inference and analysis opens the prospect for real predictability of geotechnical event
with extreme impact on a project. And for this geologic effort, it is clear that mining
and civil industries can share geodata.

An increasing number of projects continue into the project with risk registries
which are living documents that characterize risks, assign responsibilities, and record
mitigation plans. What is not developed to date is a broad consensus as to the method
of risk analysis.
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Risk communicationandwillingness to accept and share risk. The commitment for
investment requires far more effective communication of the value of infrastructure
and of underground space. The value of the nation’s infrastructure may be estimated
in several ways, but totals on the order of $70–$100 trillion can be suggested for the
US. If this number is divided by the population of the US, the per capita investment
in infrastructure is on the order of $300,000, the price of a house in many areas.
This $300 K can be interpreted as a birthright for each person born in the US, a pre-
investment upon which the economic engine runs, the quality of life is assured, and
career potential of each individual is leveraged. Even as families reinvest in a house
to retain value, so must the nation reinvest in its infrastructure. This is an example
of a metric that can be meaningful to each citizen and politician.

3 Microstructure-Enriched Damage and Healing Rock
Mechanics

Plasticity models and failure envelopes have been used in Earth Sciences and Rock
Engineering for decades, with little emphasis on the scales and orientations of discon-
tinuities that affect rock macroscopic properties. While thermodynamic equations of
crack propagation and rebonding are formulated at the crystal scale, homogeniza-
tion schemes are based on strong assumptions on microstructure topology. The gap
between microscopic and macroscopic rock damage models makes it infeasible to
uniquely characterize the pore- and crack- scale mechanisms that control deforma-
tion and flow regimes, predict percolation thresholds coupled to changes of rock
stiffness, or relate crack rebonding time to stiffness and permeability healing time.
A theory that couples rock microstructure descriptors (e.g. pore and crack sizes) and
macroscopic thermodynamic variables (e.g. deformation and damage) is presented.
Model predictions can be used to recommend the conditions of moisture and temper-
ature necessary to minimize damage and/or enhance healing in rocks and to design
safe and sustainable geological storage systems. In addition to preventing subsi-
dence, borehole instabilities and contaminant leakage, the proposed models will be
applicable for predicting fault rupture during earthquakes, improving manufacturing
methods and designing sustainable materials.

3.1 Continuum Damage and Healing Mechanics

Crack opening. Continuum Damage Mechanics (CDM) provides an efficient frame-
work to predict deformation and stiffness changes (including anisotropy) from purely
energetic considerations [65, 68]. However, most damage models proposed for
porous rocks were designed for saturated geomaterials and restricted the damage
criterion to mechanical tensile loads. Very few studies include an anisotropic dam-
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aged permeability model [75]. Almost all models proposed for unsaturated porous
media resort to Bishop’s effective stress concept, i.e. the extension of Terzaghi’s
effective stress to unsaturated media, e.g., [14], which partially uncouples damage
evolution and poromechanical phenomena. Alternatively, Arson and Gatmiri [3] for-
mulated an orthotropic thermo-hydro-mechanical damage model, using independent
strain state variables. Rate-independent CDM models are based on a minimum of
two postulates [24]: the expression of the free energy, a damage criterion, plus a
dissipation potential if dissipative flow rules are non-associated (Table 2).

Crack Closure. The rotation of the principal base of damage induced by crack clo-
sure makes classical CDM frameworks inconsistent [20]. Most models proposed for
mechanical crack closure are either isotropic, or restricted to mode I fracture propa-
gation, e.g., [87]. An exception is the model proposed by [49] for cohesive materials,
which accounts for the recovery of the shear modulus due to friction. Bargellini
et al. [8] proposed an original (but complex) discrete formulation, in which crack
displacements are projected on a set of basic tensors of various orders. Crack opening
is sometimes assumed to generate irreversible deformation due to geometric incom-
patibilities at the faces of the cracks that close. It is possible to introduce a damage-
induced irreversible component to the deformation tensor, without having to resort
to any additional plasticity potential. However, this kind of formulation often falls
short when the material response is very different in tension and compression, like in
rocks [116]. Moreover, damage and total deformation must be considered as thermo-
dynamically independent,which leads to thermodynamic inconsistencies.As a result,
the ambivalent definition of damage used to account for both stiffness degradation
and irreversible deformation requires formulating CDM models in terms of general
stress variables. Even so, using only one dissipation potential in the formulation
makes it challenging to express the lumped damage potential and the corresponding

Table 2 Main postulates needed to formulate a rate-independent CDM model

Postulate Constitutive relationship

Solid skeleton free energy �s(ε,D,X) σ � ∂Ψs(ε,D,X)
∂ε

, Y � ∂ �s(ε,D,X)
∂D , R � ∂ �s(ε,D,X)

∂X

Damage criterion fd (σ,Y,X) (∗∗)Ḋ � λ̇d
∂fd (σ,Y,X(D,εid))

σY ,

ε̇id � λ̇d
∂fd (σ,Y,X(D,εid))

∂σ

Damage potential gd (σ,Y,X) Ḋ � λ̇d
∂gd (σ,Y,X(D,εid))

σY , ε̇id � λ̇d
∂gd (σ,Y,X(D,εid))

∂σ
,

Ṙid � λ̇d
∂gd (σ,Y,X(D,εid))

∂X

ε deformation tensor
σ : stress tensor
D: damage tensor
Y: damage-driving force;
X: tensor lumping hardening variables
R: thermodynamic “force”, work-conjugate to the hardening tensor X
εid: irreversible deformation induced by damage
Often, (D, εid) are hardening variables
λd : damage multiplier
(**) If associate flow rules
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Fig. 3 Simulation of a stress path including a tensile loading (OB), followed by unloading and
compression (BE), a heating phase that triggers Diffusive Mass Transfer (DMT) and healing (EF),
cooling (FE) and reloading (EH). Stress/strain curves (a) and average crack lateral crack radii (b) for
different heating temperatures. Modified after [119]

damage-driving forces, which become anyway non-physical. It is anticipated that
a truly hyper-elastic framework could overcome the shortcomings of CDM models
currently available to capture irreversible damage-induced deformation [2].

