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Preface

nderground infrastructure presents unique challenges for engineers
because usable underground space is limited in its extent and is not
easily observed or accessible. The safety, health, and welfare of the
public at large are among the civil engineer’s primary concerns while design-
ing, constructing, maintaining, and operating physical infrastructure, including
underground infrastructure. Underground engineers must rely on the skills and
expert knowledge of all members of an interdisciplinary team to carry out their
respective professional obligations within their scopes, budgets, and schedules.
A concept has recently been making its way into infrastructure systems
requirements to be satisfied by the engineer: sustainability. There are numerous
definitions of sustainability, but this report refers to sustainability as the ability to
obtain and use resources to meet current needs and improve standards of living
without compromising the ability of those in the future to do the same. Sustain-
able urban development includes the selective use of materials and resources and
consideration of cost effectiveness, functionality, safety, aesthetics, and longevity.
The concept of sustainability changes the scale of many engineering projects.
Engineering for sustainability means that engineers will need to move beyond
traditional practice and consider their projects as part of a far larger physical and
social system. They will need to think about the functionality and behaviors of
their projects over long time periods—perhaps well beyond the project’s service
life. This is especially true of underground infrastructure, the impacts of which
on society can be widespread and beneficial, but the failure of which can be dev-
astating, and the remnants of which—post-useful service life—can affect society
and the use of the underground for centuries into the future.
The committee was provided a detailed statement of task intended to define
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Viii PREFACE

the role of underground engineering and works in sustainable urban develop-
ment, as well as to provide direction for a future research track that supports
such engineering. The broad and complex nature of the task necessitated only
high-level consideration of its numerous points. The committee determined that
simply responding one by one to each of the bulleted items in the statement of
task would not fully respond to the intent of the task as described by the study
sponsors. Instead, the committee tackled each bullet through discussions of the
definition of sustainability, the evolution of underground use, potential contribu-
tions of the underground to sustainable urban development, health and safety
in the underground, technological challenges of underground engineering, and
research and training needed to increase capacity for underground engineering
that supports sustainable development.

The direction of committee deliberations and the report were informed
through multiple discussions with the study sponsors. Dr. Richard Fragaszy of
the National Science Foundation provided numerous important insights regard-
ing the concept of sustainability. Dr. Jonathon Porter of the Federal Highway
Administration also spoke with the committee to describe his agency’s expecta-
tions regarding the committee task, and answered the committee’s questions with
care. Committee deliberations and writings were also informed through excellent
presentations during open sessions of committee meetings by Mr. Gordon Feller,
Cisco Systems; Dr. Edward Garboczi, National Institute for Standards and Tech-
nology; Mr. Michael Grahek, Los Angeles Department of Water and Power; Mr.
F. G. Wyman Jones, Los Angeles County Metropolitan Transit Authority; Mr.
Richard Little, Keston Institute for Public Finance and Infrastructure Policy, Uni-
versity of Southern California; Dr. Harvey Parker, Harvey Parker and Associates,
Inc; Mr. Kevin Peterson, Peterson Design; Dr. Helen Reeves, British Geological
Survey; Mr. Henry A. Russel, Parsons Brinkerhoff, Inc.; Dr. Benedict Schwegler,
Jr., Walt Disney Imagineering Research and Development; and Dr. Raymond
Sterling, Louisiana Technical University. Numerous others also contributed to
the committee process through less formal discussions with individual commit-
tee members and National Research Council (NRC) staff. Although there are too
many to list here, the committee owes a debt to each of these people.

The committee is also grateful to the numerous NRC staff that provided
direction, assistance in text development, and logistical and research support over
the duration of the project. Their contributions to this process kept us moving
forward, focused on the statement of task, well fed, and well informed. Our NRC
study director, Sammantha Magsino, was particularly valuable to the committee
in turning the many original text drafts on a range of topics from each committee
member into coherent and consistent sections, chapters, and finally the report.

The study process has made it clear to the committee that the underground
engineering needed to develop urban sustainability will require engineers in
professional practice to rethink how they have traditionally delivered their work
products. It will also require those in research and education to consider new mul-
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tidisciplinary approaches to improving technologies and increasing capacities.
Engineering the underground permanently changes the underground—a valuable,
and irreplaceable resource. It is the ethical responsibility of all making those
changes to anticipate and understand the impacts of those changes to the larger
physical and social infrastructures over time to avoid harming future generations,
and, in fact, to help those future generations to thrive.

Adding to or changing the systems of systems that comprise urban infrastruc-
ture will demand that underground engineers become more multidisciplinary in
their approaches and that they more comprehensively communicate and rely on
the expertise of engineering scientists, planners, architects, and other profession-
als from all contributing disciplines. This report presents a foundation for how
this professional transition can be made, and it presents a framework for new
education, training, and research strategies to prepare engineers and all their col-
leagues for the future.

Paul H. Gilbert, PE., NAE
Chair






Acknowledgment of Reviewers

diverse perspectives and technical expertise in accordance with procedures

approved by the National Research Council’s Report Review Committee.
The purpose of the independent review is to provide candid and critical comments
that will assist the institution in making its published report as sound as possible
and to ensure that the report meets institutional standards of objectivity, evidence,
and responsiveness to the study charge. The review comments and draft manu-
script remain confidential to protect the integrity of the deliberative process. We
thank the following individuals for their participation in the review of this report:

This report has been reviewed in draft form by persons chosen for their

Arthur Bendelius, A & G Consultants Inc., Fayetteville, Georgia
Brenda Bolhke, Independent Consultant, Great Falls, Virginia

Joseph P. Colaco, CBM Engineers, Houston, Texas

Louise K. Comfort, University of Pittsburgh, Pennsylvania

Herbert H. Einstein, Massachusetts Institute of Technology, Cambridge
Derek Elsworth, Pennsylvania State University, University Park

Marc Pisano, University of Southern California, Los Angeles

Although the reviewers listed above have provided many constructive comments
and suggestions, they were not asked to endorse the conclusions or recommenda-
tions, nor did they see the final draft of the report before its release. The review
of this report was overseen by Charles Fairhurst, Itasca Consulting Group, Inc.,
Minneapolis, Minnesota. Appointed by the National Research Council, he was
responsible for making certain that an independent examination of this report
was carried out in accordance with institutional procedures and that all review

Xi



xii ACKNOWLEDGMENT OF REVIEWERS

comments were carefully considered. Responsibility for the final content of this
report rests entirely with the authoring committee and the institution.



Contents

SUMMARY 1

1 INTRODUCTION 17
Defining Underground Infrastructure, 19
Sustainability, 20
Hazard and Risk, 23
A Brief History of Underground Occupation, 23
Potential Benefits and Challenges Associated with Developing
Underground Space, 29
Human Factors Affecting Underground Development, 32
Report Organization, 33
References, 34

2 THE EVOLUTION OF AND FACTORS AFFECTING
UNDERGROUND DEVELOPMENT 37
Expansion of the Underground in the Past Century, 38
Engineering the Underground for Sustainability, 39
Policy, Economic, and Human Behavioral Drivers that Influence Decision

Making, 42
Cross-Systems Interdependencies, 49
Consequences of Incomplete Planning, 53
Planning and Governance for Sustainability, 57
Long-Term Management of the Underground, 60
References, 61

Xiii



Xiv

CONTENTS

CONTRIBUTIONS OF UNDERGROUND ENGINEERING TO
SUSTAINABLE AND RESILIENT URBAN DEVELOPMENT 67
The Broad View: The Urban Setting as a System of Systems, 68

Hazards, Security, and Resilience of Urban Areas, 87

References, 98

HEALTH AND SAFETY UNDERGROUND 105
Human Factor Engineering, 106

Managing Safety through Regulation, 108

Hazards to Human Health, 110

Security from Violence, 112

International Underground Tunnel Safety Codes, 116

Emergency Response Challenges, 117

Increasing Comfort and Maximizing Safety, 121

References, 121

LIFECYCLE SUSTAINABILITY, COSTS, AND BENEFITS OF
UNDERGROUND INFRASTRUCTURE DEVELOPMENT 125
Lifecycle Sustainability Assessment, 126

Lifecycle Economic Benefits and Costs, 128

Lifecycle Environmental Benefits and Costs, 135

Social Benefits and Costs, 136

Research Needs for Lifecycle Costs and Benefits, 139

References, 140

INNOVATIVE UNDERGROUND TECHNOLOGY AND
ENGINEERING FOR SUSTAINABLE DEVELOPMENT 145
Evolution of Technology, 146

Technologies for Underground Site Characterization, 149

Technologies for Design, 156

Technologies for Underground Construction, 160

Technologies for Effective Asset Management, 170

Technologies That Promote Sustainability and Resilience, 178

References, 182

INSTITUTIONAL, EDUCATIONAL, RESEARCH, AND
WORKFORCE CAPACITY 187
Coordinated Formal Planning, 188

Technological Leadership, 192

An Educational Framework, 195

Improving Performance, 197



CONTENTS

Advancing Technology for Sustainability, 199
Lifecycle Approaches, 200

User Safety and Comfort, 203

Final Thoughts, 205

References, 206

APPENDIXES

A Committee and Staff Biographies

B Open Session Meeting Agendas

C Interdisciplinary Underground Engineering Practice

XV

209
217
221






Summary

or thousands of years, the underground has provided refuge, resources,

foundations for surface structures, and a place for spiritual or artistic

expression. More recently, important infrastructure has been placed under-
ground because of proximity to services, to preserve surface space, provide
climate or security isolation and containment, reduce construction and energy
costs, improve traffic flow, and for various aesthetic benefits. Underground space
can provide three-dimensional freedom often unavailable in densely developed
areas. Infrastructure systems can be placed beneath cities, under rivers, and even
through mountains. Millions of people rely on these systems with little thought to
the comfort and conveniences provided. Placing new infrastructure underground
also may encourage or support the redirection of urban development into sus-
tainable patterns. Resilient, well-maintained, and well-performing underground
infrastructure, therefore, becomes an essential part of sustainability.

At the request of the National Science Foundation (NSF), the National
Research Council (NRC) conducted a study to summarize current underground
engineering knowledge, identify needed research and direction for a new research
track to support sustainable development through underground engineering, and
examine drivers that promote or inhibit underground development (see Box S.1
for statement of task). The NRC convened a panel including researchers and
practitioners with expertise in geotechnical engineering, underground design and
construction, trenchless technologies, risk assessment, visualization techniques
for geotechnical applications, sustainable infrastructure development, lifecycle
assessment, infrastructure policy and planning, and fire prevention, safety, and
ventilation in the underground. The committee’s report is intended to inform
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BOX S.1
Statement of Task

An ad hoc committee of the National Academies will conduct a study to
explore the potential advantages of underground development in the urban
environment, to identify the research needed to take advantage of these
opportunities, and to develop an enhanced public and technical community
understanding of the role of engineering of underground space in the sustain-
ability of the urban built environment, specifically the minimization of consump-
tion of nonrenewable energy resources, construction materials, and negative
impact on the natural, built, and social environments. In particular the study
will:

» Summarize current geological and geotechnical engineering knowledge
about underground development in the urban environment and how utilization
of underground could increase sustainability, including knowledge of geologic
site characterization, construction and geotechnical monitoring techniques,
energy requirements, use of excavated materials, and lifecycle costs and
benefits of underground infrastructure development.

» Identify the research needed to capitalize on opportunities for enhancing
sustainable urban development through underground engineering, in the fol-
lowing areas:

* Underground characterization, prediction of the geologic environ-
ment, and ground response critical for successful design and construction
of underground projects and critical facilities to maximize sustainability
and resiliency;

«  Construction and monitoring methodologies and enhanced excava-

L

public- and private-sector audiences engaged in research, urban and facility plan-
ning and design, underground construction, and safety and security.

Based on discussions with study sponsors, this report focuses on contribu-
tions of engineered underground space to sustainable development and outlines
needs in the research, educational, regulatory, and social environments that would
maximize those contributions. The report provides a set of overarching observa-
tions, conclusions, potential actions, and research topics related to integrated and
interdisciplinary infrastructure systems design and management; underground
engineering education, training, research, and practice; approaches to manage-
ment and technological development; infrastructure lifecycle assessment; under-
ground space use acceptance and safety; and underground space as a resource.
These conclusions address all aspects of the charge generally rather than specifi-
cally. Important research topics are highlighted with the conclusions, but more
are found throughout the main body of the report.



