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ABSTRACT: New insights, understanding and technological developments of
many types provide unprecedented opportunities for geotechnical engineering to
make important contributions to solving current global societal and environmental
challenges that include energy and resources needs, infrastructure development,
environmental protection and enhancement, and protection and recovery from
natural disasters. Among the major factors that will impact future developments and
the way geotechnical engineers are educated and do their work are sustainable
development, impacts of the digital age, considerations of risk and reliability, and
globalization. Fundamental principles of physical and biological sciences and
engineering provide the essential base and framework for solving the problems and
meeting the challenges.
BACKGROUND
In 1950 the scope of soil mechanics and foundation engineering consisted of a
relatively limited range of topics. Developments and expansion of the field over the
next 65 years have been great, as indicated by the decadal listing of major new areas
of interest in Table 1. Geotechnology now draws on, or is a significant component
of, several related disciplines, including geology and engineering geology, rock
mechanics, geophysics, geochemistry, geohydrology, seismology, civil engineering,
mining and mineral engineering, and petroleum engineering.
The range of problems and projects that now form a part of geotechnical
engineering includes: Foundations for structures of all types, Transportation
infrastructure, including roads, airfields, railroads, pipelines, rivers and canals, ports
and harbors, tunnels and subways, Land reclamation, Seismic safety and mitigation
of seismic risk, Resource recovery, Energy, Preservation and restoration of historic
structures, Waste disposal and waste containment structures, Site remediation and
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Table 1.Major new areas of study and developments from 1950 to 2010.
Decade

Major Developments and Areas of Emphasis

1950 - 1960

Slope stability, Shear strength, Soil fabric and structure,
Causes of clay sensitivity, Compacted clay properties,
Pavement design, Soil stabilization, Transient loading

1960 - 1970

Physico-chemical phenomena, Rock Mechanics, Computer
applications, Finite element analyses, Soil-structure
interaction, Soil dynamics, Liquefaction, Earth and rockfill
dams, Pore pressure, Effective stress analysis, Offshore, cold
regions, and lunar projects

1970 - 1980

Constitutive modeling, In-situ testing, Expansive soils, Soil
dynamics, Centrifuge testing, Partly saturated soils,
Geotechnical earthquake engineering, Underground
construction

1980 - 1990

Groundwater and geohydrology, Geoenvironmental
engineering, Geosynthetics, Earth reinforcement, Risk and
reliability, Ground improvement

1990 - 2000

Waste containment, Site remediation, Seismic risk mitigation,
Land reclamation, Infrastructure, Geophysical applications,
Geographic information systems

2000 - 2010

Information technology applications, Sustainability,
Improved ground treatment methods, Sensors, Data mining,
Automated monitoring, Enhanced and extended applications
of the observational method, Asset management, Risk and
reliability

environmental enhancement, Soil and rock as construction materials, Exploration
and development in cold regions, the deep ocean, and space, Natural hazard
protection and risk reduction (landslides, tornadoes, hurricanes, earthquakes,
tsunamis, expansive soils, floods), and Sustainability. New materials and
technologies, especially for earthwork construction, ground improvement, ground
reinforcement, and waste containment applications, have been developed within the
last one or two decades, and many of them are now used on an almost routine basis.
Virtually all university civil engineering departments, both nationally and abroad,
are requiring at least one undergraduate course in geotechnical engineering, and are
offering advanced courses in both their undergraduate and graduate programs. In
2011 there were 126 universities listed as members of the United States Universities
Council on Geotechnical Education and Research (USUCGER). There is strong
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competition in both attracting the best and brightest prospective graduate students
and in obtaining extramural research support. Some geotechnical researchers have
realigned their focus to study of problems in, or to take advantage of, newer and
emerging disciplines, such as biogeochemical science, nanotechnology, and
information technology. Many are working on interdisciplinary and
multi-disciplinary projects, perhaps in some instances without first mastering the
fundamentals of soil mechanics and geotechnical engineering, or even the principles
of the underlying physical and biological sciences or mathematics.
Educators are teaching a much broader range of courses and are reaching more and
more students. Paralleling the current trends in research, it is not uncommon to see
courses offered in interdisciplinary subjects such as biogeochemical soil
improvement. The widespread use of computers in the classroom and at home
provides teachers with new tools. Instructors are having their students solve real
world design problems with programs commonly used in practice. Virtual laboratory
testing by computer is sometimes used to introduce students to laboratory testing;
however, it is not likely that this can ever completely replace the value of hands-on
testing of real soils and rocks. Helpful resources and papers are available en-masse in
digital databases, and instructors can bolster a student’s geotechnical library without
ever leaving their desks. With all of these new subject areas and "tools" to learn and
master, it is perhaps reasonable to wonder if the "fundamentals" that are so critical
for understanding and in the development and application of new solutions and
methods don't get lost somewhere.
The New Millennium report prepared by a committee of the U.S. National
Research Council (NRC, 2006) contains in-depth descriptions and analyses of
several new and developing technologies and tools that were considered to have the
potential to increase understanding of the properties and behavior of earth materials
and to improve the practice of geotechnical engineering. They are:
(1)
Biotechnologies, (2) Nanotechnologies, (3) Sensors and Sensing System
Technologies, (4) Geophysical Methods, (5) Remote Sensing, and (6) Information
Technologies and Cyber Infrastructure. A brief current assessment of the status and
impacts of each of these technologies and tools relative to geotechnical engineering
is given in the Virginia Tech CGPR report (Mitchell and Kopmann, 2013).
(ALMOST) CURRENT UNIVERSITY RESEARCH
Current research activities provide some indication of what topics the geotechnical
engineering research community considers important, what areas and topics funding
agencies consider important, and what some of the topics are that are likely to be
important in the future. To assess what was being studied in the recent past (2011), a
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compilation and analysis was made in late 2011 of the topics both of interest to, and
being researched by, 263 faculty members at 126 member universities of the U.S.
Universities Council for Geotechnical Education and Research (USUCGER).
Available web pages for each of the USUCGER universities and geotechnical
engineering faculty members, assumed to be up to date, were reviewed. Based on
stated areas of research interest, c.v. information, and lists of recent (post 2006)
publications, the different subjects being studied by each individual were listed and
classified within a defined list of topics. In some cases this required a judgment call
as to the most appropriate topic area within the final consolidated list of topics
chosen to represent the total range of geotechnical research activity.
The resulting data were then organized into specific topic groupings within the
technical committee structure of the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The technical committees in ISSMGE are
divided into three Topic Categories: Fundamentals, Applications, and Impact on
Society, as listed in Tables 2, 3, and 4. The committee numbers and titles listed are
those in effect at the time of our study (2012); they are essentially the same today,
with one or two additions. Corresponding technical committees within the ASCE
GeoInstitute, as of 2012, are listed in the next column of each table. While both
organizations have many committees covering comparable topic areas, there are
several areas where the topic is covered by only one of them, as may be seen by the
blank cells in the tables. The column headed by Research Topic restates or contains a
more expanded listing of subjects within the topic. In addition there are several
additional topics being studied by the USUCGER researchers in each Topic
Category that do not fall within the committee structure of either ISSMGE or the
GeoInstitute, and these are listed in the lower part of each table. These topics tend to
be either highly specialized or recently emergent and in early stages of development.
The right column in each table indicates the number of USUCGER researchers
studying each topic. The distribution of research emphasis among the category and
topic areas shows that there is approximately equal cumulative effort devoted to
study of topics in the Fundamentals and Applications categories, with significantly
less research effort on Societal Impacts, although risk assessment and sustainability
are of considerable current interest within this latter category.
The data show that university research on the fundamentals of geotechnical
engineering (Table 2) is dominated by studies of physical modeling in geotechnics,
geomechanics from micro to macro, in-situ testing and site characterization,
numerical methods in geomechanics, and strength and consolidation testing.
Research in the applications category (Table 3) is most intensive in the topic areas of
geotechnical earthquake engineering, environmental geotechnics, transportation
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geotechnics, ground improvement, soil-structure interaction and retaining structures,
slope stability and reinforcement, and deep foundations.
It is important to note that the fundamentals of geotechnical engineering listed in
Table 2 are not the same fundamentals that are the focus of the present workshop.
The former are topics that are generic to the field of geotechnical engineering and
practice; i.e., they are relevant to a range of problems and technologies. The latter,
however, are the fundamentals of the physical and biological sciences that serve as
the basis for the understanding, quantification and prediction of basic processes and
behavior.
Care must be taken in interpreting and assessing the information in these tables.
They simply indicate what was being worked on within United States universities,
and do not necessarily reflect the entire geotechnical research enterprise, either in the
U.S. or worldwide. Additional research is carried out in private practice and by
government laboratories. This research is likely to be more applied in nature than
that at the universities. It is important to note that problems encountered in
geotechnical practice are often good sources of topics (and financial support) for
university researchers. Furthermore, the research interests and activities of the
USUCGER faculty members are likely to be significantly influenced by the
availability of extramural funding, so sponsoring agency priorities become major
considerations as well.
The popularity of a research area is not necessarily a measure of potential future
payoffs in either advancing knowledge or improving materials, designs, construction
methods, sustainability, or environmental enhancement. The biggest advances many
times come from one or two creative people with good ideas, insights and motivation
working outside the box of traditional thinking (e.g., Bill Gates, Steve Jobs).
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Table 2. Geotechnical engineering fundamentals and topic interests of
USUCGER researchers in 2012
Topic Category