Crack rebonding. At the scale of a Representative Elementary Volume (REV),
measurements of porosity and permeability can be used to assess clogging due
to precipitation, but only loading and unloading cycles can provide a measure of
potential stiffness recovery by crack rebonding [36]. Recent developments in poly-
mer sciences explain interactions involved in complex chemical chains by modeling
molecular movements as crawlingmechanisms [115]. The concept of healing byDif-
fusive Mass Transfer (DMT) was initially introduced to model atomic interactions
in cracked glass [114], and refers to crack rebonding by the migration of ions in the
lattice forming the solid mass. Numerous studies were conducted at the microscopic
scale on halite because this natural geomaterial can heal even in the absence of impu-
rities [98, 102]. Phenomenological healingmodels proposed for salt rock assume that
both crack opening and closure are time-dependent, which makes it possible to rep-
resent cracking and healing effects by a viscoplastic dilatant deformation [56]. Some
authors combined rate- dependent or rate-independent damage and healing variables
[79]. Most damage and healing models are formulated with a “net damage” variable
defined as the difference between the CDM damage variable and a healing variable
[1]. Figure 3, taken from Zhu and Arson [119], shows an example of salt rock model
in which the net damage is alternatively defined as a second-order equivalent crack
density tensor, which represents the volume of open cracks, determined by statistical
analyses of images taken during a creep test.

The model predicts that in tension, the sample behaves elastically (OA) before
horizontal cracks start to open (AB). During the unloading phase, the slope of the
stress/strain curve is less steep than during the initial elastic loading phase and the
value of damage components remain constant (BC). Unilateral effects are then noted
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during the compression phase (DE); internal compressive stress develops due to the
restrained thermal expansion of the sample during the creep phase at high temperature
(EF), and partial mechanical recovery is achieved after the healing phase (FG1).
Additional damage is produced after recovery (G1H)when the new damage threshold
is reached (larger than the initial threshold but smaller than the threshold obtained
after the tension phase). The proposed modeling strategy is ad hoc to model stiffness
changes induced by crack opening, closure and healing. However, the expression of
the net damage depends onopen crack volumes estimated from2D images.Moreover,
simplifying crack shape assumptions were made to distinguish closed and rebonded
cracks. Fabric enrichment can circumvent these limitations.

3.2 Homogenization Schemes

Micro-mechanics and microplanes. Micromechanics-based damage models [91]
assume that the REV is populatedwith a distribution of cracks characterized by a spe-
cific shape (e.g., penny-shaped), with a tractable density. These geometric hypotheses
lead to an explicit expression of the strain concentration tensor and of the free energy
of the rock-solid skeleton. For puremode I cracking, the only damage variable needed
to express the energy dissipation associated to the degradation of elastic moduli is
the second-order crack density tensor [61], which is a particular form of Oda’s fabric
tensor, commonly used in structural geology [85]. Mixed crack propagation modes
(inducing a non-zero tangential displacement at crack faces) require higher-order
damage tensors—of at least order four, e.g., [19]. Increasing the order of the damage
tensor improves the compliance of the model to symmetry properties required for
the elasticity tensor [72]. In microplane models, e.g., [10], a kinematic constraint is
applied to projections of strains on the crack planes. The principle of virtual work
is applied on a discrete set of crack plane orientations, which are assigned weights
to satisfy macroscopic energy balance equations at the scale of the unit sphere.
Bazant’s [12] discrete scheme with a 2 × 21 microplane distribution provides sat-
isfactory accuracy at reasonable computation cost. A detailed discussion about the
performance of numerical integration schemes is discussed in Levasseur et al. [69].
In themicroplane theory, anisotropy stems from complexmicroplane orientation dis-
tributions and from the use of different evolution criteria for different microplanes
orientations.

Homogenization and upscaling. Homogenization schemes were proposed to
upscale microscopic gliding mechanisms in granular [6] and polycrystalline [80]
media. For instance, in salt polycrystals, plastic and viscous deformation result from
several fundamental mechanisms, e.g., dislocation glide, dislocation climb, polyg-
onalization, inter-granular slip, dissolution-precipitation. Under stress and tempera-
ture typical of storage conditions, dislocation glide is the predominant mechanism
that contributes to macroscopic salt rock deformation [98]. Pouya et al. [89] used the
Hill’s incremental interaction model to upscale viscous gliding mechanisms formu-
lated at the crystal scale and to predict the viscous behavior of polycrystalline salt.
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Fig. 4 Macroscopic deformation (a, b) and major principal micro-stresses (c, d) during creep tests
(a, c) and a cyclic loading test (b, d). The micro-stress maps show the stress components in the
radial (horizontal axis) and axial (vertical axis) directions. Each of the 200 dots represents the stress
in one of the 200 crystals included in the REV. All salt crystals have a different crystallographic
orientation, and are thus subject to a different gliding mechanism. Visco-plastic strains that result
from glide induce local stress concentrations. When the local major principal stress exceeds salt
tensile strength (2 MPa), the crystal is assumed to break and its stress vanishes. Crystal breakage
correlates with the initiation of tertiary creep (a, c). For cyclic loading, the self-consistent approach
predicts higher damage at lower frequency, which is consistent with in situ observations. Modified
after [89]

Although some simplifying assumptions were made in the micro- macro-approach,
the model provides micro-mechanical interpretations to important aspects of salt
rock viscoplastic and fatigue behavior, such as strain hardening, creep recovery, as
well as damage and accelerated creep due to grain breakage (Fig. 4a, c). Moreover,
incremental viscoplastic strains decreased over the cycles, in agreement with the
phenomenon of “shakedown” observed in elasto-plastic media; see Fig. 4b, d.

A review of incremental, secant, tangent, affine and variational formulations may
be found in [76, 80]. Homogenization schemes allow computing poro-mechanical
properties of rock subject to Thermo-Hydro-Chemo-Mechanical (THCM) processes
[111]. However, increasing the number of physical processes (e.g., pore-throat suc-
tion, DMT) multiplies the number of scales of observation needed. Moreover, crack
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Fig. 5 Propagation of a mode II fracture (CZM)within its damage zone (CDMFEs). aDimensions
and boundary conditions. c Fracture and damage zone evolution. 	22 is the damage component
that refers to horizontal micro-cracks. Under a confining pressure of 5 MPa, the fracture propagates
steadilywithin the damaged zone,while under a confining pressure of 25MPa, the facture propagates
in ‘stick-slip’ mode. b In both cases, more energy is dissipated by micro-crack propagation than by
macro-fracture advancement. Modified after [60]

coalescence poses the problem of separation of scale, due to statistical homogeneity
requirements. The emergence of macroscopic cracks as a result of the coalescence of
micro-cracks can alternatively be predicted by coupling a CDM model to a discrete
fracture mechanics model. Figure 5, extracted from Jin et al. [60] shows an example
in mode II: when the continuum damage variable exceeds a critical value in a Finite
Element (FE), the neighboring Cohesive Zone (CZ) opens, energy in the FE dissi-
pates, and stress relaxes around the CZ. Coupling CDM and Cohesive Zone Models
(CZMs) or other discrete fracture models is a very active research area.