SUMMARY 3

tion methods, including tunneling, conducive to sustainable and resilient
underground development;

» Smart underground structures and conduits that report their status;

* Health and safety considerations, such as cost-effective ventilation,
light, and concerns related to radon exposure or fire control;

» Lifecycle cost and benefit issues, including reduced energy needs
for heating and cooling, reduced construction material use, use of ex-
cavated materials, increased longevity of underground structures and
reduced maintenance associated with stable temperatures and isolation
from surface weathering effects;

* The potential sustainability benefits of increased use of underground
space for human transportation systems, including roadways and mass
transit, and freight;

« The potential for integrating of energy, water, and waste systems for
certain urban regions to improve sustainability; and

¢ How underground development might address concerns related to
the impacts of climate change on the urban environment.

The committee will recommend directions for a new underground engineering
research track focused on earth systems engineering and management to
ensure future human resources for sustainable underground development,
will analyze the advantages and disadvantages of establishing a new research
center in this area, and consider other potential options for enhancing the hu-
man resource capacity for sustainable underground development (including
the status quo). The committee also will consider from a social science point
of view, the policy, economic, and human behavioral drivers that promote or
inhibit the development of the subsurface in a sustainable manner, but will not
make policy or funding recommendations.

THE UNDERGROUND FOR SUSTAINABILITY

Sustainability is defined in this report as the ability to meet present societal
needs without compromising the ability of future generations to do the same.
Maintaining or improving quality of life and maintaining long-term ecological
balance are among societal needs. An unhealthful natural environment can nega-
tively impact food, water, and air supplies and degrade quality of life and health
to unacceptable levels. Resilience, an important aspect of sustainability, is defined
as the ability to respond to environmental changes—especially natural or human-
caused adverse events—with minimum impact on functioning.

Master plans of some cities (e.g., Singapore) include extensive underground
use. Well-planned underground infrastructure can positively influence land use
and development decisions and can reduce vehicle use and associated impacts.
High-density urban centers may depend on centralized services but can capi-
talize on centralization to increase sustainability. Underground transportation
infrastructure (e.g., urban roads and highways, public transit subways, grade-
separated and underground freight railroads, high speed rail, and pedestrian
rights of way) can address multiple growth-related challenges in urban areas
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(e.g., congestion, urban sprawl) if infrastructure elements are optimally designed
and located. Well-planned and operated underground infrastructure can, in many
cases, improve quality of life and sustainability more so than can similar-purpose
surface infrastructure.

UNDERGROUND INFRASTRUCTURE AS PART OF A SYSTEM

Observation: There is little strategic coordination of underground infrastructure
development in the United States.

Conclusion 1. Coordinated formal administrative support and manage-
ment of underground infrastructure as part of an integrated, multi-dimen-
sional, above- and belowground system of urban systems is vital to urban
sustainability.

Potential actions:

a. Recognize responsibilities related to formal support for underground
infrastructure as part of the total urban system through coordinated planning
and operations, fostered technological development, and local and regional rule
making.

b. Develop and encourage use of a system for consistent data collection,
archiving, and access to be used by all facility owners and operators to aid deci-
sion making.

Research:

a. Explore within the federal government the most appropriate technical and
administrative approaches to facilitate coordinated management of the under-
ground as part of a total urban system. Recognize and coordinate with ongoing
research in this area, for example, that conducted by the NRC Transportation
Research Board related to road projects.

b. Conduct a technology scan of how countries and cities around the world
collect, manage, make available, and use three-dimensional geological and buried
structure information.

Infrastructure development, operation, and maintenance require management
of the complex physical, social, and environmental systems influencing proper
functioning. Development of underground infrastructure suffers in the United
States from the lack of a mission agency or organization within the federal
establishment dedicated to coordinating development activities across sectors.
Project and research funding mechanisms tend to focus on solving particular
problems with little consideration of long-term impacts on the total urban system.
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Coordination could lead to better management of research investments, opti-
mized decision making, reduced risk for federal development projects, and better
leveraging with state and local entities. Although some planning and zoning by
local governments of outward and upward city growth does occur, there is little
analogous control of underground space, and even less control that coordinates
above- and belowground development. It is possible and desirable to identify,
protect, and effectively zone prime subsurface resources for optimal use as is
done, for example, in Helsinki, Finland, Montreal, Canada, and Singapore. Some
policy changes can result in lower costs through, for example, streamlining time-
consuming permitting processes as is done in Japan.

Observation: Market forces in the United States encourage workforce capacity
growth and urban and infrastructure development, but often in an ad hoc manner
that may not be consistent with urban sustainability.

Conclusion 2. Development of underground space as part of sustainable
urbanization requires expanded and coordinated communication with stake-
holders to better incorporate site-specific conditions, greater flexibility, and
long-term community needs into infrastructure system design and optimal
lifecycle management.

Potential actions:

a. Establish a federally led interdisciplinary network or organization of
organizations and institutions to guide sustainable patterns in underground infra-
structure development and encourage interdisciplinary research and communica-
tion of findings among all disciplines and stakeholders. Stakeholders include, for
example, designers, long-term planners, architects, safety specialists, and an array
of engineering, geologic, geophysical, environmental, and contracting specialists
from industry, government, and academia.

b. Develop mechanisms for integrated and holistic three-dimensional
research and planning that include information management and communication
technologies to facilitate complex research, design, construction, operation, and
management of underground infrastructure.

Research:

a. Explore models for designing sustainability into engineered systems of
urban systems that recognize interdependencies, vulnerabilities, complexity, and
adaptability. Coordinate ongoing research in the United States and elsewhere
on, for example, complex adaptive systems and human factors engineering (e.g.,
incorporating behavioral science, human performance and capacity, personnel
and training, and human biology and physiology into engineered systems).
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b. Develop conceptual models of the complex interactions among multiple
systems (e.g., mechanical, human, and environmental) to improve understanding,
reduce risk, and effectively manage infrastructure amid changing technologies,
societal conditions, and expectations.

c. Research the behavior of those operating, maintaining, and using under-
ground infrastructure during normal and worst-case operation scenarios to
optimize the human-technical interfaces in a manner consistent with long-term
values.

Underground infrastructure development is a multidisciplinary endeavor.
A sustainable urban system is possible if decisions are informed by the links
between the social, technical, and governing elements of society (as occurs to
some extent today). Underground infrastructure projects, however, are often
undertaken on a project-by-project basis with minimal consideration of long-
term maintenance or societal needs. This approach is inconsistent with sus-
tainability. Decisions are often made among decision makers with competing
political, social, and economic interests and security concerns that influence if,
how quickly, where, and by what methods underground development occurs. To
maximize sustainability, multidisciplinary efforts are needed during the entire
infrastructure life cycle.

Better informed decision making is possible when engineers understand the
complex and interactive social and economic factors that contribute to sustain-
ability and when urban planners have realistic expectations about the underground
environment. Some interdependencies are obvious, but other interdependencies—
some critically important to national security—may remain unknown without
appropriate communication and planning among experts and stakeholders.

The capacity for flexibility is needed to address emerging issues, technolo-
gies, and societal expectations during and beyond the operational life of under-
ground infrastructure. New hazards associated with vulnerable and deteriorating
infrastructure systems, climate change, and security concerns, for example, may
affect provision of service, environmental quality, or personal safety. Extreme
events (e.g., terrorist acts or natural disasters) present still other hazards and risks.
Sustainability depends on planners and engineers building and pooling capaci-
ties to anticipate and accommodate human behavior and the constantly evolving
urban environment. Accounting for human behavior in underground space can
lead to creation of environments that allow more intuitive understanding of safety
in the underground under varied circumstances.

A new institutional framework for professional planning, architecture, engi-
neering, public administration, and social and economic policy committed to
sustainable development will be difficult to create but could recharge U.S. edu-
cational and research capacities to address sustainable urban underground space
use. Federal, state, and local agencies, the engineering and construction indus-
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tries, and university educators and researchers need to work together to increase
human capital.

Observation: Complex ownership models for underground infrastructure confuse
responsibility for routine inspections, maintenance, repairs, guidelines, budgets,
and liability.

Conclusion 3. There is a need to understand the ownership and control
models of underground space and to develop guidelines for funding and per-
forming essential periodic inspections, maintenance, and repair of individual
infrastructure elements.

Research:

a. Analyze multidisciplinary and holistic approaches to view the complex
web of ownership, control, and responsibilities associated with maintenance and
safety of underground infrastructure.

b. Examine multidisciplinary approaches to aid transition to more modern
systems management.

Underground infrastructure in the United States is typically owned and
controlled by numerous individuals, partnerships, corporations, and local, state,
and federal government. Responsibility for routine inspections, maintenance, and
repairs is confused, and ambiguity regarding applicable guidelines, budgets, and
terms can arise. Separate agencies deal independently with transportation, hous-
ing and urban development, homeland security, and energy issues. Sustainability
goals will be hindered without more coordinated control and management.

STATUS OF U.S. RESEARCH, TECHNOLOGY DEVELOPMENT, AND
EDUCATION

Observation: The United States was a world leader in many areas of underground
science and technology when there was federal and industry investment in under-
ground engineering research and development.

Conclusion 4. Maintaining global competitiveness in underground engineer-
ing education, technology development, and practice supports urban sustain-
ability, resilience, and the standard of living of the United States.

Potential Action:

Allocate resources for broader interdisciplinary education and technology devel-
opment in underground design and construction.
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Research:

Expand U.S. research that advances and revolutionizes, for example, materials
technologies, robotic construction technologies, laser guidance systems, geo-
graphic information systems, and enhanced computer analysis and visualization
systems that improve the ability to model, design, plan, and reduce risk associated
with complex underground systems (see Chapter 6 for more detail).

Geotechnical expertise will always be critical to delivery of underground
facilities with lower costs and risk and to better lifecycle performance. Geotech-
nology education, research, and practice need to better integrate all disciplines
related to site investigation, design, construction, operation, and risk management
of underground facilities. The complexity and unpredictability in underground
construction indicate that many challenges remain. Technological advances
improve our ability to understand, model, construct, and reduce risk associated
with underground infrastructure. It is not in the country’s best interest, however,
to rely heavily on imported technological advances and expertise to create and
maintain underground facilities, as has become a trend in the United States. Much
new knowledge, technology, and project-specific memory may leave the country
at the completion of construction, to the possible long-term detriment of under-
ground infrastructure operation, maintenance, and security.

Observation: Lack of funding continuity that allows meaningful investment in
equipment and faculty has resulted in a substantial reduction in the number
of U.S. university programs dedicated to integrated underground engineering
research and education.

Conclusion 5. There is a critical shortage in educational, training, and
research opportunities for engineers who wish to learn and practice under-
ground engineering in the United States.

Potential actions:

a. Develop national multidisciplinary, multi-institutional, cross-sector
research centers that focus on different areas in underground engineering and
sustainable urban infrastructure to produce the next generation of leaders in
underground engineering.

b. Integrate graduate underground engineering studies with research pro-
grams or a critical mass of coordinated faculty activity to anchor research to
existing programs. Create opportunities to specialize in particular aspects of
underground engineering, but with a multidisciplinary approach.

c. Develop university consortia to aggregate faculty expertise; strengthen
industry-university faculty relationships.
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d. Teach better facility planning and management with a multidisciplinary
approach through traditional, distance, or hybrid-style education formats. Train-
eeships (e.g., NSF’s Integrative Graduate Education and Research Traineeships)
could help to fund programs.

e. Expose undergraduates to multiple disciplines, issues, challenges, and
opportunities associated with sustainable underground space use and engineering.

f. Develop continuing education opportunities for professionals.

g. Develop appropriate credentialing for inspectors, technicians, and opera-
tors of complex underground facilities.

Underground engineering knowledge, expertise, and training in the United
States today are obtained mostly through mentoring and on the job experience,
rather than through higher education. Such training provides hands-on experience
and benefits the workforce, but competitiveness and liability concerns can limit
information sharing more generally within the industry and can limit exposure
for young engineers to a range of technologies and methodologies. Because few
commercial incentives exist for industry to embrace the challenges associated
with long-term infrastructure or urban system sustainability, young engineers may
not be exposed to potential solutions for these issues. In contrast, U.S. students
educated within multidisciplinary U.S. research institutes are more likely to ben-
efit from the advances and broad knowledge and technology dissemination that
takes place and become a better prepared domestic workforce.