ISSMGE Committee

GeoInstitute Committee

Laboratory Stress
Strength Testing of
Geomaterials

TC101

Ground Property
Characterization from InSitu Tests

TC102

Numerical Methods in
Geomechanics

TC103

Physical Modelling in
Geotechnics

TC104

Geo-Mechanics from
Micro to Macro

TC105

Unsaturated Soils

TC106

Laterites and Lateritic
Soils

TC107

Fundamentals

Research Topic

Laboratory Stress
Strength Testing of
Geomaterials (eg.
Consolidation, Non
Destructive Testing)
Ground Property
Characterization from InSitu Tests
Numerical Methods in
Geomechanics (eg.
Computational
Finite Element Method,
Geotechnics
Computational
Geotechnics)
Physical Modeling in
Geotechnics (General
Soil
Soil Properties and
Behavior/Mechanics/Dy
Modeling
namics, Large Scale
Testing, Stochastic
Geotechnics)
Geo-Mechanics from
Micro to Macro (eg.
Constitutive Modeling,
Elasticity Theory,
Physico-Chemo-Geo
Processes in Soils,
Nanotechnology)
Unsaturated Soil
Unsaturated Soils
Mechanics/Testing
Laterites and Lateritic
Soils
Geologic Engineering &
Engineering Geology &
Site Characterization
Site Characterization
(Geomorphology)
Geophysical Methods
and Applications,
Geophysical Engineering
Remote Sensing
Rock Mechanics
Rock Mechanics
Contaminant: Fate,
Transport, Soil
Interaction, Site&Soil
Remediation
Groundwater
Theoretical
Mechanics/Methods
Special and Unique Soils
(e.g., collapsible,
expansive, organic,
residual, volcanic)
Biogeochemical
Processes
Field Monitoring of GeoStructures

Number of USUCGER
Researchers Studying
this Topic

37

53

51

74

72

25
0
5

31
11
37
7
11

21

16
6
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Table 3.Geotechnical engineering applications and topic interests of
USUCGER researchers in 2012
Topic Category

Applications

ISSMGE Committee

GeoInstitute Committee

Geotechnical Aspects of
Dykes and Levees, Shore
Protection and Land
Reclamation

TC201

Transportation
Geotechnics

TC202

Earthquake Geotechnical
Engineering and
Associated Problems

TC203

Underground Constructi
on in Soft Ground

TC204

Safety and serviceabilty
in geotechnical design

TC205

Interactive Geotechnical
Design

TC206

Soil-Structure
Interaction and
Retaining Walls
Slope Stability in
Engineering Practice
Offshore Geotechnics
Dams and Embankments

TC207
TC208
TC209
TC210

Ground Improvement

TC211

Deep Foundations

TC212

Scour and Erosion

TC213

Foundation Engineering
for Difficult Soft Soil
Conditions

TC214

Environmental
Geotechnics

TC215

Frost Geotechnics

TC216

Research Topic

Geotechnical Aspects of
Dikes and Levees, Shore
Protection and Land
Reclamation
Transportation
Geotechnics, Pipelines,
Pavements
and Pavements
Geotechnical
Earthquake Engineering Earthquake Engineering,
Site Response,
& Soil Dynamics
Liquefaction
Underground Constructi
Underground
on (incl. Braced
Construction
Excavations)
Safety and Serviceabilty
in geotechnical design
(incl. Load and
Resistance Factor Design
(LRFD))
Interactive Geotechnical
Design, Construction and
Monitoring, Intelligent
Geosystems
Earth Retaining
Structures

Soil Structure Interaction
(incl. Earth Retaining
Structures)
Slope Stability and
Reinforcement
Offshore Geotechnics

Embankments, Dams and
Dams and Embankments
Slopes
Soil
Ground Improvement
Improvement/Grouting
(incl. Grouting)
Deep Foundations
Deep Foundations
Scour and Erosion
Geotechnics of Soil
(Tornado and Soil
Erosion
Interaction)
Foundation Engineering
for Difficult Soft Soil
Conditions
Environmental
Geotechnics (incl. char.
Geoenvironmental
waste materials &
Engineering
containment systems)
Frost Geotechnics
Geosynthetics
Geosynthetics
Shallow Foundations
Shallow Foundations
(incl. Settlement)
GIS Applications
Drilling, Trenchless
Techology
Geofoam
Information Technology
Artificial Neural
Network
Geotechnical Processes
in Petroleum
Engineering

Number of USUCGER
Researchers Studying
this Topic
10

55

84

18

7

3

48
44
13
7
51
43
10

0

56
4
32
14
6
6
5
7
6
5
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Table 4. Geotechnical engineering impact on society and topic interests of
USUCGER researchers in 2012
Topic Category

Preservation of Historic
Sites
Forensic Geotechnical
Engineering
Coastal and River
Disaster Mitigation and
Rehabilitation

Impact on
Society

GeoInstitute Committee

ISSMGE Committee

Engineering Practice of
Risk Assessment and
Management
Geotechnical
Infrastructure for
Megacities and New
Capitals
Geo-Engineering
Education
Dealing with sea level
changes and subsidence

TC301
TC302
TC303

TC304

TC305

TC306
TC307

Risk Assessment and
Management

Research Topic
Preservation of Historic
Sites
Forensic Geotechnical
Engineering
Coastal and River
Disaster Mitigation and
Rehabilitation
Engineering Practice of
Risk Assessment and
Management
(Probabalistic Methods)
Geotechnical
Infrastructure for
Megacities and New
Capitals
Geo-Engineering
Education
Dealing with sea level
changes and subsidence
Sustainability
New Frontiers
Infrastructure
Rehabilitation