3.3 Microstructure Enrichment

Microstructure-based permeability models. Several relationships were established
between permeability and microstructure, including: Models based on Kozeny-
Carman formulas, initially derived to model fluid flow in a bundle of parallel pipes
and modified to account for tortuosity, e.g., [93]; Statistical flow networks mod-
els [47] which involve the probability density functions (pdfs) of the dimensions,
aspect ratios and orientations of geometric elements of the network (e.g., tubular
capillaries, penny-shaped cracks, ellipsoidal pores); Fractal network models [109];
and Mechanical homogenization schemes adapted to fluid flow [31]. Although non-
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uniform pore arrangement produces hysteresis in retention curves [92], most models
that relate capillary pressure to pore size [110] assume that the pore network is a
bundle of pipes of constant cross section, which are entirely filled with either wet-
ting or non-wetting fluid. Several models were proposed to predict emergent porosity
modes and consequent permeability changes upon damage propagation [4, 94] and to
model fracture propagation in a thermo-poro-elastic rock [28]. However, in contin-
uum mechanics, crack coalescence can only be accounted for if a sufficient number
of groups of connected cracks are contained in the REV. In the percolation theory
[103], a characteristic flow path length is postulated, and transitions in flow regimes
can only be predicted if the probability of fluid saturation is known for each pore or
crack.

Non-local damage models. Internal lengths are used to scale the influence of
a variable defined at x on a point located at x + dx. In differential formulations,
local field variables are developed in Taylor series [27]. In integral formulations
[10], space averages are weighted by attenuation functions. Enriched continuum
models have additional degrees of freedom formicroscopic translations and rotations
[40, 41]. Microstructure- and gradient-enriched formulations involve non-physical
variables (e.g., third-order tensors), which raises a number of issues for numerical
implementation [118]. Non-localmodels are used to regularize localization problems
often encountered in damage and plasticitymodelswith softening [11]. Alternatively,
diffusion equations can be used for deformation and dissipation evolution laws: the
diffusion coefficient is inversely proportional to the square of an internal length
parameter (e.g., percolation distance for DMT). However, the use of a diffusive
creep law for brittle-elastic solids can lead to thermodynamic inconsistencies [108].

Fabric tensors. A direct relationship can be established between fabric tensors and
rock stiffness tensor [26]. According to Oda [85], the fabric tensor Fij is expressed
as:

Fij �
∫

	

ninjE(	)d 	 (i, j � 1, 2, 3) (1)

where n1, n2, n3 are projections of a unit vector n on the Cartesian reference coordi-
nates;Ω is thewhole solid angle corresponding to a unit sphere, and equals 4π;E(Ω)
is a pdf. The key is to choose pdfs with relevant microstructure descriptors to capture
damage and healing processes. As shown in Fig. 6, taken from Shen et al., [100],
macroscopic deformation and stiffness changes in salt rock correlate to changes of
the fabric tensors of grain orientation (G), branch orientation (B), local solid volume
fraction (L; the solid volume fraction over a polygon with edges matching grains
centroids) and grain solidity (S; the ratio of grain area over the area of the grain’s
circumscribed circle).

The ‘total’ fabric tensor H is defined as:

Hi � γGiBiLiSi (2)
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(a) (b) (c) (d)

Fig. 6 Dry reagent-grade granular salt samples subjected to a uniaxial compression under 150 °C
at 0.034 mm/s. Microstructure images at (a) 15% and (b) 6% porosity (white area: salt grains,
black area: voids, red lines: branches linking the centers of two grains in contact). Evolution of the
pdfs of (c) grain orientation and (d) local porosity for 15, 10, 6 and 3% total macroscopic porosity.
Modified after [100]

where γ is a normalizing coefficient. The second-rank fabric tensor H can be written
as kI + K. k is a scalar, and K is a traceless second-rank tensor. According to Zysset
[121], the expressions of the free energy as functions of k, K and the strain E, are
given as:

ψ(E, k,K) �a1I ⊗ I + a2I⊗̄− I + a3K ⊗ K + a4

(
K⊗̄− I + I⊗̄− K

)

+ a5K
2 ⊗ K2 + a6K⊗̄− K + a7(I ⊗ K + K ⊗ I)

+ a8
(
K ⊗ K2 + K2 ⊗ K

)
+ a9

(
I ⊗ K2 + K2 ⊗ I

)
(3)

Rockmicrostructure andmineral composition can be determined in the laboratory
and thermodynamic models can be established to explain healing at the mineral
scale, e.g., [57]. That is why fabric-enrichment is particularly appealing to model the
macroscopic effects of crack propagation and rebonding in rocks.

4 Damage Detection Inside Rock

The mechanical and hydraulic properties of rocks are often controlled by the discon-
tinuities or joints present in the rock mass. The importance of fracturing is attested
by the large body of work geared at understanding the problem.Most of the research,
understandably, has been concerned with observable damage; that is, at the macro-
scopic scale. Observations in the laboratory have relied on visual inspection using
optical magnification and high-speed cameras. Digital Image Correlation (DIC) is
an advanced experimental technique that has been utilized to observe the fracturing
process on the surface of specimens by measuring full-field displacements similar to
particle tracking in fluids. DIC has been used effectively for kinematic measurements
along discontinuities and fractures [70].While surface imaging techniques have been
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instrumental in the understanding of cracking phenomena at the macroscopic scale,
what is needed is a local or microscopic characterization of new cracks forming
inside brittle materials.

One of the problems that limits advancements in the field of rock mechanics is our
inability to scrutinize the interior of the material for the presence of damage and new
cracks, and to infer engineering properties of the cracks. Indeed, the state-of-the-art
still resides in the work done by Germanovich and his co-workers who observed
the initiation of internal cracks in Polymethyl Methacrylate, which is a transparent
material [32, 42].