Optimized design and more judicious use of resources can result from
detailed knowledge of the underlying and nearby geology and human-devel-
opment histories (e.g., existing infrastructure and legacy construction materi-
als) and the ability to minimize unanticipated ground conditions. Traditional
undergraduate programs do not teach an integrated approach to practice, and few
graduate programs offer interdisciplinary programs in underground engineering,
certification in specific areas (e.g., tunneling), or specialization within more gen-
eral graduate degree programs that allow for optimization. Knowledge of tech-
nologies for tunneling (including trenchless), excavation, ground support, ground
improvement, and natural and built systems monitoring, and other functions is
essential. But good education programs also will include mechanical, electrical,
civil, structural, geotechnical and geological engineering; planning; architecture;
public policy; fire safety; and information technology in their curricula.

Few U.S. university faculty research tunnel design and construction per-
formance. The lack of a continuous government focus on infrastructure issues,
and the fragmentation of U.S. government-sponsored underground development
research across several disciplines at the core of underground engineering (e.g.,
structural, geotechnical, and mining engineering), result in little expectation of
program funding continuity. Opportunities in specialized areas such as tunneling
are disappearing as a result of mandated reductions in credit hour requirements
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for undergraduates and a recent lack of interest by U.S. students in pursuing
advanced degrees.

IMPROVING PERFORMANCE

Observation: The complexity of urban infrastructure systems and uncertainties
associated with system design and performance increase with greater and more
varied demands on both above- and belowground infrastructure.

Conclusion 6. Engineers and urban planners could better improve whole
lifecycle facility performance and overall urban sustainability with docu-
mented and validated risk-informed approaches to project planning and
design that balance lifecycle project needs in terms of service delivery, ini-
tial costs, resilience against extreme events, and effective maintenance and
operations.

Research:

a. Advance existing and develop new technologies for modeling uncertainty
during all phases of infrastructure life cycle. These include invasive and nonin-
vasive technologies for geologic site characterization (including existing and
legacy infrastructure and materials); analytical and computational design meth-
ods; excavation, ground support, and monitoring technologies; and technologies
for asset management including related to the management of data and security
(see Chapters 6 and 7 for more details).

b. Develop strategies to investigate potential hazards, impending problems,
and cascading evolution of problems, especially given current underinvestment
in infrastructure system rehabilitation.

c. Engineers and planners could use extreme events to understand complex
systems behaviors and interdependencies and to validate computational models
of system performance.

Full assessment of lifecycle costs and benefits may convince owners and
planners that greater initial investment in underground infrastructure can be eco-
nomical in the long term. Security and resilience of urban areas can be enhanced
if decisions are informed by complete evaluation of the merits, deficiencies, and
interactions of infrastructure elements with respect to all potential hazards and
risks. Long-term performance of infrastructure can be improved with access to
good models and data for analyses. However, the validity of models developed
for individual system functionality and performance is often questionable, and
uncertainty increases when modeling systems of greater complexity. Models of
integrated systems of systems such as urban infrastructure have yet to be devel-
oped and validated.
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LONG-TERM COMMITMENT

Observation: Aging underground infrastructure may be susceptible to deteriora-
tion and issues associated with changing technologies, changing climate, and
societal needs.

Conclusion 7. Underground space development requires a long-term com-
mitment to technological advancements in an environment that is friendly
to improved planning, innovation, and implementation.

Potential actions:

a. Design infrastructure that allows ease of access for inspections, main-
tenance, repairs, upgrades, and reconfigurations in response to new needs or
technologies that allow such work to be completed at lower costs.

b. Consider resource needs, availabilities, and access when making admin-
istrative and technical decisions concerning development. These include energy
resources (e.g., oil, gas, and other energy resources), industrial minerals, high-
value or critical strategic minerals (e.g., gold, uranium, rare earth elements), and
construction materials (e.g., gravel, sand, building stone).

c. Use appropriate models that demonstrate multiple potential scenarios and
allow better infrastructural system planning based on local conditions.

Research:

a. Academia and system stakeholders could collaboratively develop long-
term performance simulation models for complex systems and validate the results
over time to understand dynamic responses and emerging system behaviors.

b. Explore how technologies and innovations from other industries (e.g.,
exploration tools, in situ analytical techniques, measurement-while-drilling sys-
tems, laser scanning, fusion of multi-sensor data) and civilian application of
military research could be applied to underground engineering.

c. Conduct long-term research on the effects of the underground infrastruc-
ture on the natural and built environments to increase the capacity of decision
making for society’s best long-term interests.

d. Research comprehensively and on a common risk-cost-reward basis the
long-term effects on sustainability of underground storage or disposal of urban
wastes (e.g., municipal, sewage, or energy-related products).

Lifecycle planning aids long-term infrastructure health. Age, deterioration,
and changes in technologies and use mean that underground infrastructure sys-
tems constantly require attention. Selecting the most sustainable approaches to
underground space use may be more likely if the best available science, technol-
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ogy, and ideas can evolve, keep up with societal needs, and become less expen-
sive to use. For example, combining utility services into common utility tunnels
(called utilidors) can isolate utilities from the surface in a continuously accessible
location. Tangles of utility infrastructure in many urban areas can be reduced or
avoided (such infrastructure typically remains in place long after its operational
life), and more of the subsurface can remain available for other uses. This is par-
ticularly beneficial in areas with narrow rights-of-way, and can be economically
advantageous when cost considerations include the value of the underground.

Strategic construction and long-term maintenance of underground infra-
structure may result in fewer adverse environmental impacts than for surface
infrastructure. Technological advances can help minimize noise and vibrations,
protect air quality, and allow for recycling and reuse of waste construction materi-
als, including soil and rock from a site. Technological advances that allow better
prediction of impacts to water quality, groundwater flow, soil geochemistry, and
underground temperatures and heat flow that may impact the natural and built
environments are needed.

LIFECYCLE ASSESSMENT

Observation: Few data exist regarding the environmental and social impacts and
lifecycle sustainability of urban development that can inform technology and
administrative decisions related to long-term (decades to centuries) infrastruc-
ture operation, maintenance, and reduced costs.

Conclusion 8. Comprehensive and scientific retrospective studies of the
direct and indirect costs and impacts of various types of underground proj-
ects are needed to evaluate usefulness and economic, environmental, and
social impacts so that future planning can maximize sustainability.

Research:

a. Conduct comprehensive and scientific investigations to retrospectively
identify the lifecycle performance of various types of underground infrastructure
and to identify the aspects of project planning, design, construction, and opera-
tion that contribute most to project costs and performance. For example, track
financial (both direct and indirect), environmental (e.g., air and water quality),
and social impacts over an extended period (e.g., decades) following a project
such as Boston’s Central Artery alignment.

b. Develop common metrics for assessing sustainable development more
generally, and for assessing specific economic, environmental, and social impacts.

c. Develop quantitative methods to compare the value of underground space
on a par with other urban resources (e.g., linked to market value of surface
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property) and in consideration of the impacts on future underground use (e.g.,
infrastructure may need to be placed in increasingly difficult ground conditions).

d. Compile data about sustainability aspects of various construction methods
and materials (e.g., the availability of materials and energy embodied in produc-
tion of materials).

Planning horizons for decision makers are often far shorter than the use-
ful life of underground infrastructure. Underground infrastructure development
may require seemingly cost-prohibitive initial investment for construction when
compared to similar-use surface infrastructure. Few data exist to validate invest-
ment support when long-term benefits are not valued. Lifecycle assessment can
provide data through consideration of costs, impacts, and benefits—from raw
materials acquisition, to construction and operations, through closure, decom-
missioning, and post-operational use. Additional inputs such as energy (e.g., for
lighting and ventilation) also are factors. Similarly, understanding how some
underground development has precluded or made other uses of underground
space more expensive may inform decisions that affect future options. The costs
and challenges of re-using occupied underground space remain long-term issues.

USER ACCEPTANCE, SAFETY, AND COMFORT

Observation: Underground infrastructure can safely enhance the lives of mil-
lions, but few federal-level safety regulations exist to guide operational safety at
a time when underground system complexity is increasing.

Conclusion 9. Greater user acceptance and occupancy of underground
infrastructure and facilities are likely if underground spaces are planned
with more consideration of utility, ease of access, wayfinding, safety, and
aesthetics.

Potential actions:

a. Develop and adopt performance-based safety mechanisms and codes that
not only account for today’s underground occupancies (e.g., mixed use, multi
level) and risks, but also allow for expansion and change of use. The International
Code Council technical requirements, applicable National Fire Protection Asso-
ciation standards, and other related standards and guidelines could be expanded
and made applicable to underground facilities.

b. Incorporate human factor and complex systems engineering concepts
to guide threat recognition and technical and operational decision making for
normal operations and for operations during times of stress (e.g., in response to
extreme events).
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c. Incorporate behavioral science, training, biology and physiology, human
performance and capacity into safety codes and design.

Research:

a. Research the state of practice and best practices related to safety sys-
tems (e.g., hazard detection, notification, ventilation, fire suppression, emergency
egress, and system integration). Develop appropriate minimum safety system
requirements to incorporate into national-level guidelines and standards.

b. Compare international underground safety codes and guidelines with
those applicable in the United States to identify inadequacies and guide future
practice, recognizing existing efforts in this area (e.g., by FHWA).

Underground space can be as safe, attractive, stimulating, functional, produc-
tive, and healthy as similar-use surface space. Negative perceptions about under-
ground space, however, can be as difficult to overcome as complex safety and
technical challenges. Acceptance and use of underground space may increase with
greater convenience and comfort of use (e.g., by incorporating better connectivity
among underground systems that limit pedestrian travel time and lengthy vertical
movements by stairs, escalators, or elevators). More intuitive understanding of
safety in the underground by its occupants will also increase acceptance.

Safety in the underground is achieved by avoiding, transferring, or reduc-
ing risks associated with naturally occurring phenomena (e.g., gases, radiation,
extreme temperatures, water, and lack of oxygen) and human activity (e.g., fire,
smoke, hazardous materials, intentional or accidental explosions, structural fail-
ure, or simple human failure). Safety is more challenging with increasing infra-
structure complexity. Human factors engineering becomes essential to increasing
the ability of people to operate and occupy the underground safely.

Safety codes are often written in response to incidents or litigation and are
not flexible enough to accommodate evolving technologies. Safety is created
operationally or through technical solutions, but it is dependent on designing
and operating beyond mere compliance with often inadequate codes. The few
federal-level safety regulations for underground infrastructure mostly apply to
construction rather than to operational usage of most facilities. State-level fire
safety codes do not fully address underground structures and will likely be inad-
equate when different occupancy types are combined in one underground space
(e.g., public transportation and commercial).

Capital construction and operational risk mitigation costs for underground
space can be substantial and could preclude an underground project from being
started, or could result in improper system maintenance. Human factors engi-
neering can help to minimize costs associated with avoiding or transferring risk,
for example, by identifying ways to reduce risk through safety regulations and
education when technological solutions are not feasible. Innovation in design and
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construction is fostered by moving beyond prescriptive and potentially ineffective
codes toward performance-based mechanisms.

THE UNDERGROUND AS A RESOURCE

Observation: Underground space is a valuable but decidedly nonrenewable
resource.

Conclusion 10. Underground space can enhance urban sustainability only if
the underground is thoroughly understood and if underground use and reuse
and the protection of the natural and built environments are incorporated
into long-term total urban infrastructure system planning.

Potential actions:

a. Institute planning of all underground space as part of an evolving urban
system to be carefully engineered or preserved for optimal long-term use and
regional sustainability.

b. Establish reasonably intensive groundwater, soil, and infrastructure moni-
toring practices to track the health of the underground urban environment accord-
ing to the general geologic conditions and use. Use data generated from a range
of environments and situations to inform urban planning in other areas.

The underground is not a universal alternative to the surface, but many uses
of underground space contribute to urban sustainability. It is critical that policies
and administrative structures provide appropriate and comprehensive guidance,
that the public develops a long-term community vision, and that community
expectations regarding underground services are informed and met. An ade-
quate institutional commitment to enhancing interdisciplinary and cross-sector
research, education, and training capacity is needed to ensure the nation develops
the types of underground infrastructure that support sustainable urban develop-
ment economically, securely, and in a manner consistent with national priorities.