Number of USUCGER
Researchers Studying
this Topic
1
1
0

27

0

10
0
31
4
13

RESEARCH TRENDS
Over the past several years the trends away from single investigator to
multiple-investigator research teams has continued, as has also increased emphasis
on multi-disciplinary and inter-disciplinary projects. These trends are likely to
continue, as addressing today's problems and needs; e.g., energy, sustainability,
infrastructure, hazard mitigation, environmental protection and enhancement,
requires a range of scientific, technological, and economic and social inputs.
Real time participation of investigators from several locations in experiments and
the testing of large models and systems are now possible as a result of advances in
communication technologies, data sharing systems and new imaging methods. It can
be expected that this type of research will continue to expand.
Although innovation in geotechnical engineering may have at times been
hampered by risk aversion and fear of litigation, practitioners and the geotechnical
construction industry appear to be quicker to try and to adopt new methods than in
the past. One need only visit the exhibits areas that form a part of most conferences
to see new materials and methods that provide innovative and better ways for doing
things. The geotechnical construction industry is perhaps unique in that the
contractors, often as a result of their own research, introduce new technologies and
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improve existing ones. Examples include deep soil mixing, micro-piles, new earth
reinforcement materials and schemes, and computer controlled equipment operation.
Some of this work generates academic research topics, often focused on unraveling
the fundamentals of how and why the technologies and methods work. Maintaining
close ties between research and practice is an important element for future
advancements in the geotechnical engineering profession.
SUSTAINABILITY
Much has already been written and debated about this subject; however, there is no
denying that the concepts and goals of sustainability are now being incorporated
directly or indirectly into most development, manufacturing, and construction
projects, especially in the developed countries. "Fundamentals" have a major role to
play. Proper accounting of energies and emissions cannot be done without them
being properly handled.
Three sustainability focus areas have important implications and applications for
geotechnical engineering and construction: (1) helping to meet the ever-increasing
need for energy resources, (2) reducing and minimizing energy consumption and (3)
reducing and minimizing the generation of greenhouse gases, especially carbon
dioxide. Most large new building and infrastructure construction projects are now
undertaken with at least some attention being paid to the energy required to produce
the materials used and to do the work, and to the production of greenhouse gases,
given that these quantities serve as proxies for consumption of (mostly
non-renewable) energy resources and contributors to global warming. Targets for net
zero building energy systems are increasingly used, as are goals for reducing,
recycling, and reusing materials and construction elements (USGBC 2008).
Many roles for geotechnical engineering in sustainable development of energy
resources are described by Fragaszy, et al. (2011). Among them are development of
geothermal energy, the use of underground space for energy storage, radioactive
waste storage, energy recovery from methane hydrates, and underground carbon
storage. Concurrently, exploration for additional sources of traditional hydrocarbon
energy resources; i.e., coal, oil, and natural gas, continues both offshore and onshore,
and the need for better methods for site characterization, mining, construction in
hostile environments, safe recovery and transport of product, and environmental
protection are greater than ever before.
Currently, most geotechnical design decisions are made primarily based on
commercial savings without consideration of environmental emissions or energy
consumption (Egan and Slocombe, 2010; Holt et al., 2010). However, methods for a
more balanced, sustainable design selection process involving the environmental and
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societal dimensions of sustainability are being developed. (e.g., Parkin, et al, 2003;
Jefferis, 2008; O'Riordan, 2012; Shillaber, et al. 2015a, 2015b). These methods take
into account the embodied energy in the materials used, energy consumption and
carbon emissions from the construction, and life cycle analysis in addition to
monetary cost when making design decisions. The results from these types of
analyses should be considered in evaluating alternative methods and materials for
foundations, ground improvement, and earthwork construction.
IMPACTS OF THE DIGITAL AGE
Computations and iterations that used to take weeks to do using pencil, paper, and
a slide rule can now be done in seconds with readily available programs and devices.
Methods of analysis that once were computationally prohibitive are now used
routinely. On the other side of the coin, however, the digital age has presented
engineers with new challenges in how to select, evaluate, and use all of the new
resources wisely, as well as the need to acquire at least some proficiency in areas
outside of the more classical geotechnical engineering discipline. For good or bad,
however, new and evolving technologies are influencing virtually every aspect of
geotechnical design and construction.
Research on simulations of whole systems, ranging from relatively small and
simple geosystems to complex civil infrastructure systems, is now in progress that
links analysis, design, prediction, construction, performance, and evaluation in real
time. With appropriate feedback loops, designs and predictions can be updated,
construction details can be adjusted, emerging risks can be identified, and schedules
can be updated. None of this would be possible without the many important
advances in measuring, imaging, modeling, and computing power made possible in
the new digital age.
Web-based information systems are now becoming available that enable engineers
and others to be informed about technologies and to aid in the choice among options
for different ground conditions and design requirements. One such example is
GeoTechTools.org, now freely available online. This website provides
geo-construction information and technology guidance for geotechnical, structural,
and pavement engineers. For each of nearly 50 technologies there are a technology
fact sheet, photos, case histories, design guidance, QC/QA procedures, cost
estimating information, specifications, and a bibliography. The development and
operation of this system are described by Schaefer, et al (2012, 2015).
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RISK AND RELIABILITY
Risks; i.e., consideration of the probability and consequences of failure, and
reliability issues can be considered in three categories as they relate to geotechnical
engineering:
1. Risks in doing the engineering and construction. Dealing with these risks
properly is vital to the success of any project, for safety and protection of the
public, and for the survival of the responsible engineering organization(s).
2. Hazards and risks arising from natural disasters (e.g., landslides, earthquakes
and floods) and anthropogenic activities. Dealing with these events after they
occur, and perhaps more importantly, mitigating their potential consequences
before they occur, provides important opportunities and challenges for the
geotechnical community.
3. Use of risk-informed decision making for the prioritization of projects and
allocation of resources.
Geotechnical engineering and construction risks
Given the nature and variability of earth materials and the impossibility of
knowing all the details of the subsurface and groundwater conditions, as well as the
uncertainties about loads of various types, environmental conditions, and land use
now and in the future, every project involves many knowns, known unknowns, and
unknown unknowns.
Casagrande (1964) noted that “Terzaghi’s great accomplishment was to replace in
earthwork and foundation engineering the large conglomeration of great ‘unknown
risks’ of the past in part by rational analyses which are based on the principles of soil
mechanics that he developed, and in part by ‘calculated risks’ that we can estimate
with the help of soil mechanics, and judgment.” Casagrande went further in stating
that to initially assess calculated risk, one had to first determine the magnitude of the
potential losses and the range of uncertainty present. If the range of uncertainty was
small enough, it would be appropriate to account for the risk using a conventional
factor of safety. If the range is large, however, use of numerical factors of safety is
inappropriate and engineers must use their experience and judgment to assess the
margin of safety. Peck (1969) expanded on Terzaghi's earlier "learn as you go"
coupled with soil mechanics method by proposing what is now commonly referred to
as the Observational Method.
Whitman (1984) was among the first to introduce quantitative methods for
computing geotechnical risk, and these methods have been expanded and applied to
many problems and projects in different areas of geotechnical practice. By
successfully identifying and, more importantly, communicating geotechnical risks
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before and throughout projects, geo-professionals can advise owners and contractors
of possible problems and facilitate working together to arrive at innovative solutions.
A project risk mitigation strategy that is gaining popularity is Active Risk
Management, or ARM. As defined by Marr (2011), ARM is “a systematic process of
identifying, analyzing, planning, monitoring and responding to project risk over the
life of the project.” This procedure is, in essence, an advanced application of the
observational method.
Natural disaster and anthropogenic-based risks
Geotechnical hazards are increasing in frequency and severity. Population growth
has driven people to settle in more geologically precarious regions, particularly in
the third world. Many of these areas endure natural disasters (earthquakes, tsunamis,
storms, landslides, etc.) at high frequency. In 2009 and 2010, over 300,000 fatalities
occurred as a result of natural disasters. Data for the previous decade (1991-2000)
showed that of the fatalities due to natural disasters, only 5% occurred in highly
developed countries. Media coverage of the devastation resulting from natural
disasters and greater global intolerance to loss of life have resulted in a demand for a
change in disaster aid efforts. Disaster aid efforts concentrated primarily on
after-disaster response have been deemed insufficient, and the focus has been steered
to disaster risk mitigation. Due to global mandates for active risk mitigation in
design, such as the UN-signed Hyogo Framework for Action 2005-2015, and
domestic safety regulations, spearheaded by government agencies such as the US
Army Corps of Engineers Risk Management Center, geotechnical engineers now
find themselves incorporating the risk from a hazard event in the design of their
structures (Lacasse and Nadim 2011).
Additional geotechnical and hydrological hazards and risks are often created as a
result of human activities such as land reclamation and development, mining,
construction of large waste and tailings storage facilities, atmospheric and
temperature changes caused by human activities, development of new energy
resources, and underground injection of waste fluids. Furthermore, reassessments of
the resistance of existing aging infrastructure, especially dams and levees, to the
potential damaging effects of earthquakes and floods often lead to a conclusion of
inadequate margin of safety. In many cases part of the reason relates to increases in
the Maximum Credible Earthquake and/or Maximum Probable Flood. This can result
in the need for extensive retrofits, upgrades, or even complete replacement to assure
safety in the future.
All of these risks provide new challenges, opportunities, and markets for
geotechnical engineering services and construction projects that can only be
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expected to increase in the future. Proper application of fundamental considerations
from physics, chemistry, biology, and thermodynamics are essential in addressing
the many issues.
Risk-informed decision making
In an effort to carry out their missions most responsibly and to provide the biggest
return on investment, a number of government agencies and other organizations are
incorporating risk analyses into their decision making process, both for
determination of which projects go forward and for establishing the priority under
which they will be undertaken.
Scott (2012) described the U.S. Army Corps of Engineers' approach to risk-based
decision making. Although different organizations may have their own risk
guidelines, there are similarities. An annual failure probability of about 1 in 10,000 is
often considered an acceptable upper bound for dam safety. Several methods for
making quantitative risk assessments are available. They can be based on event trees,
fault tress, loading hazard curves, structural response curves, relative frequency data,
probabilistic analyses, subjective elicitation of probabilities and consequence
models. All of these methods force a careful and in-depth examination of the factors
that could lead to a failure and the associated probabilities of their occurrence.
When considering potential consequences of failure in terms of potential lives lost,
a number less than about 0.001 lives per year is often an acceptable guideline. As the
potential loss of life from a failure event goes up, the acceptable failure probability
must go down if this type of criterion is to be satisfied. Scott (2012) points out,
however, that for failure probabilities less than 10-6 and potential loss of life greater
than 1000, our ability to quantify risks becomes more uncertain. In this case, actions
should be taken to ensure that the risk is as low as reasonably possible (ALARP).
Once the likelihood and consequences of a failure event have been determined, three
situations can be addressed: "(1) whether the estimated risk justifies action, (2) if
so, the urgency of taking action, and (3) the confidence in the estimates and whether
additional information is likely to change the perception of the need and urgency to
take action."