Acoustic Emission (AE) is based on the idea that fracturing and crack propagation
produce elastic waves that are somewhat characteristic of the deformation process
[104]. AE has been successfully used to provide insights into deformation and dam-
age occurring in intact rocks [46, 74] and along existing discontinuities [95–97] or
associated with hydraulic fracturing [17, 50] and mining [113]; however, it is unclear
whetherAEevents are precursors to damageor the results of damage [83]. In addition,
it is uncertain whether AE can provide information about the engineering properties
or nature of the cracks, as both tensile and shear cracks produce acoustic events [18,
117]. Also, in experimental studies performed on granite samples undergoing fric-
tional sliding, the rate of emission events was nearly constant and did not increase
before slip. In other words, AE events may not be precursors to damage, but rather
the results of damage [21]. An alternative, or at least complementary technique to
the passive AE method, is active seismic monitoring.

Active seismic monitoring, in particular compressional and shear wave propa-
gation, has been used as a successful tool to locate discontinuities, assess the state
of the stress along discontinuities and provide information about their engineering
properties such as stiffness [23]. The seismic monitoring method includes an array of
piezoelectric transducers that transmit elastic waves in the form of ultrasonic pulses
through the rock to an array of receivers. Seismically, the fracture behaves as a low
pass filter and attenuates the high frequency components of the signal [90]. The
seismic monitoring method provides a continuous and non-destructive way to probe
the internal structure of the rock and the discontinuity, and has been proven to be
successful in detecting slip along pre-existing discontinuities [51], new cracks [81,
82], and impending shear failure of frictional joints [52].

The potential for active seismicmonitoring to illuminate the interior of a rockmass
was confirmed throughMode I fracture experiments. Three-point bending tests were
performed on Berea sandstone, a flat-bedded, light gray, medium- to fine-grained
protoquartzite cemented with silica and clay, with uniform grain distribution ranging
from 0.1 to 0.8 mm. A prismatic beam with a center notch length of 10 mm was
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Fig. 7 Three-point bending tests (a) specimen geometry and (b) testing of sandstone specimen

tested with a span of 118.65 mm, 125 mm long, 50.0 mm tall, and 21.0 mm thick;
see Fig. 7a. One surface was selected to place the speckle pattern for image analysis,
as shown in Fig. 7b.

An Instron loading machine was used to apply the load to the specimen using a
constant displacement rate of 0.03 mm/min. Crack initiation and propagation were
identified with the DIC system, which showed that, at the tip of the crack, the hori-
zontal displacement increased linearly at the early stages of loading, consistent with
elastic deformation. As additional load was applied, a loss of linearity occurred that
indicated damage to the specimen. As the axial load was increased to 86% of the
failure load, the process zone grew and large jumps in displacement were observed
farther from the tip of the crack. Because crack initiation is unstable in three-point
bending tests, the DIC observations can be viewed as indication of the development
of the process zone.

Two transducer pairs, one source (on the right side) and one receiver (on the
left side), were used to monitor the sample during loading; see Fig. 7a. Two tests
were used to determine the best type (P or S) of transducer to detect damage. The
transducers were attached to the surface of the specimens using epoxy. After the
transducers were placed, the load was increased at a constant displacement rate
until the specimen reached failure. Full waveform measurements were taken during
loading every 0.2 s. Figure 8 shows some of the waveforms recorded from the tests.
The arrival time of the signals (both P-wave and S-wave transducers, irrespective of
the polarization of the S-wave transducers) increased and the amplitude decreased
with loading.

Graphs of normalized arrival time and amplitude (normalized by their values at the
start of the test) as a function of load are shown in Fig. 9a, b, respectively. The arrival
time increased monotonically until failure, and thus it did not provide an indication
of damage to the specimen. However, the amplitude showed a distinct decrease at
the time of formation of the process zone or damage. The amplitude increased with
loading up to 1100 N where it reached a maximum, and then decreased until failure.
The maximum in amplitude correlated well with the observation of the process zone
based on DIC, which is indicated in the plots with a vertical dashed line. The three-
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(a) Transmitted 1S-1S (b) Transmitted 1P-1P

Fig. 8 Waveforms from three-point bending tests (a) amplitude of shear waves and (b) amplitude
of compressional waves

Fig. 9 Changes in arrival time and amplitude with load for P- and S-wave transducers, for three-
point bending tests

point bending tests showed that the transducers, when located close to the tip of
the notch, reached a maximum in amplitude during loading that was indicative of
the formation of the fracture process zone, and thus could be taken as precursors to
failure. In fact, the maximum in amplitude was consistently observed at 80% of the
failure load.

The ability of detecting the onset of damage in the three-point bending tests by
placing the transducers such that the path of the seismic wave intersected the area of
impending damage, was tested in uniaxial compression tests on limestone. Figure 10
is a photograph of the experiment setup. Specimens of Indiana limestonewith dimen-
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Fig. 10 Experiment setup on Indiana limestone

sions 203.2 mm height, 101.6 mm wide and 38.1 mm thick were loaded in uniaxial
compression, at a constant displacement rate of 0.04 mm/min. The specimens had
two parallel flaws cut through the thickness of the specimens, each 19.05 mm long.
Different flaw arrangements were chosen such that coalescence occurred through a
shear crack.

The displacements in the ROI (Fig. 10) were monitored using 2D-DIC imaging.
In addition, full waveform compressional, P, and shear, S, waves were recorded,
through transducers placed inside steel plates on the sides of the specimen, which
were held in place by springs.

Figure 11 plots select results for a specimen with two coplanar flaws inclined
at 45o with the horizontal, with a ligament length (distance between the internal
tips of the flaws) of 19.05 mm. Figure 11a plots the amplitude of the transmitted
waves of transducers 1P, 2P and 3S (polarized in the vertical direction) with load.
The amplitude is normalized by the amplitude of each transducer at the start of the
test. Transducer pair 1P-1P is located far from the flaws, to monitor the response
of the intact rock during the test; transducer pair 2P-2P aligns with the upper tip of
the top flaw to monitor crack initiation at this location, and pair 3S-3S goes through
the ligament area to monitor crack initiation at the inner tips and crack coalescence.
Figure 11b shows the cracks produced at the tips of the flaws and Fig. 11c the cracks
at coalescence.