Introduction

engineering achievements in the 20th century that included electrification,

the automobile, water supply and distribution, computers, telephone, air
conditioning and refrigeration, highways, the Internet, petrochemical mechaniza-
tion, laser and fiber optics, nuclear technologies, and high performance materials
(NAE, 2000). Many of these achievements have been described as mainstays of
contemporary urban life (Papay, 2002), and many of the essential services linked
to them are delivered using the urban underground during some stage of produc-
tion, storage, and distribution. Maintenance and improvement of those services,
as well as of the quality of life in urban regions, depend on a steady stream of
investment and technological innovation.

Human activity and population growth, however, are transforming the nation
and planet. Long-term challenges for society include learning how humans can
prosper without continued degradation of Earth (Kammen and Jacobson, 2006)
and how to make suitable and sustainable adaptations. Improving or even sustain-
ing current standards of living in the future will place more stress on earth sys-
tems, especially in urban environments where population increases are expected.
Approximately 80 percent of people living in the United States live in urban
areas (U.S. Census Bureau, 2011). Approximately 53 percent of the American
population lives within 50 miles of a coast (Markham, 2008) at a time when
global climate change is predicted to have significant coastal impacts including
sea level rise, changes in weather patterns (e.g., [PCC, 2007), and degradation of
drinking water supplies (IPCC, 2008). Meanwhile, some suggest short-term focus
needs to be on design and adoption of community-based strategies to reduce

In 2000, the National Academy of Engineering published a list of the 20
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vulnerability to the potentially destructive impacts of climate change throughout
the nation (NRC, 2010).

Intensive and well-coordinated use of underground space may be a key
component of the sustainability solution. Engineers of underground space will
have a vital role in planning, designing, constructing, operating, maintaining,
and regulating underground space as well as in informing the social, economic,
and even political decisions related to underground space and urban develop-
ment. Increased interest in underground construction and development is evident
throughout the world (Sterling and Godard, 2000). Underground engineering
can provide a means to reduce energy use, increase green space preservation,
sustainably process and store water and wastes, securely and efficiently site
critical infrastructure, prevent and reverse degradation of the urban environ-
ment, and enhance quality of life. Many urban areas already enjoy the benefits
of using underground space. The 1-93 Central Artery and the 1-90 extension in
Boston (known collectively as the “Big Dig”), for example, although expen-
sive, controversial, and not without problems, have improved peak period travel
times through downtown Boston, saving an estimated $168 million in annual
downtown travelers’ costs and time (Massachusetts Turnpike Authority, 2006),
and have resulted in an enhanced downtown cityscape. Sweden’s experience
with underground sewage treatment facilities since the 1940s (Isgard, 1975) and
Norway’s expansive network of underground infrastructure, including electric
power generation, water supply and wastewater treatment facilities, air traffic
control, financial, archival, civil defense and national security facilities (Linger
et al., 2002) demonstrate that underground facilities can be both cost-effective
and dependable. Montreal began construction in 1962 of its Indoor City, an
interconnected network of pedestrian walkways, retail centers, residential areas,
and public transportation—about half of which is underground. As of 2006, the
structure extended almost 20 miles in length and covered an area of more than 4.5
square miles in Montreal’s downtown core. The project has led to better access
downtown, decreased walking distances, and made available additional available
public space aboveground (El-Geneidy et al., 2011).

Urbanization is viewed by some as a primary cause of many of today’s
societal problems, but it is also viewed as a means to sustainably provide for the
populations projected for the 21st century, according to participants in a recent
National Research Council (NRC) workshop on urban sustainability research
(Shaffer and Vollmer, 2010). While urbanization may not be a root cause, certain
problems may have been compounded by it. Participants of that workshop iden-
tified a variety of factors that intensify the impacts of urbanization (prodigious
consumption of resources in concentrated areas, environmental decline, public
health problems, and economic and social inequalities) and reflect the failure of
society to recognize urban areas as systems.

Shifting our image of a city from a dense set of autonomous people, struc-
tures, and infrastructure facilities to a dynamic system of interdependent ele-
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ments is not a simple feat, but is essential to our capacity for resilience and
ability to adapt to future challenges. An integrated three-dimensional approach
to infrastructure design and management that considers and values space usage
and human and social needs over time benefits all sectors of the community by
protecting public health, reducing risks, maximizing reliability and long-term
performance of urban infrastructure systems, and minimizing long-term costs.
The underground is a valuable resource. Urban planning too rarely takes a
systematic account of the space both above and beneath Earth’s surface on a coor-
dinated basis at any large scale, and rarely incorporates infrastructure lifecycle
planning or long-term infrastructure sustainability when deciding a future course.
Under the sponsorship of the National Science Foundation, the NRC convened
a new panel of experts to explore sustainable underground development in the
urban environment, to identify research needed to make good use of the advan-
tages, and to develop an enhanced public and technical community understanding
of the role of engineering of underground space in the sustainability of the urban
built environment. The committee comprised researchers and practitioners with
expertise in geotechnical engineering, underground construction, trenchless tech-
nologies, risk assessment, and visualization techniques for geotechnical applica-
tions. Additionally, the committee included expertise in sustainable infrastructure
development, infrastructure policy and planning, and fire prevention, safety, and
ventilation in the underground. The committee’s statement of task is provided
in Box 1.1. Committee member biographies are included as Appendix A, and
agendas from the committee’s open session meetings are included in Appendix B.

DEFINING UNDERGROUND INFRASTRUCTURE

In general terms, urban infrastructure refers to all those physical and
organizational structures that allow an urban system to function. Many types of
infrastructure form the physical setting of the urban system (e.g., roads, utilities,
buildings) and the governing, economic, and social frameworks that define a
society. Underground infrastructure refers to any physical infrastructure that
is placed beneath the surface and includes underground utilities (e.g., water,
power, gas, communications, waste management), transportation (e.g., roads and
highways, subways, freight and passenger rail) and their supporting facilities,
building foundations, and any structure built in the underground to accommodate
residential, industrial, manufacturing, recreational, or other purpose. Many
types of infrastructure are further defined in Chapter 3. Given the broad nature
of the committee charge and the many types of underground infrastructure,
this report often generalizes underground infrastructure as a single category
in many discussions, especially when referring to systems of infrastructure. It
should be noted, however, that the benefits and challenges of individual types of
underground infrastructure are not shared by all. Underground infrastructure is
owned and operating by many different types of entities that serve many types
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BOX 1.1
Statement of Task

An ad hoc committee of the National Academies will conduct a study to
explore the potential advantages of underground development in the urban
environment, to identify the research needed to take advantage of these
opportunities, and to develop an enhanced public and technical community
understanding of the role of engineering of underground space in the sustain-
ability of the urban built environment, specifically the minimization of consump-
tion of nonrenewable energy resources, construction materials, and negative
impact on the natural, built, and social environments. In particular the study
will:

» Summarize current geological and geotechnical engineering knowledge
about underground development in the urban environment and how utilization
of underground could increase sustainability, including knowledge of geologic
site characterization, construction and geotechnical monitoring techniques,
energy requirements, use of excavated materials, and lifecycle costs and
benefits of underground infrastructure development.

» Identify the research needed to capitalize on opportunities for enhancing
sustainable urban development through underground engineering, in the fol-
lowing areas:

* Underground characterization, prediction of the geologic environ-
ment, and ground response critical for successful design and construction
of underground projects and critical facilities to maximize sustainability
and resiliency;

«  Construction and monitoring methodologies and enhanced excava-

L

of stakeholders, each with potentially different and sometimes opposing needs,
interests, governing structures, and resources.

SUSTAINABILITY

Refining the definition of sustainability as it applies to underground devel-
opment was the first task undertaken by the study committee. Earlier work
illustrates the difficulty defining terms such as “sustainability” and even “urban”
(e.g., Shaffer and Vollmer, 2010). The concept of “Sustainable Development” was
described by the World Commission on Environment and Development in 1987
as “meeting the needs of the present without compromising the ability of future
generations to meet their own needs” (UN, 1987). Terms such as “resilience”
are often related to sustainability (e.g., NRC, 2011). The present study commit-
tee considers the maintenance of quality of life as part of sustainability, and it
recognizes that incorporating sustainability into societal management practice
must occur at many scales—from the global and national down to the individual
project scale. Defining sustainability as part of implementable urban systems at
the local level becomes more difficult because the term becomes infused with
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tion methods, including tunneling, conducive to sustainable and resilient
underground development;

*  Smart underground structures and conduits that report their status;

» Health and safety considerations, such as cost-effective ventilation,
light, and concerns related to radon exposure or fire control;

» Lifecycle cost and benefit issues, including reduced energy needs
for heating and cooling, reduced construction material use, use of ex-
cavated materials, increased longevity of underground structures and
reduced maintenance associated with stable temperatures and isolation
from surface weathering effects;

» The potential sustainability benefits of increased use of underground
space for human transportation systems, including roadways and mass
transit, and freight;

» The potential for integrating of energy, water, and waste systems for
certain urban regions to improve sustainability; and

* How underground development might address concerns related to
the impacts of climate change on the urban environment.

The committee will recommend directions for a new underground engineering
research track focused on earth systems engineering and management to
ensure future human resources for sustainable underground development,
will analyze the advantages and disadvantages of establishing a new research
center in this area, and consider other potential options for enhancing the hu-
man resource capacity for sustainable underground development (including
the status quo). The committee also will consider from a social science point
of view, the policy, economic, and human behavioral drivers that promote or
inhibit the development of the subsurface in a sustainable manner, but will not
make policy or funding recommendations.

J

local values. The committee’s definition of sustainable urban underground devel-
opment is provided in Box 1.2.

The committee recognizes resilience as a key attribute of sustainability and
defines resilience as the ability to respond to change in the environment—espe-
cially as a result of natural or human-caused disaster—with minimum impact to
function. This is fairly consistent with definitions of resilience that appear in the
social science literature (e.g., Norris et al., 2008). The ability to sustain expected
societal services is a demonstration of resilience. In a societal setting, especially
in the context of engineered systems, resilience is often associated with redun-
dancy and reserves. However, the committee recognizes that resilience is more
than the design of back-up systems and physical stockpiles. It encompasses a
mindset in which society is considered a system where the underground plays a
critical but often overlooked role.

In urban societies, the underground is part of a complex system that includes
surface and above ground (e.g., bridges, skyscrapers) real estate. Without proper
consideration of three-dimensional space and space usage over time, conflicts
caused by competing use of the underground, or the problems associated with
pollution of underground resources (e.g., space, groundwater, and materials) can
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BOX 1.2
Definition of Sustainable Urban Underground Development

For the purpose of this report, sustainable urban underground develop-
ment is an approach to subsurface development that meets current human
needs while conserving resources and the natural and built environments
to meet the needs of future generations. Sustainable urban underground
development requires a systems perspective for above- and belowground
resource use and management. Characteristics of sustainability as used in
this report include consideration of cost effectiveness; longevity; functionality;
safety; aesthetics and quality of life; upgradeability and adaptability; and the
simultaneous maximizing of environmental and social benefits, resilience, and
reliability, while minimizing potential negative impacts.

& J

result. The resources of the urban underground need to be considered holistically
for the most sustainable solutions (e.g., Parriaux et al., 2006). Individual projects
are often framed independent of other planning and placed in the context of exist-
ing space use, rather than as part of long-term planning that allows integrated
use of underground and surface space resources. Underground space is often not
coherently or explicitly valued. As a result, most project designs are not chosen
to preserve the opportunity for future flexibility and alternative uses or access.
We have poor knowledge of the direct, indirect, and social costs of underground
usage, and we have few metrics of the lifecycle benefits of investment in the
underground.

Long-term sustainability is rarely a consideration in the early stages of the
development of populated areas. An urbanization pattern observed in river valley
settlements of developing countries serves as example of how human settlements
can grow based on short-term and individual needs. For example, a hypotheti-
cal small settlement in a river valley may have plenty of room for both living
and farming close to the river—typically the main water source. As the village
grows, the fertile valley floor becomes significantly built over, and the adjacent
hillsides—typically with poorer soil and requiring greater farming effort—are ter-
raced for farming. Benefits of being close to the river are lost, and more difficult
farming conditions are created. Quite different growth patterns may have evolved
if long-term sustainability was considered from the outset.