GLOBALIZATION
Michael Sheehan, in his 2009 article, Globalization: Conundrums and Paradoxes
for Civil Engineering, defines globalization as, “…a process of integration—on a
worldwide scale—of markets, production, and distribution through the free flow of
capital and labor.” This commercial inter-connectedness promotes a blurring of
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cultural barriers and a sense of interdependence. Hard territorial borders are no
longer boundaries, as social space and business expand across and beyond them
(Sheehan 2009). No practicing engineer is immune to the effects of globalization,
and as such, it is helpful to understand its causes, as well as the opportunities and
challenges it poses.
Advances in information and transportation technologies have caused the world to
shrink. The 21st century is an age of unprecedented connectedness. Supply chains
have grown longer and transportation more economical. New distant markets are
opening up to international businesses. The internet and cyber infrastructure now
allow data to rapidly circle the globe. Ideas and information can be shared across
cultural and political boundaries, promoting international collaboration. Commerce
is becoming digitized, with the transference of funds occurring as digital
transactions; further facilitating international business (Sheehan 2009). Many of our
important problems and projects involve multinational considerations. Issues relating
to sustainability, overpopulation, energy and other resources, climate change, and
natural disasters affect us all.
Living in an interconnected world means changes in one corner will have an
impact all over. This was made painfully clear over the past few years during the
great recession in the United States. All firms, regardless of size, are affected by the
performance of the global economy.
Many geotechnical engineering firms and contractors must become involved in the
global market in some fashion to succeed. The global market can provide firms with
a vast work force to select from for new employees. Specialized firms and
contractors can find a bigger market for their services abroad. To lower overhead,
the structure of larger firms can be reorganized to utilize global resources.
Contractors are purchasing materials from foreign suppliers, at lower costs, to
compete. As not all international goods are produced with the same regulations and
standards, care is needed in selecting and using them. However, by embracing
globalization, while being cautious of its shortcomings and differences, many firms
will be able to offer superior products at the most competitive price (Marr 2006).
TEACHING AND EDUCATION
Geotechnical engineering has benefitted tremendously by having outstanding
educators to attract, teach, do pioneering research, and award degrees to the future
leaders in the field. Just as the scope of the field has expanded, problems to be
addressed have taken on new dimensions, and the digital age has transformed many
aspects of practice and construction, engineering education is also being impacted in
many ways.
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Welker (2012), in a keynote lecture for the ASCE GeoInstitute's 2012
Geo-Congress session on geotechnical engineering education, drew on a survey of
USUCGER member faculty, along with more informal methods of analysis, to
discuss the current state of geotechnical engineering education practice. Welker
investigated educators' current complaints with their profession. Educators found
difficulties attracting the best and brightest students to geotechnical engineering,
were troubled by deteriorating geotechnical laboratory resources coupled with
growing incoming class size, and were concerned by the disconnect with
practitioners due to a loss of practice-focused faculty. Educators were also concerned
with the decrease in number of credit hours required to attain a Bachelor of Science
degree. The average credit hour requirement in 1920 was 151 vs. 130 today; yet
engineering technical complexity has greatly increased. Emphasizing this disparity,
in 1920, civil engineering required more years of formal education than many other
prominent professions, including law and medicine. Today, the average law degree
requires 7 years, medicine, 8, and civil engineering remains at 4. Educators are
concerned that their students will lose the technical skills required to be successful as
their curricula become more professionally focused. They also see the need to
include emerging, technically rich, and useful subjects such as risk assessment and
load and resistance factor design (LRFD) in their curricula, (Welker 2012).
Clearly, this continuing trend of reduction in required credit hours for graduation
coupled with increases in the subjects to be taught threatens the ability to maintain
current levels in the teaching and application of the "fundamentals" that are so
necessary to produce a well-founded engineer.
The ASCE acknowledges that a 4 year degree is currently “satisfactory” for
entry-level civil engineers. However, in the recently proposed and accepted Policy
Statement 465 (ASCE 2012), the society argues that due to the rapid changes that
characterize the 21st century, a four year degree is “becoming inadequate for the
professional practice of civil engineering”. The policy “supports the attainment of a
Body of Knowledge (BOK) for entry into the practice of civil engineering at the
professional level.” ASCE defines the appropriate BOK as “(1) the fundamentals of
math, science, and engineering science, (2) technical breadth, (3) breadth in the
humanities and social sciences, (4) professional practice breadth, and (5) technical
depth or specialization.” The policy proposes also that in addition to requiring a
baccalaureate degree in civil engineering and the appropriate experience, entry-level
engineers must fulfill their BOK through attaining a master’s degree or completing
30 graduate level credits before attaining licensure. (ASCE 2012). However, this
latter recommendation has not gained universal acceptance and remains
controversial throughout the engineering profession (Rubin and Tuchman, 2012).
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In any event, the competition for "course-time" in evolving and changing curricula
can be expected to continue, or even intensify, as the number of important things to
be taught, learned and mastered continues to increase. In the case of geo-oriented
programs this competition could extend into the domain of the fundamental sciences
part of the curriculum owing to the increased needs for instruction in the bio- and
geo-sciences in addition to the required coverage of the essentials of the physical and
mathematical sciences.
SOME PREDICTIONS ABOUT THE FUTURE OF GEOTECHNICAL
ENGINEERING (AND THE ROLE OF FUNDAMENTALS IN IT)
"Predictions are difficult - especially about the future"
(Neils Bohr).
Nonetheless, I conclude this white paper with some predictions about the future of
geotechnical engineering and a few comments about the role of "fundamentals."
They are listed without categorization, prioritization, probability of occurrence, or
assessment of relative importance. Some among them may be appropriate for
discussion and debate at the workshop.
•

The scope of problems and projects requiring geotechnical inputs for solution
will continue to expand.

•

Continuing advances and improvements in biotechnology, sensors and
sensing systems, geophysical methods, remote sensing, and information
technology will enable geotechnical engineers to work faster and smarter,
and with more tools in their toolbox.

•

Scientific and technological advances based on proper application of
universal scientific principles, if used wisely, will enable better insights and
understanding of interrelationships, phenomena and processes that impact
earth material and geosystem behavior.

•

The importance of sound engineering judgment in all aspects of geotechnical
engineering projects will increase owing to the need to be able to evaluate
wisely all the readily available information that can be obtained and brought
to bear on a problem or project. Without this judgment, unanticipated failures
or other "geotechnical surprises" can be expected.

•

The need for early identification and integration of geotechnical
considerations into overall project definition, feasibility studies, planning,
investigation, and design will increase. Structural, environmental and
sustainability issues can and will be better addressed if the geotechnical
issues and perspectives are brought to bear early in the project.
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•

Closer collaboration among engineers, specialty equipment developers and
manufacturers, and contractors will result in new design possibilities, easier
constructability, reduced costs, and improved job-site safety.

•

Sustainability considerations will play an important role in selection of
design alternatives and construction methods. Embodied energy, carbon
dioxide releases and life cycle cost analyses will be among the factors
considered.

•

Risk and reliability considerations will play increased roles in selecting
among alternative solutions, evaluation and management of uncertainty
during construction, and dealing with both natural disasters and
anthropogenic-based risks.

•

Geotechnical engineering will have very important and expanding roles in
addressing energy needs and development of energy resources (both fossil
fuels and renewable resources), infrastructure renewal and new construction,
rehabilitation and new construction of dams and levees, recovery of natural
resources, hazard identification, mitigation of risk and recovery from natural
disasters, and protection and enhancement of the environment.

•

Emphasis on multi-investigator research projects that are multi-disciplinary
and/or inter-disciplinary in scope will continue. Geotechnical inputs that are
fundamentally sound and based on good science will add the most value.

•

Societal impacts will be given more consideration in the ranking of
competitive research proposals.

•

New and improved measuring methods, low-cost instrumentation, and data
acquisition, processing, and display systems will enable more extensive life
cycle monitoring of buildings, infrastructure systems, dams and other
earthworks.

•

Case histories that describe innovations, successes and difficulties associated
with large civil engineering projects will continue to play a major role in
defining new directions and advancing the profession.

•

Geotechnical contractors will continue to develop innovative ways to
improve their construction equipment and methods, reduce costs and increase
profits. Speed, precision, and safety will reach unprecedented levels owing to
advances in sensor, information, and control technologies.

•

Both the challenges and opportunities resulting from globalization of the
engineering and construction industries will continue to influence technology
and impact the business of geotechnical engineering.

•

Some changes in the traditional forms of civil and geotechnical engineering
education are likely as a result of the tension created by decreasing unit
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requirements for the baccalaureate degree and the need to cover more
material in the face of the need to prepare students with more knowledge and
skills. New approaches and methods for teaching may result from both the
digital age and from research by departments of engineering education now
active at many universities. Distance learning and continuing education via
the many seminars, webinars, and conferences that are now available online
will assume increased importance.
•

The equivalent of a masters degree will continue to be necessary for most
geotechnical engineers. In addition, continuing education throughout their
careers will become a universal fact of life.

•

In 2008 a committee of the U.S. National Academy of Engineering identified
14 Grand Challenges for Engineering in the 21st Century. Among them are
problems involving energy conservation, resource protection, water use, food
production and distribution, waste management, security and
counterterrorism, communications, transportation, weather prediction and
control, and sustainable development. Opportunities for well-grounded and
creative geotechnical engineers and geotechnical engineering to make
significant contributions to meeting any and all of these challenges are
abundant.
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ABSTRACT: There are multiple areas where geotechnical engineering research can
contribute to solving some of today’s pressing problems. This paper highlights
potential contributions in three specific areas, namely development of a low carbon
economy, management of global groundwater resources and enhancement of urban
sustainability and resilience. In addition, there are a series of over-arching
challenges in the fields of geotechnical and geo-environmental engineering which will
require long-term, sustained research efforts to address. The paper is based on the
personal perspectives of the Authors, and is not intended as a comprehensive overview of geotechnical research needs to address global challenges. Instead, the
intention is to promote discussion and exchange on this important topic.
INTRODUCTION
The Authors have been invited to provide a perspective on global challenges that
relate to fields of geotechnical and geo-environmental engineering, and to identify
needs for future fundamental research in these fields. The Authors have chosen to
focus on three specific challenge areas, each described under separate headings
below, as well as some over arching challenges faced by the fields of geotechnical
and geo-environmental engineering. The highlighted challenges, and the research
areas identified under each, are by no means exhaustive. Rather, they are presented as
illustrations of where the geo-community might contribute expertise and leadership in
tackling some pressing problems of today, with the intention of spurring discussion
among participants of a workshop entitled “Geotechnical Fundamentals in the Face of
New World Challenges”, held at the National Science Foundation, Arlington,
Virginia, January 24th – 26th, 2016.
LOW CARBON ECONOMY
We are living in what is becoming widely known as the anthropocene epoch
(Zalasiewicz et al., 2010), where human activities are recognized as driving the
process of climate change principally through the production of greenhouse gases
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(GHG). The United Nations (UNFCCC1, Paris Agreement 2015) aims to control the
long-term rise in average global temperatures by regulating the production of these
GHGs. These goals will only be met if industrialized nations move toward low
carbon economies through investment in technologies for energy efficiency,
renewable 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) are used primarily in electricity
generation, fossil fuels account for most energy usage in transportation and industrial
processes (notably in the production of building materials). The transition to a low
carbon economy will require massive changes in the infrastructure supporting power
distribution and transportation systems. We believe that 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 (0.3%; LLNL, 2009) and is primarily limited to electricity 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 US and China). There is potential for massive growth2 of
geothermal energy through development of technologies to support Enhanced
Geothermal Systems (EGS; sometimes referred to as universal heat mining) involving
fracturing of hot dry rocks with circulation of a carrier fluid. This would require
advances in technologies for deep drilling, high-resolution geophysical and remote
sensing methods, and online monitoring of heat reservoirs.
There is also increasing interest in use of the subsurface environment for seasonal
heat exchange or heat storage (often referred to as ‘shallow geothermal’ resources) –
using ground source heat exchangers. Research in this field has taken root in the
geotechnical community largely through integration of heat exchangers with
foundation elements (‘geothermal piles’) and through potential applications of the
technology to assist in district-scale heating and cooling of buildings. Inconsistent
performance reported in prototype projects suggests there is a significant research
challenge 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 bear loads.
Wind energy. The US has been relatively slow to develop wind resources primarily
due to the distance between primary locations (i.e., those with the highest wind power
density) for onshore generation (far from major consumers) and 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
UK3. In the longer-term, the principal research needs will relate to local energy
1