Crack initiation was monitored by both the DIC and the transmitted amplitude
through the specimen. The plots of normalized amplitude in Fig. 11a indicate that the
tensile crack at the exterior tip of the top flawwas detected by transducers 2P, prior to
detectionwithDIC (see arrows in Fig. 11; T represents a tensile crack, S a shear crack,
and “wave” or “DIC” the method of detection). Note that no damage is detected by
pair 1P until coalescence, which is followed by unstable cracking, with the tensile
crack from the external tip of the upper flaw crossing at this moment the path of the
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Fig. 11 Crack detection using active seismic monitoring

transducer pair. Coalescence is easily distinguished in the plot of transmitted waves
from pair 3S by the abrupt loss of transmission due to the formation of the large,
open, shear crack.

Additional tests with different flaw arrangements showed similar results, in that
cracking can be detected using active seismic monitoring when the path of the crack
intersects the path of the seismic wave, which results in a change of the transmission
amplitude of the seismic wave [82].

5 Coupled Processes for Energy Extraction

Global challenges towards increase in sustainable and renewable energy extraction
and decrease in carbon dioxide production define new directions in fundamental
geotechnics research.Mechanical, hydromechanical, thermal and chemical processes
in rock mass are coupled across spatial and temporal scales. Hydraulic fracturing,
wellbore drilling, short and long-term fluid circulations, poro-elasticity and injec-
tions of carbon-dioxide gas in rock mass and saline aquifers are fundamentally not
well understood due to coupled processes. Emergent technologies with relevance
for energy sustainability and increase in renewable energy production which involve
coupled processes in rocks are Enhanced Geothermal Systems (EGS) and Carbon-
dioxideCapture andSequestration (CCS).Development of renewable and sustainable
geothermal energy source utilization, particularly trough location independent EGS,
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as well as CCS has a huge potential for addressing climate change challenges and
decreasing global warming due to increase in CO2 in the atmosphere.

Geothermal reservoirs serve for renewable and sustainable energy production,
where the hot rock mass turn cold water into steam. Water re-circulation through the
fractures of hot rock formation enables running electrical production power plant tur-
bines or is combined with housing heating back on the ground surface. In enhanced
geothermal reservoirs (EGS), the basement or sediment reservoir rock permeability
enhancement will enable sustainable and long-term stable heat extraction. How-
ever, enhancing permeability involves deep well drilling and hydraulic fracturing of
highly stressed and hot rock mass, which are still performed with a limited success.
An overview of geological, geomechanical and physical characteristics of current
pilot EGS sites shows foundation for coupled processes understanding. Most of the
experimental EGS sites reside in basement rocks below the sedimentary section,
defined as areas of metamorphic or igneous rocks [105].

In the western USA, Tester et al. [105] identified several potential EGS areas
with high temperatures (>200 °C) at relatively shallow depths (3–5 km). The Great
Basin in USA has extensional stress regime, and highly variable rocks with depths
of 4–10 km, where rock is mostly sedimentary with some granite or other basement
rock types. At Snake River Plain, details of the geology and stress regime at depths
3–10 kmare unknown, but probably volcanic and sediments overlay lowpermeability
granitic basement at 3–5 km deep. In Oregon, the Cascade Range dominates volcanic
and intrusive rocks. In Southern Rocky Mountains geothermal areas, which include
the northernRioGrandeRift and theValles Caldera, big crustal radioactivity and high
mantle heat flow were detected. Salton Sea is a young sedimentary basin with very
high heat flow, characterized by youngmetamorphosed sedimentary rock types.Clear
Lake Volcanic Field contains low-permeability Franciscan sediments and granite at
deeper depths. There are possibilities at the Chena Hot Springs near Fairbanks in
Alaska for further development of the existing conventional geothermal power plant.
Hawaii is characterized with high temperatures in the basaltic rift, where they use
conventional hydrothermal resources, while there is little subsurface information
available outside the existing east rift of Kilauea volcano power plant.

Similar favorable conditions for potential development of EGS can be found in
other continents, for example Cooper Basin and Paralana in Australia. In Europe,
Soultz-sous-Forets in the Upper Rhine Valley area is represented with extensional
stress regime [9, 13, 29] at the granitic highly fractured and faulted basement under
1.4 km thick sediment. Several pilot sites exist in Germany, for example granite
Falkenberg test site is in northern Bavaria which proved that hydro-fractures can
be propagated over significant distances in fractured crystalline rock, Bad Urach
and Horstberg in northern Germany near Hannover. The Horstberg geothermal site
contains low-permeability sediments which are experimented for geothermal energy
extraction. In Basel, Switzerland, a pilot geothermal reservoir is placed in hot granitic
basement at depth of 5 km, where the reservoir temperature is 200 °C. The Fjäll-
backa site in west coast of Sweden is developed as a research facility for studying
hydro-mechanical aspects of hot dry rock reservoir development and for addressing
geological and hydrogeological questions of Bohus granite.
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Other pilot geothermal sites in Europe are Le Mayet de Montagne site in France
where granite extends to the surface, Rosemanowes in Cornwall, UK is characterized
with continuous granite batholith of early Permian age ofmore than 200 km in length,
where the base of the granite extends bellow 9 km depth. The Hijiori site in Japan
is placed on the edge of the caldera of the Pleistocene Gassan volcano with a very
complex stress regime, and the reservoir contains several faults and many existing
fractures. Ogachi site in Japan has very hot (> 230 °C) Grano-diorite rock. Despite
numerous efforts put intoEGS research throughpilot sites, only few locations reached
a commercial scale level for electricity production, for example Soultz-sous-Forets
in France [105].

Numerical, theoretical and experimental work has been conducted along with the
field work for obtaining a better understanding of various issues of geothermal reser-
voirs. EGS target hot granite rock mass, sedimentary reservoirs or interface between
sediment cover and basement. As a result, the pilot sites yielded different problematic
features ranging from in situ stress field to the pre-existing faults and fracture net-
works [39]. Poorly understood geology is one of the biggest obstacles in development
of efficient EGS [58]. The competing tensile or shear failure mechanisms often occur
simultaneously in geologically complex reservoir conditions. Non-linearity of key
thermal and mechanical rock properties is related to stress state change, pore pres-
sure changes and temperature change, which are accompanied by rock across-scale
matrix alterations from micro to macro fracturing and fault shearing mechanisms.