A sustainability analysis might look at whether it would be better to terrace
the hillsides for housing, providing greater flood protection in residential areas,
and reserving the river valley for agriculture. Inherent in such an analysis would
be consideration of which difficulties of outgrowing available land can be more
casily solved—is it easier to create new productive agricultural land or to develop
water supply and transportation approaches to service hillside developments? In
real scenarios, such decisions extend to a regional and national context, but the



INTRODUCTION 23

example illustrates that human settlement systems do not necessarily evolve in
their own best long-term interest.

HAZARD AND RISK

The terms hazard and risk appear throughout this report. There are many
definitions of these terms, and even within the literature of a single discipline, the
terms may be used inconsistently and interchangeably. Box 1.3 provides defini-
tions for these terms as they are used throughout this report.

A BRIEF HISTORY OF UNDERGROUND OCCUPATION

To establish a perspective for present and future underground use, it is use-
ful to summarize the centuries of past underground use. A rich legacy of fossil
records and ancient tools, art, and structural ruins suggests that humans have had
a complex and intimate association with the subsurface ever since evolving into
modern Homo sapiens. Humans have sought practical shelter underground, but
the underground seems to have evoked a sense of the supernatural and a desire
for aesthetic expression (see Box 1.4). Human remains, shells, animal bones, and
stone artifacts discovered in the Klasies River Mouth Cave in South Africa offer
strong evidence that modern humans lived there more than 120,000 years ago
when the climate was as warm or warmer than today (Rightmire and Deacon,
1991).

At the most basic level, the underground provided rock shelters and caves
as refuge from harsh climates and mortal enemies, water and mineral reserves,

BOX 1.3
Definitions Associated with Hazard and Risk

The committee defines hazard as the potential to cause harm. These are
threats to people, infrastructure, the environment, or social systems.

Sustainability is dependent on accounting for all sources of risk and
all potential consequences, including some with impacts that are difficult to
quantify. These may include social, environmental, and other less tangible
long-term impacts that traditional engineering practice may not consider. The
committee adopts the National Infrastructure Protection Program expanded
definition of risk that include

the expected magnitude of loss (e.g., deaths, injuries, economic

damage, loss of public confidence, or government capability) due

to a terrorist attack, natural disaster, or other incident, along with

the likelihood of such an event occurring and causing that loss

(DHS, 2006).

The committee defines vulnerability as the extent to which individuals,
infrastructure, institutions, or systems can be harmed or damaged in the event
of a hazardous event.
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BOX 1.4
Underground Spirituality and Artistic Expression

There is an enduring influence of the underground on our collective
imagination. The underground’s wide-ranging literary and real-life associa-
tions with death and the afterlife, hidden demons and monsters, sacred ritu-
als, heroic sagas, clandestine political rebellions, organized crime, anarchic
music and theatre, film noir, adventure-seeking spelunkers, and the eternal
search for precious metals and minerals reflect its power and paradoxical
imagery. The underground has never been a neutral realm in terms of human
perceptions and emotions.

Beyond basic survival, humans have been attracted to the underground
over tens of thousands of years for spiritual and artistic expression, recre-
ation, and religious ceremonies, especially in the commemoration of the
dead. The evocative paintings and engravings of animals and hunting scenes
set deep in the Chauvet-Pont-D’Arc Cave in southern France (see Figure)
have been carbon-dated to more than 30,000 years ago. Vestiges of ancient
underground temples, crypts, and ceremonial sites can be found throughout
the world, including Chavin de Huantar in Peru, the Osireon (Strabo’s Well)
in Egypt, and the Hypogeum in Malta. Similarly, the mythologies of many
cultures included gods and goddesses specifically dedicated to the under-
world. The Roman version, Pluto, performed double-duty as the god of wealth
because he also presided over all the precious metals hidden in the earth.

FIGURE Reproduction of a fresco found deep in the cave of Chauvet-Pont-D’Arc in southern
France, drawn 30,000 years before present. SOURCE: The Cave of Chauvet-Point-D’ Arc,
available at http://commons.wikimedia.org/wiki/File:Paintings_from_the_Chauvet_cave_(mu-

L seum_replica).jpg. J

and ambient places to store food—all key factors for survival then as now. Some
cultures have made the underground an integral part of daily life and their princi-
pal dwellings for thousands of years. Indigenous communities in China, Turkey,
Spain, and Tunisia have continuously occupied man-made spaces belowground
for more than 4,000 years; tens of millions of present-day Chinese still live in
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FIGURE 1.1 Example of a multistory yao dong, a type of cave dwelling carved into
vertical or near vertical walls of loess (a silty soil), in the Shaanxi province in northwest-
ern China. Approximately 90 percent of rural dwellers in the region lives in yao dong.
SOURCE: Liu, 2009. License CC BY-NC-SA 3.0.

dwellings known as yao dong (see Figure 1.1) carved into vertical walls of loess
(a silty soil), many of which are said to date back to 5000 B.C. (Golany, 1996;
Meijenfeldt, 2003).

Engineers of the ancient world skillfully exploited the underground with
rudimentary technology to promote the growth of emerging cities and commerce.
The first water supply technology in Jerusalem was an underground water system
constructed during the Middle Bronze Age (2000-1500 B.C.) for both domestic
and agricultural purposes (Barghouth and Al-Sa’ed, 2009). The 1,036 meter Tun-
nel of Eupalinos, the first-known deep tunnel in history, was part of the water
supply system of the island of Samos in Greece and named after the engineer
who designed and constructed it in 530 B.C.; it operated for nearly 1,000 years
until the fifth century A.D. (Koutsoyiannis et al., 2008). The spectacular Roman
cistern, Piscina Mirabilis (Figure 1.2), with a volumetric capacity of 12,000 cubic
meters of water, was carved out of a tufa (a soft porous volcanic rock) hill in the
Campania region in Southern Italy during the reign of Emperor Augustus Caesar
between 33 and 12 B.C.E. to provide fresh water for an important Roman naval
base as well as several major cities and ports (De Feo, 2008).

Much of the world’s population relies on the underground as a matter of
daily necessity, convenience, or aesthetic choice. A small percentage lives or
works underground full-time; a significantly larger share occasionally occupies
the underground to attend concerts or movies, shop, worship, park vehicles, store
things, or find relief from severe surface weather conditions. A frequent means
of direct human contact with the underground is travel through it via automobile
or railway tunnels, transit tubes, or pedestrian passageways. Many contempo-
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FIGURE 1.2 The Piscina Mirabilis in southern Italy was a 12,000 cubic meter capac-
ity cistern carved by the ancient Romans between 33 and 12 B.C.E. SOURCE: Ra Boe/
Wikipedia, License CC by-sa 3.0, available at http://en.wikipedia.org/wiki/File:Piscina
Mirabilis_2010-by-RaBoe-18.jpg.

rary underground facilities are world-renowned cultural icons, including the
Moscow Metro (Figure 1.3), the Carrousel du Louvre in Paris (Figure 1.4), the
Glass Temple in Kyoto, Japan, Philharmonic Hall in Cologne, Germany, and the
Cathedral Metropolitana in Brasilia, Brazil.

Much of the history of underground construction is contemporary with the
history of tunneling. For general accounts of the history of underground engineer-
ing, the reader is referred to work by Sandstrom (1963), Széchy (1970), Harding
(1981), and Wood (2000).
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FIGURE 1.3 Underground Metro platform in Moscow. SOURCE: Boris Kogut. Reprinted
with permission of Boris Kogut ©2012.

FIGURE 1.4 The inverted pyramid in the Carrousel du Louvre, an underground shopping
mall in Paris, France, adjacent to the Louvre museum of fine art. The underground facil-
ity accommodates shopping, live theatre, auditorium space, parking, and underground
access to the famous museum. The inverted pyramid is made of glass and allows natural
light into the underground facility. SOURCE: Photo by Gard Karlsen, available at http://
gardkarlsen.com.
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TABLE 1.1 Examples of Potential Benefits and Drawbacks of Underground

Space
Major Sub Potential Benefits Potential Drawbacks
Issues Category
Physical Location Proximity for functional benefit | Unfavorable geology in chosen
and Limited use of surface space location
Institutional Provides utility and Uncertain geology
Issues transportation services
Isolation Climatic: thermal, severe Climatic: thermal, flooding,
weather, fire, earthquake Communication
Protection: noise, vibration, Human issues: pyschological
explosion, fallout, industrial concerns, fire safety, personal
accident safety
Security: limited access,
protected surfaces
Containment: hazardous
materials and processes
Preservation | Aesthetics: visual impact, Aesthetics: visual impact,
interior design building services, skillful
Environmental: natural design required
landscape, ecology Environmental: site degradation,
Low material degradation drainage, pollution
Layout Topographical freedom Ground support
3-dimensional planning Span limitations
Access limitations
Adaptability
Sewage removal
Institutional Easement acquisitions
Permits
Building code
Investment uncertainty
Life-cycle Initial Cost | Land cost savings Confined work conditions
cost Construction savings: no Ground support

structural support, weather
independent, scale of
construction

Sale of excavated materials or
minerals

Savings in specialized design
features

Limited Access

Ground excavation, transport and
disposal

Cost uncertainty: geological,
contractual, institutional delays

Operating
Cost

Maintenance
Insurance
Energy Use

Equipment/materials access
Personnel access
Ventilation and lighting
Maintenance and repair
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Major Sub Potential Benefits Potential Drawbacks
Issues Category
Societal Land use efficiency Environmental degradation
Issues Transportation and circulation | Irreversibility

efficiency High embodied energy

Energy conservation
Environmental/aesthetics
Disaster readiness

National security

Less construction disruption

SOURCE: Adapted from Carmody and Sterling, 1993.

POTENTIAL BENEFITS AND CHALLENGES ASSOCIATED WITH
DEVELOPING UNDERGROUND SPACE

Underground space development presents many potential benefits, but
there are many challenges to overcome in designing, operating, and maintaining
underground infrastructure so that it contributes to urban sustainability. Table
1.1 lists some of the potential benefits and disadvantages of underground space
development. Urban development patterns set in motion are hard to change.
Underground space is often engineered to meet the needs of a single project
or use. Design sometimes doesn’t accommodate long-term maintenance, much
less interactions with existing or future structures. Many past and current utility
layout practices, for example, are not consistent with sustainability goals (see
Box 1.5) and do not take into account long-term impacts on the environment,
economy, society, natural resources, or governance. As described by Sterling
et al. (2012), underground facilities can influence the ways in which human
occupancy of a land affects the surface environment as well as the economic
and social structures of an urban area in ways not possible using already existing
surface structures. Properly planned and maintained, underground infrastructure
can contribute to sustainability by preserving natural surface resources (e.g.,
land, water, biodiversity), reducing air pollution related to transportation, creating
opportunities for less energy use and waste generation, and creating structures
more resilient to many catastrophic events. Examples worldwide demonstrate
how underground facilities can have low environmental impact. The Groene Hart
Tunnel that lies underground between the four largest cities in the Netherlands,
for example, has provided rapid connection from Amsterdam to major economic
centers in Europe without detriment to the large green space of Groene Hart
(Sabel Communicatie, 2007; ITA-AITES, 2011).

The decision to move societal features underground is a major step in the
development of human settlements. Infrastructure is often placed underground
if it cannot fit or is not wanted at or above the surface. The decision to build
underground may be made, for example, when contemplating a new transit
system in a historic city with a unique and culturally important surface environ-
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BOX 1.5
Sustainability of Underground Utility Design

Long-term sustainability of infrastructure design, such as for essential
urban utilities, has rarely been considered in the past and is only sometimes
considered today. Figure 1 shows what may well have been an engineering
design feat in 1917. A “spaghetti” of underground pipes and conduits provided
for a variety of services; however, repair or replacement of any element of this
infrastructure would likely have resulted in disruption to local traffic and infra-
structure service, and possibly in damage to other elements of the infrastruc-
ture. Utility corridors called utilidors, on the other hand, are enclosed conduits
employed by some urban areas designed to carry multiple utility lines such
as electrical, water and sewer, and communications (see Figure 2). Repair of
individual utility lines can be conducted with minimal interference to surface
structures or other infrastructure. Design can accommodate multiple levels of
utilidors (see Figure 3). Further discussion on utilidors, their benefits, and bar-
riers to their use is provided in Chapter 3.