United Nations Framework Convention on Climate Change
MIT (2006) estimate the potential for generating more than 100GWe by 2050 in the US alone.
3
North Sea installations benefit from much shorter transmission distances to major population centers and possible
power interconnects between the National Grids of countries that have substantial pumped storage capacity (such
as Norway).
2
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storage and power distribution infrastructures.
Hydropower. Hydropower remains the biggest source of renewable energy in the US
(10% of electricity generation) and one of the most strategically important energy
resources worldwide (with increased importance of pumped storage systems). The
major challenges in the future relate to reducing environmental impacts of major dam
projects and 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
and methodologies for retrofit of hydropower facilities.
Natural gas. Hydrofracking for extraction of natural gas from shales has reshaped the
energy economy of the US over the last ten years. While many consider natural gas
an intermediate solution in the migration to a low carbon economy (e.g., as a
replacement for coal in power generation) it presents an important set of research
challenges of particular interest to geotechnical engineers. There are significant risks
associated with induced seismicity that remain poorly understood, while substantial
advances are needed to understand and control fracturing of gas shales in order to
reduce energy and water consumption associated with this technology.
Carbon capture and storage. Carbon capture and storage will be 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) represents the only viable solution for large-scale
storage of greenhouse gases in the continental US. There are major uncertainties in
evaluating the storage capacities and sustainable injection rates (Szulczewski et al.,
2012) and major challenges to monitor and verify that that the CO2 remains trapped
underground over very long time periods (100s – 1000s of years). The latter will
require basic research on natural and enhanced mineralization processes.
Sustainable Development. The concept of sustainable development is most succinctly
defined as ‘development that meets the needs of the present without compromising
the ability of future generations to meet their own needs’ (Brundlandt Commission,
1987). In practice this implies the need to balance the use of resources with
economic, environmental 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, involve 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 management of underground space.
The last 10 years have seen the emergence of tools for appraising and comparing the
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sustainability of projects through a series of indicator metrics (e.g., GeoSpeAR; Holt
et al., 2011). There has also been a great deal of work on more 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 economic dimensions). LCA methods rely on indices such as embodied energy4
to evaluate resource efficiency, and carbon or ecological footprint5 to characterize
environmental impacts. Although the principles and framework of LCA have been
formalized by ISO (2006), the US has been slow to apply these methods in
construction projects. The geotechnical community should play a much bigger role in
this process, which has great potential to spur innovation in design and construction
methods.
MANAGEMENT OF GROUNDWATER RESOURCES
Groundwater represents 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 (Feighery et al., 2013). Moreover, a majority of the world’s
irrigation needs are provided by groundwater (Ojha, Ramadas, & Govindaraju, 2013).
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 (Richey et al., 2015), and factors such as climate
variability, climate change and population growth are only projected to make matters
worse. Geotechnical and geoenvironmental engineering research can contribute to
better management of the world’s groundwater resources in a number of areas,
including:
Reversal of groundwater depletion. The United States Geological Survey (USGS)
defines groundwater depletion as “long-term water level declines caused by sustained
groundwater pumping”. According to a 2013 report (Konikow, 2013), 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. 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 insitu
monitoring methods, can contribute in this area. In addition, better understanding of
                                                                                                                          

Embodied energy of a material is defined as the sum total of all the energy required to produce that
material.
5
Ecological 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.
4
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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 geo-environmental engineering
practice. For example, the Opti Platform6, 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 (Zachara et al.,
2013). To prevent further degradation of groundwater resources, strategies for the
safe, long-term containment of contamination and buried waste are required.
Fundamental research that improves site characterization and the long-term
monitoring of contaminant fate and transport can contribute to this goal, in addition to
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 stressors, such as climate and land-use change, into risk
assessment tools. In addition, geotechnical engineers can work alongside others on
research to improve risk communication.
Pathogens in drinking water. The presence of fecal bacteria in groundwater still
remains a primary cause of diarrheal disease, an illness that impacts nearly 1.7 billion
people per year and remains the second leading cause of death in children under five
(World Health Organization, fact sheet No 330, 2013). 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 extend of fecal contamination detected at field sites (Schijven & Hassanizadeh,
2000). As a result, the placement and management of groundwater wells in many
communities is not protective of human health. Here, fundamental research is needed
                                                                                                                          
6

Opti 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.
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to improve understanding of the bio-geo-chemical processes mediating subsurface
colloidal particle transport, from the micrometer to the kilometer. 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. Organic micro-pollutants are a class of emerging
contaminants that can have human and/or ecological health effects, and which have
been widely detected in aquifers in the U.S., Europe and elsewhere. Organic micropollutants 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 (Murray,
Thomas, & Bodour, 2010).
In a review of Emerging Organic Contaminants (EOCs) published by Lapworth et al.,
(Lapworth, Baran, Stuart, & Ward, 2012), 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
vadoze zone and groundwater. Here, geotechnical engineers can contribute to
fundamental research that improves the detection, monitoring, modeling and
remediation of EOCs in the subsurface.
URBAN SUSTAINABILITY AND RESILIENCE
The United Nations World Urbanization Prospects report noted that 2009 was the
year that the world's population crossed the line of being more than 50% urban – with
3.42 billion living in urban areas versus 3.41 billion in rural areas. Indeed, Ban Kimoon, Secretary-General of the UN, has 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 the majority of the world’s population. Geotechnical
and geoenvironmental engineering research can contribute to emerging
interdisciplinary research in urban sustainability and resilience in several key areas,
including:
Underground infrastructure. Most essential urban infrastructure services (potable
water, wastewater, energy and communications) are located below ground (in
networks of pipes and conduits) along with many vital transportation facilities (transit
networks etc.). 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 rail7 in
London, to the futuristic underground science city planned in Singapore8). This has
led cities (such as Helsinki) to develop masterplans for underground space use. The
                                                                                                                          
7

http://www.crossrail.co.uk
http://www.straitstimes.com/singapore/experts-warn-of-hefty-price-tag-for-singapores-undergroundambitions
8
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restoration and improvement of buried infrastructure is part of a larger global
challenge related to the overall restoration and improvement of urban infrastructure.
Advances in technologies for mapping the location and condition of buried
infrastructures (within the congested urban environment) are urgently needed to
understand the magnitude of the challenge in this area. In addition, advanced warning
systems of potential problems and failures could save massive disruptions to services,
costs and, more importantly, lives. Geotechnical engineers have much to contribute in
this domain, especially in emerging approaches involving data analytics and IoT
technologies. They will also continue to be challenged to reduce costs and risks
associated with underground urban construction.
Stormwater management. As a result of 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 size9. This runoff contains
pollutants including oils, heavy metals, particulates and nutrients, 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 a local water body. 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 deal with
modern 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 US (NOAA, 2002), and very many more
globally. Tackling this problem 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, as well as
enhanced understanding of the long-term behavior of existing engineered soils.
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 coast10. Global sealevel 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 cities are to avoid devastating impacts, including the
                                                                                                                          