5.1 Coupled Processes in Rock Mass

Coupled hydro-thermo-bio-chemo-mechanical (HTBCM) mechanisms in fractured
rock mass are related to a short- and long-term reservoir behavior and energy extrac-
tion with respect to fracturing, permeability enhancement, biological microorganism
growth and mineral precipitation-dissolution processes at fracture walls in geother-
mal reservoirs. Hydraulic processes include liquid and gas flow, air dissolution and
diffusion in water, phase changes, vapor diffusion and gas generation and transport.
Thermal processes are related to conductive and advective heat flow and transport in
porous rock mass, but can also be part of thermomechanical gas behavior. Biological
processes are considered trough bringing up a variety of ancient or unknown simple
organisms from the rock mass. Chemical processes include dissolution and precipi-
tation of minerals into rock pore fluids or fluids which migrate through fractures, and
changes in pore fluid chemistry. Finally, mechanical processes are changes in stress,
strain, and rock strength, constitutive relationships and laws. Mechanical processes
also include poroelastic behavior of rock mass which can be described using Biot’s
theory.

Although there has been a significant effort to evaluate HTCM processes [15, 38,
43, 44, 54, 64, 77, 106, 107], the long-term HTCM effects have not yet been com-
pletely understood in the context of deep fractured geo-reservoirs. First, it was shown
that evolution of fluid chemistry is linked to the rock permeability changes under dif-
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Fig. 12 Effect of hydro-thermo-mechanical coupling on micro-mechanics of hydraulic fracture
propagation from a EGS reservoir wellbore in granite [107]

ferent stress states [86]. Second, thermo-mechanical stress changes cause irreversible
strain and micro-cracking in granite as a consequence of complex mechanisms [53,
66, 67]. Thermal crack patterns in brittle materials are driven by inhomogeneous
shrinkage stress fields, which can be described by fracture mechanics bifurcation
analysis [5]. The crack propagation under thermal loading was studied to under-
stand the instability from a straight to a wavy crack propagation [25]. Figure 12
shows results of a Discrete Element Method simulation with the development of a
hydraulic fracture and micro-cracks under geothermal reservoir conditions. By com-
paring a model with and without thermally induced stresses, it can be seen that HTM
processes result in a shorter hydraulic fracture, with significant thermal damage and
microcracks [107]. As a result, it is still not clear to what extent linear elastic fracture
mechanics can be applied to quasi-brittle rocks in geologic reservoirs; also, rock fea-
tures (micro-structure, grains and existing fractures) effects on fracture propagation
have not yet been completely quantified.

5.2 Multi-physics and Across-Scales Problems in Deep
Geo-Reservoirs

Besides various process couplings, problems with understanding the rock mass
behavior in geothermal reservoirs are due to multi-physics processes which may
occur across various temporal and spatial scales. The hydraulic, mechanical, thermal
and chemical mass transport and response will propagate throughout the systems at
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Fig. 13 Across-scale processes in geo-reservoirs, investigation approaches and the experimental
gap [78]

rates which are several orders ofmagnitude different from each other [63]. Fluid flow,
energy and mass transport in fractured-porous subsurface formations are character-
ized by complex interactions between fluid and solid phases, mainly controlled by
thermal, hydraulic, mechanical and chemical (THMC) processes. The investigations
of complex flow process relationships require both the identification of the relevant
fundamental processes and the quantification of process parameters in the laboratory
and in the field, as well as development and application of prognostic numerical
tools. Linear and non-linear relationships and feedback mechanisms between the
processes, the relative importance of processes and process parameters, as well as
the influence of the large spectrum of spatial and temporal scales on the long-term
performance of a reservoir are a challenge in the investigation and systems quantifi-
cation. Figure 13 shows complexity of problems related to spatial scale investigation
ranging from 1 cm to 100 km scales. Integral large-scale investigation of HTMC is
difficult to control [78].

Despite the research efforts conducted in geothermal reservoirs, fundamental
multi-physics in fractured subsurface rock simulated in reservoir situ-conditions have
not yet been completely understood. Laboratory investigation is usually conducted in
high stress and high temperature triaxial tests, but on relatively small rock samples.
Larger sample sizes collected form the reservoir wellbores need to be considered,
considering existing and new fractures and geological variations within samples.
Specifically, further research is needed on: (1) stress-strain behavior in the light of
cross-scales rock anisotropy parameters under high stress and increased temperature
contrast between rockmatrix and fluid in fractures and pores; (2) impact of the in situ
stress magnitude, contrast and principal stresses rotation on rock fracture system and
fluid flow in fractures; (3) fluid flow field through realistically rough, stressed and
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deformable fracture systems; and (4) hydro-thermo-mechanical effects on fracture
propagation and induced seismicity in various geological conditions.

Structural heterogeneities of basement rocks are widely present in geo-reservoirs
across several spatial magnitude scales. For example, at the Desert Peak geother-
mal field in Nevada, USA, the basement stratigraphy was found to be complicated
by thrust faults and other Mesozoic-aged faults [73]. Decreasing the size of the
observed geological rock in geothermal reservoirs from the reservoir scale towards
the laboratory scale, numerous petrologic effects on mechanical parameters have
been previously identified which cannot be studied on a small lab sample. Some
examples include matrix composition, matrix fabric, pre-existing foliation planes,
crystal and clast content, ductile grains and clays, vein mineralogy and fracture
intensity and primary and secondary porosity [73].

Failure criteria of heterogeneous rocks are complicated due to rock composi-
tion. While testing on homogeneous rocks usually results in either elastic-plastic
or elastic-brittle stress-strain behavior, highly heterogeneous rocks with a mixture
of weak and strong components yield a strain hardening behavior [16]. Fracture
propagation upper bound depends on the sample size because of the adjacent crack
closure, which occurs before the fracture propagates [30]. Structural heterogeneities
are present not only due to rock mineralogy but also at a flow system of fractures
in rock mass. Figure 14 shows a current approach for experimenting on fracture-
porous rock systems. Even at the laboratory scale, several different scenarios can be
identified. Quasi 2-D single fracture flow experiments vary from artificial to natural
fracture roughness identification and representation, while in linear core flood exper-
iments flow occurs either through a full flow fracture, a system of porous matrix and
isolated fracture or a fracture system. Figure 14f shows a photograph of a fractured
rock sample with highlighted flow fractures. Due to a complexity of isolated and
interconnected fractures, the flow in the rock mass is still a challenge to understand
and relate across scales processes.