FIGURE 1 The placement of underground utility infrastructure on Wall Street (circa 1917).
SOURCE: Consolidated Edison Company of New York, Inc. Reprinted with permission from
Con Edison Company of New York.

L

ment, or where existing street layouts or traffic levels do not permit new surface
or elevated alignments. However, a desired location may present challenges—
structures may already exist in the underground space, or geologic conditions
may not be ideal. Urban needs often trump favorable geology. Although there is
a large volume beneath Earth’s surface, perhaps only the first 30 meters beneath
cities are used to support most urban functions. And of the first 30 meters, the
vast majority of subsurface utilities and transportation services are placed beneath
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FIGURE 2 Example of a utilidor in Amsterdam that can carry multiple utility lines such as
electrical, water and sewer, and communications. SOURCE: Courtesy H. Admiraal.
-
=l
O et
{l i 2
aE A Eoux usées
=3 L elm0 e
... Eoux pluviales .
i _——"j__ RATP T
i 3 Edlairoge public
L E L EDF
R " 2x15 cables
e T S
Ll cmmm.l . Télécommunications
= EEE
! - A | SAGEP
oo o + + [eov non polcble] & 400
e ;fxu'wﬂe“io.'.'
g L '« [conoud 3. P
5 s L sagep :
R et " [eou non polable) 2 200
4 cPey 2 =
i 5 el ef
ey : SAGEP
| il { |- * [eov non potable) &
e = 7 el el
[ a7sm. % 1A
FIGURE 3 Schematic showing utilidor design in Paris, France. Multiple levels of utilidor can be
accommodated. SOURCE: SEMAPA. Reprinted with permission from © SEMAPA.
J

public rights-of-way (e.g., streets and sidewalks). Additionally, once disturbed,
the underground cannot be restored to its prior condition. This is particularly
true for spaces such as bored tunnels or caverns created within soil or rock; their
presence significantly affects future options and costs of new underground infra-
structure in their vicinity.

Structural and geotechnical constraints can limit the types of facilities placed
underground in a given location or increase construction or operational costs rela-
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tive to cost for surface facilities. Water and moisture control in underground space
is challenging—underground infrastructure needs to be protected from inflow or
seepage of unwanted fluids, and vulnerable groundwater resources need to be
protected from contamination and depletion. Existing underground infrastructure
or legacy construction debris constrain underground planning and construction.
However, placing infrastructure underground provides an added development
dimension: complex transportation systems can be located beneath cities, and
tunnels can be placed beneath mountain ranges and rivers.

HUMAN FACTORS AFFECTING UNDERGROUND DEVELOPMENT

Another set of opportunities and challenges are those associated with people
using or working in underground space. These include institutional and adminis-
trative constraints related to planning and permitting, underground infrastructure
security, safety, and the psychological acceptability of underground structures and
their use. This report does not explore all these issues in great detail, but Chapter
4 provides more discussion of these issues. Simply not having an experiential
basis for decision making related to underground infrastructure makes these
issues more challenging. Underground permitting, for example, is less routine
than for surface facilities and therefore can be more cumbersome. Safety codes
for occupied underground facilities, including codes related to fire, egress, and
ventilation systems, may not exist or may be inadequate (see Chapter 4 for dis-
cussion on existing codes for certain facility types). Underground infrastructure
can be more secure than surface infrastructure because of the controlled access
and isolation the underground offers. Similarly, the underground can be used
to separate or isolate hazardous materials such as raw sewage or high-voltage
electrical lines from people and infrastructure on the surface. On the other hand,
that same separation means that protecting against physical hazards such as
flooding, internal fire, and explosions is more challenging, especially as diverse
underground infrastructure becomes more integrated with other underground and
surface infrastructure.

Access to underground facilities or resources may be difficult or impossible
for physically impaired individuals without mechanical conveyance. Safety for
people with special needs is a major challenge, for example, in the event of power
failure. Other members of society may simply be uncomfortable with the notion
of the underground, or they may find the lack of natural light in the underground
unpleasant or spatially disorienting. And for some, there are physiological or
psychological barriers to working, living, wayfinding and commuting, or playing
underground including claustrophobia or fear of isolation. Many with discomforts
may learn to use and appreciate the underground with appropriate public educa-
tion campaigns. Discomforts can be effectively addressed with skillful planning,
innovative designs, layout, finish, and lighting.

Cautionary tales of underground communities created by a drive for effi-
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ciency or a response to a calamity can be found in a number of literary works
(e.g., Forster, 1909). Such concerns need to be considered—both in broad terms
of what living and working environments should be—as well as in the details of
facility design.

The balance between the desire for open air living and the convenience
or protection offered by underground facilities is not a fixed point. Although
a small percentage of the population may be unable psychologically to toler-
ate underground facilities, others choose cave exploration as a hobby. Most in
society, perhaps, are influenced by a conscious or unconscious evaluation of the
benefits and drawbacks relating to particular circumstances, for example, a fast,
convenient journey on an underground metro versus a slow journey in a car or
bus on the street, or shelter during a wartime attack. Good design in response
to an understanding of what makes underground spaces interesting, attractive,
safe, cost effective, and part of sustainable development within existing physical
limitations can shift the balance point regarding perception of underground use.

REPORT ORGANIZATION

Daily urban life generally proceeds without residents noticing the operation
of underground infrastructure, and perhaps the success of infrastructure may be
measured, in part, by how much it is taken for granted. Engineers design and
build for function while minimizing risk. However, it is impossible to completely
eliminate risk. Failures of infrastructure will happen as a result of age, error, or
extreme events. It is such failures that lead to the need for reports such as this,
which describes many types of infrastructure failures to illustrate the challenges
to be overcome. Underground infrastructure successes are also highlighted to
demonstrate approaches to underground engineering that may contribute to sus-
tainable urban development.

Countries such as Finland, Sweden, Norway, the Netherlands, Japan, China,
and Singapore have taken national-level action that promotes underground space
use as a policy issue. Countries such as France, the United Kingdom, the United
States, and Germany have significant levels of underground activity, but under-
ground use lacks a national level of attention (Sterling et al., 2012). In this
report, the committee will argue that a multilevel, multidisciplinary approach to
urban planning that incorporates underground engineering as part of the overall
approach may provide a better framework for sustainable urban development.

The statement of task as it appears in Box 1.1 is long and broad, but after
considerable study of the task, and following multiple discussions with the
committee sponsor, the committee came to understand that the heart of its task
is consistent with the committee’s given title: the Committee on Underground
Engineering for Sustainable Development. The committee deliberated its charge
and prepared this report considering the contributions of engineered underground
space to sustainable development as well as what is needed in the social, educa-
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tional, regulatory, educational, and research environments to allow those contri-
butions to be made.

This report is organized into seven chapters. Chapter 2 traces the evolution
of urban underground space use and the drivers affecting proper development. In
Chapter 3, the committee discusses the role of underground engineering in sus-
tainability and some of the challenges of sustainable underground development.
Chapter 4 examines human-technical system relationships and the hazards related
to human use of underground space. The assessment of costs and benefits of
underground infrastructure and lifecycle sustainability are addressed in Chapter
5. Chapter 6 explores the technologies that make underground engineering pos-
sible and discusses the types of innovations that could increase the contributions
of underground engineering to sustainable development. Finally, the committee
presents its overarching conclusions in Chapter 7 in the context of a framework
to improve institutional, educational, research, and workforce capacities for
underground engineering for sustainability.
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The Evolution of and Factors Affecting
Underground Development

into cities. Water, energy, sewage, and wastes that were once carted in

and out of town on street surfaces are now transported via underground
conduits. Urban dwellers are often unaware of the connections between essential
utility services and structures in the buildings where they live and work and the
underground supporting infrastructure and services. Consequently, there is a lack
of public appreciation of how critical underground resources are to the proper
functioning and high standards of living in U.S. urban areas.

The underground has always provided physical foundation support for build-
ings and other surface structures. Early building foundations may have been
simple sets of stones selected and placed by hand into shallow excavations.
Today, foundations for large buildings and skyscrapers may include deep pilings,
conduits for geothermal heating and cooling, and multiple levels of basement
space that may provide, for example, shopping concourses, underground park-
ing, utility plants, and high-quality storage. Well-designed foundations take into
account the soil, rock, groundwater, and other site-specific conditions, and help
buildings resist major seismic and extreme wind effects. Hard-won experience,
artful skills, and knowledge from many science and engineering disciplines con-
tribute to the development of the processes and procedures used today to site,
design, and build large structures.

Although cities grow upwards and outwards, their growth is dependent on
underground building foundations and utility infrastructure. In most municipali-
ties, planning and zoning of surface and air spaces are through local governments.
Unfortunately, underground space is not similarly planned and zoned, and an
explicit value for underground space is not generally recognized (Sterling et al.,

l ] nderground space use has evolved as villages and towns have grown

37
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2012). Formal planning and control of underground space by municipalities is a
responsibility to be recognized and acted upon in the United States if sustainable
urban development is to be realized. In some countries such as China, planning
of underground space is a special focus for responding to urban growth, and such
plans have been developed by almost every large Chinese city over the past few
years (Guo et al., in press).

This chapter traces the evolution of urban underground space and illustrates
how the progressive and piecemeal development of underground space poses
significantly more restrictions on future development than in the cases of surface
facilities and infrastructure development.

EXPANSION OF THE UNDERGROUND IN THE PAST CENTURY

Sewage systems are placed underground to use gravity to drain sewage
away from buildings. Water distribution systems are often placed underground
to protect them against freezing and other damage. Telecommunications and
electric power supply systems may be placed below ground according to local
precedent, in consideration of the value placed on maintaining a secure and resil-
ient infrastructure, for reasons related to surface aesthetics, or to minimize the
effect of installation on property values. Concern regarding uncoordinated plan-
ning of underground space is not new. In 1914, George Webster, chief engineer
and surveyor of Philadelphia, lamented that few large cities planned the space
beneath streets, or charted the utilities and services placed there (Webster, 1914).
He noted the importance of understanding what the underground was required to
accommodate and discussed the need to plan for

» water, hot water, steam, sewer, refrigerating, and gas pipes; electrical
conduits; pneumatic tubes; and as yet undetermined future services;

o galleries for pipes and conduits;

 vaults under sidewalks in the public right-of-way as a part of new building
construction;

» subways for transit systems and passengers;

* tunnels beneath underground services to accommodate movement of peo-
ple between business establishments without the need to cross streets or venture
into weather; and

* underground freight movement services to connect freight terminals with
commercial businesses and industrial establishments.

Webster advocated that underground space should be planned to facilitate
future installations and minimize the costs and delays caused by future instal-
lations. He advocated for an official authoritative body to regulate underground
usage, and he predicted that without such controls new large underground instal-
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lations would come at greater cost and challenge when engineers were forced to
work around existing infrastructure.

As we progress into the 21st century, the underground is used for all the pur-
poses listed above, and many of the problems predicted a century ago have been
realized. Table 2.1 describes the estimated lengths of major underground utility
services in the United States, totaling approximately 10.8 million miles (17.4
million kilometers). Underground infrastructure has expanded to accommodate
growing populations and new infrastructure services (and their multiple provid-
ers) but is still installed beneath the same public rights-of-way. As traffic becomes
more congested with population growth, underground utility work that must be
accessed from the surface results in increased traffic problems and expense. It has
been reported that approximately 4 million holes are dug in the United Kingdom’s
roads and sidewalks by utilities at a cost of approximately $2.25 billion' per year
and consequent indirect costs of approximately $4.5 billion per year (Farrimond,
2004). Analogous costs in the United States could well be many times larger.

Wastewater systems have also been expanded and the underground now
accommodates large wastewater transport systems (e.g., sanitary and stormwater
sewer systems; combined sewer systems) and combined sewer overflow (CSO)
interceptor and storage tunnel systems with large diameter openings. Most seg-
ments of wastewater and drainage systems are designed to flow by gravity
through pipes and tunnels and are therefore dependent on closely controlled
vertical alignments. These systems are generally placed beneath the hodgepodge
of existing shallow utility infrastructure, and they may block usage of that under-
ground space for future services including rapid transit subways and high speed
rail (HSR). Protecting access opportunities for such services argues for plan-
ning and permitting with a goal of preserving underground corridors for major
high-value urban infrastructure. Foresight is vital to sustainability because such
complex infrastructure is often not needed until much later in a city’s evolution.