9

EPA 2013: http://water.epa.gov/polwaste/nps/urban_facts.cfm
United Nations Department of Economic and Social Affairs 2012
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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.
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 area where 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). Geotechnical engineers can also collaborate with
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); here, advances that enable the creation of probabilistic event trees
summarizing potential hazard scenarios for specific locations are needed (Neri et al.,
2008). Geotechnical expertise can also contribute to advances in risk-based design
and risk communication approaches.
OVER-ARCHING CHALLENGES
The fields of geotechnical and geo-environmental engineering are defined by a set of
common underlying challenges (after NRC, 2006), 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 limited ability to predict engineering properties/behavior of
complex geomaterials at the macroscale based on knowledge of their structure11.
These challenges require long-term sustained research if major advances are to be
achieved. The following paragraphs offer some perspectives for potential research in
subsurface characterization, multiscale modeling of geomaterials, and handling of
uncertainties and risk in design and construction.
Subsurface Characterization. Subsurface characterization is critical for all aspects of
geotechnical engineering from site characterization, flow and transport processes,
condition assessment and monitoring applications. As a result geotechnical practice
uses a wide range of invasive (drilling and sampling), non-invasive (geophysical and
remote sensing)12 and structural health monitoring techniques. Recent advances in
geophysical imaging methods and remote sensing tools (notably in Interferometric
Synthetic Aperture Radar [InSAR], Light Detection and Ranging [LIDAR] and
Ground Penetrating Radar [GPR]13), have addressed some of these topics. For
example InSAR enables high resolution mapping of ground displacements O[1cm]
over large surface areas O[10-100km2], while LIDAR is widely used to map landslide
hazards. Similarly, new paradigms in wireless sensor networks and low cost sensors
                                                                                                                          
11

i.e., Interparticle forces and fabric (particle orientation and distribution)
Often used in combination (e.g., seismic cone penetrometers).
13
InSAR mainly uses spaceborne antennae, while LIDAR and GPR can be measured from airborne or
ground stations.
12
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have greatly increased the spatial and time resolution for structural health monitoring.
However, there remain major challenges in mapping subsurface stratigraphy, rock
mass fracture systems and other geological features at scales that are important for
geotechnical projects (such as urban tunneling) and geo-environmental projects (such
as buried waste management). Advances in invasive techniques such as directional
drilling also offer many intriguing opportunities to expand the capabilities of
subsurface investigation.
Sampling remains a critical component of site
characterization that is essential for characterizing engineering properties. There have
been few advances in technology in this field (with the noted exception of pressure
coring used in offshore engineering) and new innovations are urgently required.
Engineering Properties of Geomaterials. Major advances in understanding the
behavior of idealized granular materials (with particles on mm scale) have been
achieved through combinations of experimental measurements (notably microCT
scanning technology), numerical simulations (notably using Discrete Element
Methods, after Cundall and Strack, 1979) 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. 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., Cygan et al., 2004) will 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 research relating to the ‘geotechnical
cycle’ (Chandler, 2000) 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.
Uncertainty and Risk. Geotechnical engineers are used to handling physical
uncertainties associated with variability of natural geological materials (aleatoric) and
with epistemic sources associated with incomplete measurements or model limitations
(Baecher & Christian, 2003). 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 considered in geotechnical design notably
through random field representations (Vanmarcke, 1984) and Monte Carlo
simulations. Micro-scale variability is also central to multi-scale modeling 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.
Methods of probabilistic risk assessment are well established within the geotechnical
field especially for seismic hazards. Other hazards (from landslides to flood events
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etc.) are closely linked to processes of climate change. The underlying assumptions
of stationarity in the magnitude-frequency of these events are clearly no longer valid
(Milly et al., 2008) and hence, new non-stationary probabilistic models will need to
be developed in order to enable more rational planning and design to mitigate these
risks.
CONCLUSIONS
Several areas where geotechnical research can contribute to solving some of the
pressing challenges of today have been highlighted. Over-arching themes include the
need for fundamental research to address issues associated with subsurface
characterization and monitoring, complex, geo-material behavior, multi-faceted,
multi-scale processes, and the management of uncertainty and risk. In addition, the
need for geotechnical engineers to lend expertise and leadership to interdisciplinary
research efforts aimed at protecting natural resources, infrastructure and human life in
the face of stressors, such as global energy demand, climate change, population
growth and rapid urbanization, 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 geotechnical engineering and a myriad of other
disciplines, including those within the natural, social and computational sciences.
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ABSTRACT: Shallow geothermal energy has been exploited as heat sink and/or heat
source, providing thermal comfort at a higher efficiency than traditional means.
Energy piles are an example of green foundation which exploits shallow geothermal
energy. The operation of floating (i.e., friction) energy piles, however, may cause
unwanted excessive heave/settlement on supported structures. Temperature change in
pile causes thermo-elastic strain, but soil, being stress and path dependent media does
not behave linearly when subjected to temperature changes. Hence, buildings
supported by floating energy piles may suffer from excessive settlement problems
leading to the safety and serviceability concerns of floating energy pile supported
structures. In this study, a series of centrifuge tests on replacement and displacement
floating energy piles installed in both sand and clay is described and discussed. The
results reveal that replacement floating energy pile under a constant working load
shows ratcheting settlement behavior but at a reduced rate when subjected to
temperature cycles, irrespective to the soil type in which the pile is embedded. On the
contrary, displacement floating energy pile exhibits heave behavior. The underlying
mechanisms of these two observed opposite pile responses are complex.
INTRODUCTION
It is clear that there is an increasing demand for energy to support population
growth and economic development worldwide. To aggravate the problem, the world
reserves of fossil fuels are estimated to be exhausted within the next century
(Knoema, 2015; Shafiee and Topal, 2009). It is crucial, therefore, to seek for
alternative renewable resources, or at least prolong the longevity of natural resources
while alternative energy is being sought for.
One way to reduce energy consumption is via energy pile. Energy pile can reduce
energy consumption for thermal comfort by up to 75% in buildings (Brandl, 2006).
Considering that 25% of the world’s energy is dedicated for this need, the potential
saving is substantial (Patel and Bull, 2011). The earth’s temperature at about 10
meters and deeper below the ground surface is fairly constant, despite seasonal
fluctuations in air temperature; for examples, 10-18 ⁰C in most of US (Abdelaziz et
al., 2011; Kusuda and Achenbach, 1965). Therefore, the ground can be treated as a
heat sink and source in summer and winter, respectively (Brandl, 2006). Compared to
traditional air-source system, it is predicted that houses incorporating energy
geostructure can have up to 45% energy savings (McCartney et al., 2010) and for
buildings in UK, 66% energy savings has been recorded (EEBPP, 2000).
Although energy piles have been widely implemented in some European countries
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(Amis and Loveridge, 2014), scientific challenges arising from cyclic temperature
changes during the operation of floating energy pile remain to be understood and
tackled. Temperature change induces axial elongation/shortening and radial
expansion/contraction of pile, leading to cyclic compression, extension and shearing
on the surrounding soil and hence volume changes. Consequently, change in
horizontal stress, affecting both the capacity as well as the serviceability of energy
piles. Further complicating the matter, soil is not thermo-elastic. Fig. 1 shows the
volumetric response of different materials when subjected to temperature changes. It
can be seen that heating of soil does not necessarily induce dilation, unlike most
materials which expands linearly when heated (e.g. concrete/steel). With the
exception of highly overconsolidated clay, heating followed by cooling of soils result
in contraction, and upon further temperature cycles, soil continues to contract at
reduced rate (see reconstituted loess in the figure). It is obvious that this temperature
induced volume change in soil adjacent to an energy pile can alter the horizontal
stress acting on the pile, affecting its shaft resistance capacity and hence pile
settlement. Thermal induced pile settlement was observed by several laboratory scale
pile tests (Kalantidou et al., 2012; Marto et al., 2015; Wang et al., 2015) The
combined cyclic thermal effects on pile and surrounding soil induce complex thermomechanical interaction at the soil-pile interface along the pile shaft and pile toe.

FIG. 1. Volumetric changes with respect to temperatures of different materials
There is still a lack of comprehensive and systematic study on the thermomechanical interaction mechanisms of floating energy piles. Furthermore, no
appropriate unified constitutive model capable of capturing both cyclic thermal and
mechanical behavior of soil is available yet. A number of centrifuge tests have
therefore been conducted in the Hong Kong University of Science and Technology
(HKUST) to reveal the behavior of floating energy piles during their operation, with
particular emphasis on the serviceability limit state (i.e. piles subjected to thermal
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cycles).
METHODOLOGY
The principle of centrifuge modelling is to recreate the stress field of prototype
problem by subjecting a laboratory scale model to an enhanced centripetal
acceleration (Ng, where N is a multiplier and g is the gravitational acceleration).
Therefore, a prototype problem can be modelled N times smaller, and for modelling
of energy piles, thermal cycles can be simulated N2 times faster.
Centrifuge model tests on replacement and displacement floating energy piles
embedded in saturated Toyoura sand (Ng et al., 2015, 2016d) and replacement
floating energy piles in kaolin clay (Ng et al., 2014) with different overconsolidation
ratios (OCR) were carried out to reveal serviceability behaviour of energy piles. All
tests were conducted at 40g. Each model pile used in all experiments was made from
an aluminum hollow tube with an inner and outer diameter of 13 and 19 mm
respectively. The aluminum tube was coated with 1.5 mm thick epoxy to protect the
instruments, giving a final diameter (D) of 22 mm (0.88 m in prototype). All piles
were embedded to a depth of 420 mm (16.8 m in prototype scale). For replacement
piles, each floating energy pile was subjected to a working load, followed by five
temperature cycles (ΔT = ± 8⁰C). For the displacement floating pile in sand (EP-DSand), the energy pile was initially installed 3D shallower, and later jacked-in at high
g conditions to the same depth as the other three piles. The displacement pile was then
unloaded to its working load, followed by the same five thermal cycles.
Table 1. Centrifuge Test Program
Temperature range c
Pile ID
Soil type
EP-R-Light Clay
Kaolin Clay (OCR = 1.7) a
EP-R-Med Clay
Kaolin Clay (OCR = 4.7) a
14~30 ⁰C (5 cycles)
EP-R-Sand
b
Toyoura Sand (Dr = 69 %)
EP-D-Sand
Note: * OCR corresponding at depth of pile toe, # Dr – relative density, c ambient
temperature is 22 ⁰C, R-replacement, D-displacement
TEST RESULTS
Fig. 2 shows the normalized pile head displacement when subjected to thermal
cycles. For all three replacement floating energy piles, ratcheting displacement pattern
but at a reduced rate was observed. The energy pile embedded in lightly
overconsolidated clay settled by about 3.5% D after 5.5 thermal cycles, while those
embedded in medium overconsolidated clay and medium dense sand settled by about
2% and 4% D respectively, after 5 thermal cycles. The settlements of floating piles
are caused by thermal-induced contraction of soil (see Fig. 1) and reduction of shaft
resistance during thermal cycles. The unexpected large pile head settlements observed
in the three replacement pile tests could be attributed to the high coefficient of
thermal expansion of epoxy coating, which is about 6 times higher than that of
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concrete. In contrast, the displacement floating energy pile heaves slightly after 5
thermal cycles. This is likely caused by densification effects on surrounding soil from
pile jacking, thus inducing dilative soil response upon further shearing from thermalinduced pile movement (Ng et al., 2016d).