Strain hardening and anisotropic rock parameters understanding requires cyclic
triaxial testing of rocks. During the cyclic testing, hysteresis loops are observed in
stress-strain curves,which correspond to loading-unloading cycles and are associated
with fractures andmicro-crackdevelopment [35]. Particularly,microscopic processes
demonstrate initiation, propagation and coalescence of micro cracks or damage,
which eventually forms macroscopic features of a brittle failure. The character of the
obtained non-linear stress-strain curves depends on the magnitude of the confining
pressure in triaxial tests [35]. After initiation by the initial flaw, the fracture can
arrest instead of propagating further into the heterogeneous rock, which questions
the applicability of the linear elastic fracturemechanics principles for reservoir rocks.
Particularly, it was observed how cracks may extend readily through a crystal grain
but cannot continue across the grain boundarywithout a significant increase in driving
stress or a reduction in confinement beyond the grain scale [22]. Rotation of principal
stresses in rock influences crack propagation, interaction and ultimately coalescence
and failure in numerical models [30]. Four patterns of stress changes were identified
in rock in the vicinity of fractures; the stress orientation rotates abruptly in the vicinity
of fractures; the orientation rotates gradually, breakouts are suppressed at fractures
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Fig. 14 Types of fracture-porous rock systems used in the experiments. Linear core flood experi-
ments (a, b, c) and quasi-2D single fracture flow experiments (d, e) [101], with a photography of a
fractured rock sample (f)

or lithological boundaries; the orientation does not change across fractures [71].
Regions around the wellbore in georeservoirs fail in a manner which is strongly
controlled by the magnitude and orientation of the in situ stress field, and they can
be also used to identify the in situ stress field [120].

Key Questions: How are chemical, mechanical, thermal and bio processes cou-
pled?Which couplingmechanism is relevant at which temporal or spatial scales? Can
some processes be treated as un-coupled in analysis?What is the impact of biological
species bringing up to the surface from deep geo-reservoirs? How is mineral disso-
lution and precipitation affecting long-term performance of geothermal reservoir or
carbon dioxide underground storage? How can long-term processes be studied in the
laboratory, is there a way to catalyze chemical reactions without negatively affecting
the process coupling mechanisms?

6 Sustainable Recovery of Subsurface Energy Resources

Worldwide and US baseload capacity is of the order of 10-15TW and currently relies
on large scale industrial processes (~90% thermal combustion of fossil fuels and
fission) rather than on distributed generation by truly renewable means (< 10%wind,
solar, hydropower). Despite a desired transition to true renewables, the imbalance
between energy production by traditional fossil means versus that by renewables is
formidable and transitional fuels and bridging energy sources are needed. Feasible
transition to a low carbon economy includes the switching from high-carbon coal and
oil to lower-carbon natural gas present in gas shales and in potentially augmenting
fossil combustion with CO2 sequestration and in ultimately replacing these methods
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with deep geothermal energy and nuclear fission. These transformations require the
ability to characterize and control the evolution of the subsurface, in particular the
evolution of transport properties that allows the recovery of such fuels and energy
and the entombment of undesirable products. This must be completed with minimal
environmental impact, including fugitive fluids and induced or triggered seismicity.
The following explores the linkage between seismicity and permeability—firstwhere
seismicity exists as a hazard and then where it may be applied as a useful tool in
characterizing the subsurface.

6.1 Induced Seismicity as a Hazard

Human-induced versus naturally-triggered seismicity differ principally in the mag-
nitude and related duration of the events—human-induced events have historically
been smaller but are nonetheless problematic and are not necessarily limited to small
events where faults of sufficient size are present [37]. Modern observations in earth-
quake seismology have identified a rich spectrum of events spanning six decades of
duration (e.g. [88] for large “earthquakes” that may evolve either seismically (dura-
tion ~101 s) or aseismically (duration ~107 s) for similar seismic moments (seismic
moments of ~1020 Nm) (Fig. 15). The energy release in these two prototypical classes
of events is identical but the related hazard and prospective damage is much less for
the longer duration events because the energy release is dissipated over a period one
million times longer.

Slow slip events are also observed in laboratory scale experiments [62] where
the length of the fault is necessarily limited to the dimension of the sample (but the
stress drop commensurate with that of a plate boundary scale) and in underground
research laboratories at the scale of meters [48]. Correspondingly, this richness in the
deformation-duration spectrum is inferred at all length scales including those likely
for slip in reservoirs. Thus, we seek to understand how this behavior is manifest
at the scale of intermediate length fractures and faults in the range of meters to
kilometers, rather than tens to hundreds of kilometers, as in the case of earthquake
seismology—and infer that laboratory experimentation coupled with mechanistic
upscaling provides a viable method to explore this behavior.

Seismic events in reservoirs result where slip occurs typically on pre-existing
fractures that are reactivated by a changing stress regime. Depending on the envi-
ronmental factors, changes in effective stress are induced by fluid pressures, thermal
stresses or chemical (dissolution or desorption, [37, 59, 112]) stresses in the reser-
voir. These effects have been observed in geothermal reservoirs, most notably for the
evolution of seismicity at the ill-fated EGS project in Basel, Switzerland [45, 99] and
for those at other EGS projects around the world [99]. More prevalent, however is the
recent spate of seismicity associated with the reinjection of produced waters from
depleting conventional hydrocarbon reservoirs in the mid-western United States,
from the reinjection of hydraulic fracturing fluids [33] and triggered from hydraulic
fracturing itself [7]. These events can be large (4 < M < 6) and are both induced
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Fig. 15 Classification of slip events with respect to duration and released seismic moment [88]

and triggered. The events result from reducing the clamping stresses on critically
oriented faults that may be blind and may be located within the reservoir itself or in
underlying basement rocks (Fig. 16).

Key Questions: What is the size of the maximum credible seismic event? What
are the controls on this transition in behavior from aseismic to seismic? How do
mineralogy, global system stiffness, roles of fluid pressurization and dilatancy affect
this transition? How are these individual mechanisms characterized? What are the
prospects for control if these features are understood?

6.2 Induced Seismicity as a Tool

Evaluating both initial and evolving hydraulic properties of fractured reservoirs is
vital for the development of both deep geothermal and shale gas reservoirs and
in defining the integrity of caprocks. In this, the presence of passive seismicity as
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Fig. 16 A vertical well taps a conventional oil reservoir whereas a horizontal well accesses a shale
reservoir for gas. Wastewater reinjection into a saline aquifer (shown in 1) and the injection of
fracturing fluid (principally water) into the shale reservoir (shown in 2) have the same impact in
elevating fluid pressures and driving the stress state on a deeply penetrating fault to failure. In cross
section A-A’, injection of fluid near the fault causes slip by contrasting mechanisms in both the
near-field and the far-field. The net effect of these two mechanisms is to elevate driving stress above
the clamping stresses in these two concentric regions, and to potentially induce seismic slip [33]

micro-earthquakes (MEQs) may be used to image the subsurface for the evolution
of permeability that is crucial to the recovery of the resource.