ENGINEERING THE UNDERGROUND FOR SUSTAINABILITY

Tunneling, a component of many underground construction projects, shares
many properties with other types of construction done in urban societies. Certain
challenges, however, may become amplified in an underground setting (Wood,
2000). For example

» there is greater dependence on the ground and understanding ground
properties in terms of risk (see Box 1.3) to the construction project itself, other
infrastructure, worker health and safety, the environment, and economic interests;

» there is higher interdependence between planning and project design

'Based on 2008 exchange rates.
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TABLE 2.1 Estimated Lengths of Major U.S. Underground Utility Services

Transmission (miles) Distribution/ Service (miles) Total (miles)
Collection (miles)
Gas 2,359,080
Gathering .........cooveevenennns 41,000 | 1,212,688 780,392
(DOE, 2006) | (PHMSA, 2005) (PHMSA, 2005)“
Interstate ...........ccceeeneee. 250,000
Intrastate ...........coveeeuveenn. 75,000
Hazardous Liquid............. 160,868 160,868
(PHMSA, 2003)
Oil 177,200
Gathering .........ccccceevenee. 35,000
(Pipeline 101, 2001)
Crude.....ocoevvvenviincnnae. 65,942
(BTS, 2004)
Product .......ccoeeveveenennnn. 76,258
WaLer ..o 660,000 | 995,644 (EPA, 2007) | 854,364 (EPA 2,510,008
(Brongers, 2002) 2007)?
Sewer 1,224,000
Public 724,000 (EPA, 2006)
Private 500,000
Electric ..oovveiviieieinene 167,643 | 600,000¢ 400,000¢ 1,167,643
(NERC, 2006)
Telecom 3,194,921
Underground Cable
Metallic 382,472 (FCC, 2006)
Fiber 217,266
Buried Cable
Metallic 2,178,320
Fiber 217,322
Conduit System
Trench 199,541
Grand Total 10,793,719

“The total number of gas services in the United States, according to PHMSA (2005), is 63,523,945.
This number was then converted to miles by taking an average length of one service line to be 65 ft.
bThe total number of water services in the United States, according to EPA (2007), is about 69,545,307.
This number was then converted to miles by taking an average length of one service line to be 65 ft.
“Eleven U.S. utilities reported a total of 296,093 miles (Sterling et al., 2009). However, the length of
underground electrical distribution is expected to be much less than for gas or water, which are fully
underground. A figure of 600,000 miles is assumed as the U.S. total.
“This figure is a rough estimate based on underground electric service being less than half the length

of underground water services.

SOURCE: Adapted from Sterling et al., 2009.
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that arises from the need to stabilize the ground and exclude groundwater or
contaminants;

* there are potentially fewer construction methods available given geologic
and anthropogenic constraints;

* logistics can be more challenging because of restricted access and address-
ing worker safety (workers may be great distances from access points); and

» the expertise and time involved from project inception and completion
can be great and may include that associated with community buy-in of a project
and government compliance issues.

An underground project requires a systems perspective, such as illustrated in
Figure 2.1, that emphasizes interactions between interrelated systems including
those associated with land use, intermodal transportation, environmental, cultural,
and socio-economic systems. This type of approach highlights the unique
combination of skills, knowledge, management, and leadership required for
successful infrastructure planning, construction, operation, and maintenance for
a sustainable urban environment. Figure 2.1 represents a good start to the kind of
thinking necessary, but sustainability of engineered systems within urban systems
needs to be designed for much greater complexity and adaptability, such as is
done for Complex Adaptive System of Systems (CASoS) engineering. CASoS

FHWA Initiatives
A Systems Perspective

Land Use

proposal System

road Transportation
improvement System
proposal

Water Resources

wetland
functions and System, example
dynamics
Other Natural,
ecosystems with long-term *>. - Cultural Resource
system sustainability /\ Systems
ya

\ Interacting Systems
Support multiple goals
& improve quality of life

FIGURE 2.1 A systems perspective toward a foundation of interacting systems (shown
at bottom/base of this graphic) that includes land use, intermodal transportation, natural,
cultural, and socio-economic systems deliver quality of life and multiple benefits for the
long-term. SOURCE: FHWA, 2008.
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BOX 2.1
Complex Adaptive Systems of Systems Engineering

An initiative at Sandia National Laboratory has been the development of
an engineering framework to solve large complex problems that combine phys-
ical, social, and technical systems called Complex Adaptive Systems of Sys-
tems (CASo0S). CASoS broadly include physical infrastructure, government,
people, and ecosystems. They are complex, real or abstract entities composed
of systems, and change over time because of interactions within the system
or environment (Glass et al., 2008). CASoS engineers use a set of defined
iterative processes to solve problems, exploit opportunities, achieve goals, or
answer questions in consideration of choices, intended and unintended costs
and benefits, uncertainties, and how the system might be altered to yield bet-
ter outcomes. Bringing about change in CASoS can be accomplished using
conceptual models, system measurements, observational and experimental
design, pattern recognition, policy investigation, engineering processes, real-
time problem definitions (especially in times of crisis), and communication,
and building the required intellectual capacity to conduct CASoS engineering
focused on applications (Glass et al., 2008). The CASoS framework includes
designing a computational model for the context, implementing the model in an
actual environment, and reviewing actions at each step for correction, adapta-
tion, and “fit performance” at each stage of action. The figure is a simplified
diagram of the elements to be considered in CASoS engineering.

L

engineering considers the interdependencies and vulnerabilities of systems to
reduce risk and maximize security and health (Glass et al., 2011), as described
in Box 2.1.

Given such systems of systems approaches, the team that designs, constructs,
and manages underground infrastructure needs to be interdisciplinary, and spe-
cific expertise will be required to respond to specific challenges (see Appendix
C). However, it will be necessary for team members to be able to understand how
each component of the project is part of a system of systems.

POLICY, ECONOMIC, AND HUMAN BEHAVIORAL DRIVERS THAT
INFLUENCE DECISION MAKING

Electric power lines were already being buried in New York in the late 1800s
(Schewe, 2007), but overhead electric lines are still common in cities across the
United States. What factors drive acceptance of underground placement of infra-
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Glass et al., 2011.
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structure? In the past century, acceptance of underground utility installation has
evolved to be based on a combination of environmental, cost, and performance
issues. Long-term performance of underground facilities has yet to be quantified
or demonstrated, yielding a source of uncertainty and unknown risk for decision
makers. Triple-bottom-line cost estimates—analyses of social, environmental,
and economic costs and benefits—for underground facilities may provide per-
suasive justification for underground installation, but direct and indirect impacts
need to be considered for a true lifecycle engineering design.

Higher costs of underground utility installation may make the underground
less attractive to the private sector, and government stakeholders often display
mixed acceptance to underground installations, sometimes depending on their
relationships with utility providers. The long-term outlook of community deci-
sion makers has a role in the acceptance of underground utilities. A decision
to bury utilities is best made based on real costs and experience, rather than
whether stakeholders “like” underground facilities. Technological advances in
underground installation processes, system monitoring, and in the development
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of cost-effective utilidors (underground utility corridors that house multiple utili-
ties such as water, sewer, power, and telecommunications) create advantages and
incentives to place utilities underground.

Decision making related to the placement of major transportation systems
often occurs among people with competing interests. Political views, commu-
nity lifestyle preferences, and commercial interests in design and construction
contracts influence decision making in many communities in the United States.
Disruptions related to construction and operation and the impact of projects on
taxes can dissuade public acceptance for underground installation. The public
may also be concerned about security, fearing that mass transportation systems
may allow access to a neighborhood for a large number of unknown people.

Government officials may be concerned with the “success” of a project—
that major cost overruns and construction issues are limited and that the finished
infrastructure is perceived by the public to have been a wise investment. Some
politicians may be concerned that successful completion occurs before the next
election cycle to reserve credit for success to the incumbents. Negative and
positive experiences of other cities may influence how costs and risks of design
options are accepted. Unfortunately, there are few detailed follow-up assess-
ments of major infrastructure investments with data suitable for triple-bottom-line
analyses. Without such information, too much focus may be placed on initial cost
and too little on long-term performance and urban benefits.

The decision to place technical systems such as energy-related facilities,
roads and railroads, shopping centers, waterworks, and wastewater treatment
underground is based, often primarily, on technical data related to operational
and environmental considerations, and considerations associated with safety,
hygiene, disaster prevention, land use, and maintenance costs. Scandinavian
experience with underground sewage treatment plants and hydropower facili-
ties, for example, has led to a strong preference for underground infrastructure
by the public, utility company, and government stakeholders, driven by the cli-
matic, topographic, and geological environments (Parker, 2004).2 U.S. efforts
to develop underground facilities have been modest in comparison; adoption of
new approaches is often inhibited by existing administrative controls, design
guidelines, codes of practice, and labor practices (NRC, 2011).

A systematic analysis of the networks of decision makers and how the
flow of information through the networks facilitates or inhibits decision making
may be informative and a powerful tool if carefully applied (e.g., Butts, 2009).
Whereas the number of stakeholders indicates that the web of networks in the
case of urban system analysis is complex, even complex networks are not random

2For example, the Hovringen and Ladehammeren underground sewage treatment plants in Trod-
heim, Norway (Nordmark, 2002; Broch, 2006); the Skullerud water treatment plant in Oslo, Norway
(Holestol and Palmstrom, 1996); and the Juktan hydropower station in Sweden (Rundgren and
Martna, 1989).
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in their formation and activity and may be studied to inform decision making.
Albert and Barabasi (2002) describe the statistical mechanics and dynamics of
networks that at one time seemed random, and Watts (2004) summarizes findings
about networks, network organizations, and the collective dynamics within net-
works than can, among other things, foster or inhibit information dissemination.
There are extensive literature and computational analyses of analogous complex
sociotechnical systems that can be applied to this discussion. For example Carley
and others (2009) use quantitative analysis techniques to determine how learn-
ing occurs within networks that result in change, and Cataldo and others (2008)
explore modeling how different types of software engineering decisions constrain
other software engineering decisions and drive the need to coordinate activities.

For the sake of this discussion, networks are simplified into two categories:
(1) technical networks involved in the design, construction, operation, and main-
tenance of underground space and (2) organizational networks of government
agencies, private-sector entities, and community groups that pay for construc-
tion, endure disruptions, and benefit from completed underground facilities. Ideal
decision making occurs with continuous interaction between these two networks
during all phases of infrastructure life cycle. Identifying the right kind of informa-
tion to share with the right agents within the right networks to facilitate change
that promotes sustainability is difficult, and there is no singular methodology that
will work in all urban systems, or possibly within a single urban system over time
given the individual and dynamic nature of the networks.

Sustained support of infrastructure investment requires an understanding of
how the press and public will perceive the project and associated activities, and
how information can be transferred to them. The commitment of political leader-
ship for the duration of project construction, operation, and maintenance is also
needed. Public satisfaction with investment in infrastructure requires transpar-
ent communication including accurate representation of the value and risks of
investment such as those associated with project cost and scheduling. Difficulties
sustaining public support for investment decisions may lead to overpromising on
design, analysis, and construction in order to get projects under way.? It may be
possible to develop and use tools to raise the collective awareness in the com-
munity of the benefits and costs associated with underground infrastructure. For
example, geotechnical databases have been developed for multiple communi-
ties around the world that can visually display the relationships between built
infrastructure and the geologic environment (Reeves, 2010; Thompson, 2010).
These may be applied for educational and planning purposes. As explored fur-
ther in Chapter 5, the comparative assessment of sustainability for underground
and surface space-use options requires that adequate data and case examples be

3For example, the multibillion-dollar “Stuttgart 21> project in Germany has generated much opposi-
tion by those who believe the project is overambitious and overpriced (Ward, 2010).
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documented so that whole life cycle and triple bottom line impacts of competing
options can be evaluated.