EP-D-Sand

EP-R-Med Clay
EP-R-Light Clay

EP-R-Sand

FIG. 2. Normalized pile head displacement with temperature cycles
CONCLUSIONS
A number of centrifuge model tests on floating energy piles were carried out,
revealing potential serviceability problem that floating energy piles supported
structures may experience. Ratcheting settlement patterns were observed for
replacement floating energy piles embedded in lightly and medium overly
consolidated clay, as well as medium dense sand. The unexpected large pile head
settlements observed could be attributed to the high coefficient of thermal expansion
of epoxy coating used. On the contrary, pile heave was observed for displacement
floating energy pile. This suggests the importance of soil density on the serviceability
of energy piles in sand.
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Geotechnical Infrastructure Sensing
Kenichi Soga, University of California-Berkeley
1. Introduction
Future-proofing our existing and new infrastructure has become a constant theme in government and
industry discussions. We face with the fact that our old infrastructure continues to age and require
monitoring and remedial interventions. Existing infrastructure is challenged by the need to increase load
and usage and the requirement to maintain the existing infrastructure while operating at current capacity.
The high cost involved in upgrading will lead to a desire to extend their life. For this reason, a need for
better quality asset data to improve decision-making and reduce cost has been highlighted.
Active monitoring of the construction and operational processes of infrastructure is essential.
Structures can be instrumented more proactively to assess their performance against engineering design
parameters or predictive models. However, the current monitoring systems do not fit well with this
demand, especially for the long-term behavior. In recent years, sensing is rapidly becoming part of
everyday life. More advanced sensors and appropriate data analysis ensure better product quality, process
safety, asset management and shorter downtimes. Using such innovations, there are opportunities to
advance our understanding in terms of the performance of civil engineering assets. If they can be used for
long time, it can transform the industry with a whole-life cycle approach (Soga and Schooling, 2016).
2. Geotechnical Infrastructure Sensing
2.1 Sensors
Recent advances in 3D printing, printed electronics, ultralow power-high performance microprocessors,
fast speed electronics, digital signal processing, energy harvesting, and low power wireless
communication can radically change the quality and quantity of information we can get from infrastructure.
These technologies allow any modification to be done at a much earlier stage of sensor system
manufacturing specifically for civil engineering application. There is a great opportunity to create truly
civil engineering-oriented sensor systems. Possible questions related to sensor and data interpretation for
infrastructure sensing are the following.
 What sensors are needed to measure the performance of our geotechnical structures?
 How can we make them robust and reliable?
 Should data be collected in automatic manner for the remainder of their lifecycle?
 How do we analyze the data to give reliable, meaningful results?
 What value should be measured directly? Should the value be discovered through data mining?
 How can we build confidence in using them?
2.2 Sensor Embedded Structures
By considering a structure to be composed of ‘smart’ building blocks with embedded sensors and
information management systems, it is intended that a ‘living geotechnical structure’ can be created and
continually adapted over time. Possible questions for having such geotechnical structure are as follows.
 How to develop new engineering design, construction and maintenance processes for a sensor
integrated infrastructure system?
 How do we best design, construct and monitor our structures to deliver the performance we need?
 Can our structures be more flexible and adaptable to synchronized growth?
 Can the shape and materials of structure be modified to provide the maximal future proofing
through re-configurability?
 What data do we need to do this, and how do we interpret it?
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How can real-time information about physical assets and human behavior inform utilization
strategies and future design?