During stimulation, the virgin hydraulic diffusivity can be estimated from the
spatio-temporal growth rate of abundant in situ microearthquakes (MEQs) (Fig. 17).
This method can estimate the permeability at reservoir scale. However, it has limita-
tions in constraining the subsequent evolution of fracture permeability at relatively
smaller length scales that are important in defining reservoir response during stimu-
lation and then production.

To constrain regional initial and evolving permeability at relatively smaller length
scales, it is possible to provide a linkage between moment magnitudes of observed
MEQs and the measured evolution of fracture-network permeability [34]. Thus,
the location and moment magnitude of MEQs (Fig. 18) may be used to estimate
fracture apertures of individual events that are a function of in situ stresses, fluid
pressure, shear displacement and fracture size. Assuming the veracity of the cubic
law, results show that the equivalent virgin permeability at reservoir scale may be
enhanced by about one order of magnitude while some local fracture permeability
can be enhanced by ~2 to ~3 orders of magnitude. This method is of importance as it
allows abundant observations of MEQs to constrain the structure and distribution of
in situ permeability evolution. Since in situ geomechanical conditions (e.g., fracture
stiffness, dilation and friction) also play a crucial role in affecting the accuracy of the
permeability estimation, in situ fracture characterization is an important component
in constraining these observations.
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(a) (b) (c)

Fig. 17 a Map view of distribution of 350 seismic events in Newberry EGS reservoir during
2014 stimulation; b Vertical view of MEQ distribution with Longitude; c Vertical view of MEQ
distribution with Latitude [34]

Fig. 18 Spatio-temporal distribution of fluid-injection-induced seismicity during the 2014 New-
berry EGS stimulation. Diffusion-length versus time curve labeled for equivalent permeabilities at
reservoir scale [34]

Key Questions: What are key mechanisms of permeability evolution in fractured
reservoirs?What is the interplay betweenmechanisms that result in either the creation
or destruction of porosity? What are their respective characteristic timescales? How
are changes in porosity scaled to the evolution of permeability? How does the seismic
energy budget relate to permeability evolution? What are key mechanisms heralding
the transition between seismic and aseismic permeability evolution? What is the
feasible minimum resolution of detection?
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7 Discussion

The material included in this chapter aligns, to a larger extent, with the interest and
expertise of the authors. The underlying motivation, and first objective, for putting
together all these different views and opinions was to highlight fundamental and key
questions that need to be tackled, if the Grand Challenges are to be addressed in
ways that will enhance the ability of rock mechanics and rock engineering to aid in
solving the problems that our society faces in the 21st century. The second objective
was to identify research priorities to address the Grand Challenges. The following
topics have been identified, based on the material included in the chapter and on dis-
cussions among all the participants of the NSF-sponsored workshop “Geotechnical
Fundamentals in the Face of New World Challenges”.

Transparent Earth: One of the problems that limits advancements in the field
of rock mechanics is the inability to scrutinize the interior of the Earth to assess
the current state at every single point and its evolution with time, as well as con-
stitutive behavior. New techniques and approaches are required to characterize the
underground at multiple scales.

Complex Coupled Processes across Time and Spatial Scales: Rocks are highly
heterogeneous, with complex behavior that is not only stress and time dependent, but
also, and this ismost important, scale dependent. The interplay that exists between the
rockmatrix, discontinuities, fluid, temperature and biological processes across scales
is not well understood, and such knowledge is critical for many applications such as
energy extraction and storage. The theory of damage and healing poromechanics is in
its infancy; coupled effects of crack opening, closure and rebonding on stiffness and
permeability have not been investigated. Rock permeability models do not account
for anisotropic healing processes. Predicting the critical sequences of events that
lead to pore connectivity is a challenge. New tools that are robust and accurate are
needed.

Fault Reactivation and Induced Seismicity: There is clear evidence that the inter-
action between anthropogenic activities that change the state of stress in the under-
ground are responsible for both inducing and triggering earthquakes that have the
potential to cause severe damage to existing infrastructure. The knowledge required
to identify hidden faults as well as assess their potential for slip and to quantify the
impact of such slip is insufficient.

Risk removal from underground construction: Significant resources are obtained
from the underground, which are then used for critical human activities such as
transportation, energy and waste storage, shelter, etc. The risks associated with such
activities continue to be much larger than with the aboveground, and impact both
human as well as environmental and infrastructure safety. A better holistic approach
is needed to reduce the risk to acceptable levels, at least similar to those of the
aboveground.

Water, Environmental Impact: Potable water supplies in the subsurface are a criti-
cal resource. Any detrimental impact on undergroundwater resources and quality has
the potential to have large spatial and temporal consequences that may reach the bio-
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sphere. This is a complex coupled problem that requires a comprehensive approach
through different scales. New tools to predict flow through the rockmass and coupled
bio-chemical-thermal processes between fluid flow and mechanical behavior of the
rock are needed.

Selective extraction for more efficient mining: Ore extraction from mining is still
based on practices that are rooted on empiricism. The result is a process that is largely
inefficient, can rarely be extrapolated to different environments and is associated
with high risk, large environmental impact and is not sustainable. Better approaches
to benefit resource extraction through mining are required to continue to meet the
increasing human needs.

Advances in disciplines such as sensing and remote sensing, numerical methods,
theoretical and computational poromechanics, synthetic materials and 3D printing,
big data and artificial intelligence, among others, provide opportunities to probe the
behavior of the subsurface and obtain new insights, as well as open new avenues
for research and education. This cross-disciplinary partnership is required to address
the challenges of this century. New approaches and new solutions will be demanded
by the public, which will require close collaboration among disciplines. One such
challenge will stem out of society’s continuous demand for improved levels of com-
fort and access to sustainable, safe and renewable resources. The science required
to face these problems is inherently interdisciplinary, but not yet available. Finding
solutions for these questions is a great challenge but also a great opportunity. If the
rock mechanics/geomechanics profession wants to participate, it has to do so by
outgrowing its traditional niches and embracing other fields.
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