2.3 Asset Level
The value of geotechnical structures within civil engineering assets needs to be determined from a multistakeholder perspective. Asset owners face this multi-perspective challenge and the challenge of balancing
cost and risk originating from decreasing funding and increasing regulation. Potentially infrastructure
sensing can support asset managers to secure the best value for money throughout an asset’s lifetime and
to make value-based asset management decisions.
 How do we futureproof our assets against changing requirements and against shocks?
 Can human behavior with data on user cost, human psychology and daily/weekly activity patterns
at both the macro and micro levels be used to determine the value of asset?
 How do we operate, manage and maintain our assets to deliver best whole life value?
 What decisions do we need to take to do so? What information do we need to make those
decisions?
 What kind of institutional objective utility/optimization is needed for asset owners?
3. Next Generation of Infrastructure Sensing
3.1 Intelligence for Life
Timescales in infrastructure and construction are long, with construction time-scales alone stretching from
two to 10 years, and asset lifetimes in the range of 60 to 100 years or even more. Geotechnical structures
are very fixed in space and time (e.g. 120-year design life) and provide independent services for
transportation, energy supply, water, sewage and communication without any appreciable linkage. Each
of these elements is operated with different business models, is guided by different performance metrics
and deals with systems that involve different degrees of interconnectedness and time scales in terms of
ageing and the requirements for repair and maintenance.
Due to different rates of technical developments between monitoring system versus infrastructure
usage, some data we will be using may be from older sensors, and some of the sensors may be embedded
now but data will be used in 10, 20 or 50 years later. At present, there is a mismatch between the life span
of infrastructure and that of sensor systems, which makes the concept of whole-life-cycle based asset
management difficult to achieve. Sensor systems to fulfil this concept (‘intelligence for life’) need to be
either long-life or adaptable for replacement.
There are sensing systems potentially available for monitoring a variety of lifecycle attributes. These
include (i) fiber optic sensors for movements and temperatures, (ii) digital images for temperatures,
damage, congestion and occupancy, and (iii) robust environmental sensors for temperature, humidity and
chemical changes. Data requirements for long-term management of infrastructure need to be identified
and then a new generation of life long sensor systems can be developed. Information required include data
quality and its degradation with time, survival rates of hardware and software components and the
associated error propagation, and costing of management and maintenance.
3.2 Intelligence in Extremes
One of the challenges for civil engineers and infrastructure owners is to make decisions when a
catastrophic event occurs. Infrastructure systems and projects face a multitude of hazards that must be
assessed, communicated, and managed appropriately. In particular, sensing the performance of linear
infrastructure systems such as power supply, buried pipelines, railways and flood defense embankments
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is challenging because any break in a system can potentially disrupt the operation of the whole
infrastructure as well as influences the other neighboring infrastructure.
To perform these assessments, there is a need to develop and deploy sensor networks for rapid
condition assessment of critical structures in order to operate optimally and to ensure system safety and
resilience. There are opportunities to extend the working conditions of the existing sensing devices to the
range of extreme civil conditions, such as large deformation, high pressure, extremely high and low
temperatures and moisture. These sensor systems provide ‘intelligence in extremes’. This effort can be
coupled with high-performance computer simulation and advanced visualization tools to conduct risk
assessments at the citywide scale, considering multiple hazards such as earthquakes, tsunamis, flooding,
and fires.
Distributed fiber optic systems as well as embedded low-power sensor network are good candidates
for reliable condition evaluation of local damage so that the residual safety margin of the structures can
be checked after an extreme event. Also satellite images, high resolution LIDAR and computer vision
images are also effective in assessing the external damages. Robotic technologies are useful for effective
data capture of difficult-to-access sites. Other potential candidates include mobile and wearable sensors.
However, there is a need to design such systems to be used ‘in conjunction’ with other in-placed sensor
systems during emergency events to ensure a wide coverage of sensing.
3.3 Intelligence on Demand
It is often argued that every infrastructure asset has unique structural characteristics and any sensor
systems need to be custom made or adapted so that they can provide satisfactory data for decision making.
However, at present it takes time to create a sensor system that is robust and safe enough to be used for
specific applications. By the time it is created, key decisions have often been made and hence there is
“intelligence delay”. However, recent advances in 3D printing, printed electronics, ultralow power high
performance microprocessors and wireless communication can radically change this situation. For
example, inkjet printers can be used for prototyping and production of both individual sensors and printed
circuit boards, whereas 3D printers will allow the production of bespoke sensor packaging capable tailored
for particular applications. These will enable the concept of ‘intelligence on demand’, in which sensors
can rapidly be developed to produce the data required for decision making.
Recent developments in small-scale manufacturing techniques can be used for the rapid production of
novel bespoke sensors. Techniques such as 3D printing, inkjet printing of electronic components and
circuit boards are good candidates. It will focus on optimizing the time required to produce new sensor
systems tailored for specific infrastructure applications, whilst also enabling the production of the civil
engineering orientated sensors. The development requires: 1) novel sensor device design and fabrication
through fast prototyping, 2) device characterization, calibration and operation for board-level system
integration, 3) environmental testing for life time and extreme conditions, and 4) new production
techniques to enable the creation of sensing devices with an extremely long life times in excess of 50 years.
3.4 Citizen as sensors
As an addition to conventional monitoring and measurement systems, it is now possible to take advantage
of the ‘citizens as sensors’ crowdsourcing aspect of citizen science. Our understanding of mobility in a
city can be improved by better tracking of where and how people move in space and time. Integrating
such infrastructure information will lead to better management and operation. The rich information
provided will act as a catalyst for new design, construction and maintenance processes for integrated
transport service systems linked directly with user behavior patterns.
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When the demand for a road or railway exceeds the supply, a time-delay is incurred as a result of the
congestion generated. The individual interactions of increasing and decreasing transport volumes results
in changes to the journey time. As transport volume and therefore density increases, transport speed will
reduce in order to safely manage the increased volume. It is now possible to crowdsource travel journey
times from GPS enabled phones in addition to conventional traffic count data from the Automated Traffic
Counter (ATC) system. There is potential application of the real time infrastructure usage data for road
and railway maintenance planning and operation for example.
If large quantities of data can be collected for real time understanding of human activities, the outputs
of the models can inform infrastructure owners about people movement and use of space and provide
guidance on future usage and efficiency. The data will feed parameters to describe current behavior of
existing users, and their willingness to change in response to new environments if infrastructure is
temporarily closed or modified for improvement. The data will also allow development of models that
consider the interplay of new technology and infrastructure usage with users’ reaction. Such models will
guide how we build new infrastructure and maintain old infrastructure more economically and efficiently.
4. Closure
In recent years, sensor and communications research has been undergoing a quiet revolution, promising
to have significant impacts on new generation of monitoring technologies for civil engineering. The trend
in the infrastructure sector is a move from supply of an ‘infrastructure’ to supply of ‘whole-life support’.
This creates demand for life-cycle monitoring and the associated sensing technology. The long-term
engineering performance data combined with engineering decision analysis will transform the industry to
a whole-life approach - design and commissioning, the construction process, exploitation and use, and
eventual de-commissioning. Ultimately the development of ‘smart’ infrastructure means true realization
of performance based design and maintenance.
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ABSTRACT: The paper presents the recent advances and their relevance in the study of
the geomechanical behavior of shales considering both experimental and modelling
aspects. Shales are involved in several energy-related engineering applications where
complex multiphysical conditions are encountered. Partial saturation, non-isothermal
conditions, plasticity and damage mechanisms may have a fundamental impact on their
geomechanical behavior. The relevance of these aspects for shales is presented in the
paper both from advance experimental and modeling point of view.
INTRODUCTION
Due to their peculiar features, shales are involved in various energy related geoengineering applications such as the extraction of shale gas and shales oil, the deep
geothermal energy capture, the sequestration of CO2 and the nuclear waste geological
storage. A comprehensive experimental characterization of their multiphysical behavior
and the development of constitutive models to predict their geomechanical response are
fundamental aspects to have a proper understanding of the performance of shales in the
aforementioned applications.
EXPERIMENTAL MULTIPHYSICAL CHARACTERIZATION
The characterization of the elasto-plastic response and consolidation behavior of shales
has been carried out to gain knowledge on the elastic and elasto-plastic compressibility
and on the consolidation and permeability features. A comprehensive experimental
campaign consisting in high-pressure oedometric tests on shales have been carried out to
this aim. The results highlight the elasto-plastic response of the shales where irreversible
porosity changes are induced upon compression at high stresses, and allow recognizing a
yield threshold separating the pre- and post-yield domains. Damage effects are
highlighted since an increase in the swelling index is found as the maximum vertical
effective stress reached is increased (Fig.1a) (Ferrari et al. a). The permeability values
estimated from the consolidation behavior are in good agreement with direct
measurements by constant head permeability tests; they are porosity dependent and are
in the range of 10-20 - 10-22 m2.
Changes in the water content and drying and wetting cycles induce suction in the
material. The determination of the water retention behavior in non-isochoric conditions
allowed identifying the significant retention properties of shales as well as the
volumetric response upon suction variations (Ferrari et al. 2014). The water retention
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curve presented in Fig. 1b illustrates that high suction values are needed to desaturate the
material and that the response upon wetting and drying cycles is hysteretic. When
dealing with gas shales, additional challenges have to be considered to investigate the
water retention of their behavior. Advanced experimental analyses have showed the
irreversible volumetric behavior and the anisotropic response of the material when
exposed to suction change (wetting/drying cycle). The impact of suction on elastic
properties is also proved in uniaxial stress conditions where a reduction of the elastic
modulus is observed during wetting processes.
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FIG. 1. Oedometric curve (a); water retention curve (b); thermal behavior at different YSR (c)

Due to the great depth involved in the engineering applications concerning shales or
due to the presence of heat sources, high temperatures and non-isothermal conditions
may be encountered. For this reason the impact of temperature on the mechanical
behavior as well as the thermal behavior at different stress conditions has been
investigated for shales. High-pressure high-temperature oedometric tests have been
carried out to this aim (Favero et al. b). The results highlight that the volumetric
behavior of the material during heating is heavily dependent on the yield stress ratio
(YSR): thermal expansion is observed when the material is heated at high YSR values,
whereas irreversible thermal compaction is observed when the material is heated at a
vertical effective stress that is close to the vertical effective yield stress (low YSR) (Fig.
1c). High temperatures are found to impact the mechanical behavior since a decrease of
the yield threshold upon compression at high temperature is found with respect to the
vertical effective yield stress value previously found at low temperature.
DAMAGE PLASTICITY
BEHAVIOR OF SHALES

FRAMEWORK

FOR

THE

MECHANICAL

The mechanical behavior of shale can usually be interpreted and classified as quasibrittle materials, a class that includes for example rocks, concrete and cemented soils.
The main characteristics of this behavior include pre-peak hardening, shear strength
dependency on mean pressure, quasi-brittle softening that finally leads to a residual state
of plastic flow at constant shear stress. The mechanism of micro-cracks growth and
coalescence is responsible for both degradation of elastic properties and the
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accumulation of plastic irreversible strains. These concepts were included in the
formulation of a plastic-damage constitutive model proposed in the work of (Parisio et
al. 2015). The isotropic damage evolution is a probabilistic approach that bases failure
on the elastic energy density function. Marigo’s theory of damage along with the
Weibull’s distribution were employed, both particularly suited to describe the failure
process of brittle materials. The non-linear plastic yield locus can account for second
order dependency of shear strength on mean pressure and to ensure uniqueness is
formulated in the damage effective stress space. Hardening law is based on the bounding
surface theory and when the final plastic yield locus is reached no more hardening takes
place. This implies null elastic strain increment, the elastic energy density remains
constant and damage does not evolve anymore, reaching therefore a constant shear stress
status typical of the post-peak phase. The plastic yield surface reads:
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where α , β and c are material parameters, q is the damage effective deviatoric stress
and p the damage effective mean stress while hr is an internal variable defined as:
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where kp = εijpεijp and hr 0 and ξ are material parameters. The damage surface is defined in
the following way:
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where Y− = 1 2 Dijkl
ij kl is the elastic energy density relative to the negative strain tensor
obtained with the spectral decomposition proposed by (Ortiz, 1985):
3
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where λα and Viα are respectively the eigenvalues and eigenvectors of the elastic strain
tensor e ije , while the negative Macaulay brackets reads:
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The expression of function k ( d ) takes the following form (Lemaitre and Desmorat,
2005):
1 mw

  1 
k ( d ) = α d log 

  1 − d 

(0.6)

where α d and mw are material parameters. For the complete model formulation,
thermodynamical consistency check and parameter determination the reader can refer to
the work of (Parisio et al. 2015). Results of numerical drained triaxial tests were
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compared to the one obtained at the laboratory scale on LaBiche shale from Canada by
(Wong, 1998) and are shown in Fig.2. It can be seen how the proposed combination of
plasticity and damage can correctly reproduce the stress-strain main characteristics of
shale, including post-peak softening and dilatant behavior, all typical features of the
mechanical behavior of shale.
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FIG. 2. Comparison of deviatoric stress vs vertical strain and of volumetric strain vs vertical strain
between experimental results and numerical simulations in drained triaxial compression tests on La
Biche shale.

CONCLUSIONS
The paper highlights fundamental physical phenomena that govern the geomechanical
behavior of shales. In particular, the impact of partial saturation and temperature on their
volumetric response and mechanical properties are demonstrated through an advanced
experimental characterization. The role of damage plasticity mechanisms in controlling
the mechanical behavior of shales is proved with the development of a complex
constitutive model.
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