User Acceptance of Underground Institutional, Commercial, and
Industrial Facilities

Institutional, commercial, and industrial underground facilities have come
to be viewed differently by those who work or spend long periods in the facility
than by those who choose to use the facility for shorter periods of time. Work-
ers desire spaces that are as comfortable and safe as aboveground facilities. The
lack of access to natural light, ventilation, and a spatial frame of reference (e.g.,
a view) is the most often cited detriment (Carmody and Sterling, 1993). Hence,
worker acceptance may depend on the extent to which the facility is underground
or windowless, and the type of environment expected for their work in a conven-
tional facility. On the other hand, user acceptance revolves around convenience
and safety perceptions, in addition to comfort. Both workers and users can be
strongly influenced by quality of design, maintenance, operation, and security.
Private and public stakeholder acceptance may be affected strongly by location
and design—e.g., does placing all or part of a structure underground enhance its
attributes in that location? If so, then costs and user concerns are weighed against
the benefits of constructing the facility in that location. Hotels in the Washing-
ton, D.C., area, for example, often build several levels underground for parking,
meeting, and ballroom spaces. Architectural height restrictions in the D.C. area*
mean that the “windowed” space aboveground is at a premium. Underground
space development is the result of codes in place to preserve the aboveground
environment. The environment draws people to the area, and the well-designed
and safe underground space draws usage (see Box 2.2).

Driving Forces

It is difficult to assess what driving forces are the most important in either
advancing or hindering the development and use of underground facilities. Most
large urban areas within the United States and around the world exhibit the
growth of underground facilities as urban development intensifies. In this regard,
one might conclude that no special policies or drivers need to be in place to
cause development of the underground—it will happen as a natural result of land
use, environmental pressures, and the need to upgrade transportation and utility
services for a growing city. The downside of this laissez-faire approach is the
chaotic development of the underground, project by project, even when it is well
understood in principle that expanded underground uses will follow later. This

4DC ST § 6-601
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BOX 2.2

The Arthur M. Sackler Gallery and the National Museum of
African Art, Smithsonian Institution, Washington, D.C.

The Arthur M. Sackler Gallery (an Asian art museum) and National Mu-
seum of African Art at the Smithsonian Institution in Washington, D.C., are
placed underground in the courtyard adjacent to the Smithsonian “Castle”
on the National Mall. The function fits an underground structure well—the
appearance of the iconic Smithsonian building is preserved, no open space
on the National Mall is covered, and museum workers are already used to
working in above-ground windowless buildings. High design quality and in-
teresting gallery spaces provide an attractive environment for the public. The
figure demonstrates use of space design, art, and natural lighting to create a
dramatic, pleasant environment.

Figure A sculpture by Xu Bing occupies and can be viewed on each of the four levels of the
Arthur M. Sackler Gallery in a beautifully designed space that makes clever use of skylights
and artificial lighting. The sculpture as viewed looking down from upper level of four levels.
Note the fountain at the bottom of the sculpture that reflects natural light from the skylight four
stories above. Credit: Andrea S. Norris.

L
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section examines some of the drivers that can either promote or inhibit develop-

ment of an expanded and well-ordered underground environment.

Urban planners may plan the city in only two dimensions (with the use of
height controls or floor-area ratios used to control building heights) and ignore
the importance of the underground in major urban areas. Without federal, state,
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or municipal mission agencies with an overarching responsibility for the provi-
sion of urban infrastructure, separate agencies deal independently with issues
related to transportation, housing and urban development, homeland security,
and energy. Although the individual mandates of these agencies are important,
a common approach to underground utility provision and urban planning of the
underground is missing. Funding mechanisms for projects or research tend to
focus on particular problems or solutions without much consideration of how the
solution affects the system of systems in short and long terms. Local or national
economic recessions that make investment in public facilities less urgent and less
affordable exacerbate the problem, as do initially higher underground project
development costs and the long timescales until project completion. Negative
perceptions about the interior environments of underground facilities, confusing
layouts and lack of reference to surface landmarks that inhibit easy wayfinding,
and fears about personal safety in what may be perceived to be poorly designed
and operated underground facilities may decrease public support of underground
infrastructure.

However, there are many examples of successful underground infrastructure
projects that lead to more sustainable societies. Development of some of these is
facilitated by the governance structures and systems in place in these locations,
some very different from those found in the United States. The strong policies
for new infrastructure provision coupled with strong administrative controls for
project implementation found in China, for example, would not necessarily be
implementable in the United States. Policies that require and facilitate effective
long-range planning of underground space use, as are found in locations such as
Singapore or Helsinki, Finland, help those locations move closer to sustainability
goals. Policies that enforce preservation of the surface environment while per-
mitting facility expansion underground would provide a reason for moving more
infrastructure underground where other incentives are not present. These could
include building height restrictions coupled with the exclusion of underground
space from floor area limitations, or prohibition of overhead utilities. Policies that
increase the possibility to easily route infrastructure elements at depth beneath
private land, such as Japan’s Special Measures Act for Public Use of Deep Under-
ground (Act no. 87 of 2000; see Konda, 2003) that gives public organizations
prior rights to develop deep underground space, can help to avoid some of the
legal barriers to broader, more versatile, and rapid development.

Underground engineering and construction is expensive, and construction
costs are generally greater than for surface infrastructure. However, full assess-
ment of lifecycle costs and benefits (see Chapter 5) may convince owners and
planners that the initial greater investment is the better investment. Changes in
policy as described above could lower some costs by, for example, streamlining
some of the time-consuming processes related to permitting and rights of way.
Other economic drivers are more practical in nature. Urban area and economic
expansion may create a demand for new facilities and services, but surface land
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may not be available given increased density of urban development. Still other
drivers may be human behavioral, for example, an insistence by the public for
a better surface environment and improved public and private services, more
awareness of quality-of-life approaches taken in different cities, or demand or
response to better design quality in underground facilities, and better integration
with the surface that removes negative perceptions about underground space.

Multiple circumstances and drivers accelerate or inhibit acceptance and
development of the underground. Issues related to perceived negative percep-
tions and comfort of the underground are discussed further in Chapter 4, to bet-
ter assessment of true economic, social, and environmental costs are discussed
in Chapter 5, and to improved technologies that allow better understanding of
construction and operational risks that increase costs are discussed in Chapter 6.
A new approach to infrastructure planning and management that values the con-
tributions of underground engineering to sustainable development is suggested
with the committee conclusions in Chapter 7.

It is better not to consider the underground as a universal alternative to the
surface—it isn’t—but rather to give due consideration of the underground with
respect to the long-term future and sustainability of an urban area. It is critical
that future underground development options are not degraded by unplanned or
unsuitable earlier uses, that policies and administrative structures provide the
right guidance, that the public is fully engaged in developing a long-term vision
for its community and community standards, and community expectations regard-
ing how underground facilities will serve it are met.

CROSS-SYSTEMS INTERDEPENDENCIES

As underground use becomes more complex, it is evident that proper respect
of the interplay between the surface and underground is necessary during all
phases of infrastructure life cycle. Examples of the serious negative effects of
poor management of surface or underground infrastructure are provided through-
out this report but are not presented to indicate that such is the norm in engineer-
ing practice. Box 2.3, for example, demonstrates the effects of a load-bearing
structural failure in the underground during construction that compromised sur-
face facilities. During construction, infrastructure is often more susceptible to
structural failure because soils may not be fully stabilized until construction is
complete. The stability of surface infrastructure is dependent on the stability of
the subsurface. Numerous other interdependencies are less obvious. Many of
these interdependencies may be critically important to national security.

The Presidential Commission on Critical Infrastructure Protection defined
infrastructure systems vital to our country (PCCIP, 1997) and prospectively
looked at critical infrastructure as the subject of planned measures to protect
assets from damage or destruction. Sustaining our nation and way of life were
considered dependent on the continued, uninterrupted services of these infra-
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BOX 2.3
Failure of a Metro Line in Cologne, Germany, 2009

Construction of Cologne, Germany’s 3.8 km North-South Metro Line (with
tunnels for seven underground stations) began in 2004 and was completed
in summer 2008. Construction of the stations, two emergency shafts, and an
underground turn-off (28 m deep) included the use of cut-and-cover and mining
methods with ground freezing. On March 3, 2009, Cologne’s seven-story (five
above ground and two below) Historical Archive building, located by the open
pit of the underground turnoff, collapsed along with buildings, including homes,
located on either side (see Figure 1). Caused by the inrush of ground water
and ground material, the collapse resulted in loss of life and extensive damage
to the voluminous and valuable historical records of the City of Cologne, the
surrounding region, and Germany (Haack, 2009; see Figure 2). Debris and soil
were deposited in the building, the temporary steel ceiling and the dewater-
ing system were damaged, concrete was cracked, and surrounding soil was
loosened and displaced. There is speculation that the collapse was due to local
separation caused by the removal of soil by the dewatering system or a failure
of the diaphragm wall structure (Manderfeld, 2010).

FIGURE 1 Collapse of multiple buildings resulting from excavation collapse. SOURCE:
AP Images.
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structure systems. More than a decade later and after the attacks of September
11, 2001 (9/11), the list of infrastructure defined as critical by the PCCIP still
applies (NRC, 2002), but with greater urgency and entailing more issues, hazards,
and levels of protection. Because of the events of 9/11 and significant regional
days-long power outages (for example, see Minkel, 2008), the interdependency
of infrastructure systems has been elevated to a matter of national concern.
Perhaps in part because of attention provoked by the 9/11 attacks, critical
infrastructure networks are now recognized as interdependent systems (NRC,
2002). They include systems that provide potable water, wastewater and storm-
water collection and disposal, electric power, fuel distribution, telecommuni-
cations, and digital television and Internet connectivity and communications
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Two people in collapsed houses died. Forty-five others (30 in the Archive
and 15 residents) were rescued (Haack, 2009). Public anger and a threat that an
angry mob would demand abandonment of the entire project, intense speculation
about what had occurred, and a “vacuum of official details” were reported after the
accident (Wallis, 2009). Initial political responses were that the construction plan in
Cologne (or in any densely built-up town) should not have been approved (Haack,
2009). According to a September 2010 engineering report, the cause was still un-
der investigation by the public attorney’s office. Independent experts nominated by
the court are reviewing the incident (Manderfeld, 2010). The reverberations of the
Cologne accident extended to Amsterdam where a metro line was being planned
for an area with similar geologic characteristics. Twice in 2008, there was damage
from leaking in the concrete wall of a construction pit for a future metro station on
the Vijzelgracht, Amsterdam, and, as a result, neighboring 17th-century weavers’
houses became flooded and unfit for habitation (van Outeren, 2009).

Historical Archive SeverinstaBe: = Waidmarkt:
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FIGURE 2 Diagram illustrating the assumed cause of the accident. SOURCE: Haack, 2009.
Reprinted with permission of Alfred Haack.
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(including orbiting satellite assets), as well as transportation systems such as
roads, highways, bridges, tunnels, transit and railroad facilities, and airports and
harbors (Peerenboom, 2001). Other infrastructure systems also provide emer-
gency services, living and working spaces, churches and places of assembly,
hospitals and schools, parks and recreation areas, open spaces, and other facilities
(NRC, 2002).

As systems, they are characterized in part by a complexity related to the fact
that they are owned and controlled by numerous individuals, partnerships and
corporations, and local, state, and national governments. This complex ownership
model leads to confusion regarding, for example, responsibility for funding and
performing essential periodic inspections, maintenance, and repair of individual
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infrastructure elements or systems. There is no clear or consistent understanding
of who does what, under what guidelines and budgets, and under what terms.

Cascading Failures of Systems

Interdependencies among infrastructure systems are often not fully under-
stood (Little, 2005). Failure in one element of a system can cause disruptions in
one or many other systems, and failure of underground systems can occur as a
result of failure of systems on the surface. Disruptions can spread to systems in
other cities, states, and countries. For example, cascading failure of interdepen-
dent underground infrastructure occurred as a result of the 9/11 attacks on surface
infrastructure in New York City. Water main breaks flooded rail tunnels, a com-
muter station, and a facility that housed all cables for what has been described
as the world’s largest telecommunication node. Trading on the New York Stock
Exchange ceased for six days as a result of failure of communication infrastruc-
ture. International financial stability therefore was linked to a water main rupture
in one location (O’Rourke, 2007).

Communication systems failure can result in the cascading failures of elec-
tric-powered plants, systems, and equipment. Electric power systems are more
often remotely controlled from a central operations station, by wireless or leased
telephone lines, the Internet, or by supervisory control and data acquisition
(SCADA) systems. SCADA systems typically use open architecture software
without security protection, making them vulnerable to hackers. Access to a
SCADA system could provide opportunity to cause problems with system func-
tionality including overloading a transmission grid (NRC, 2002). SCADA sys-
tems can also malfunction when electric power fluctuates or becomes unstable,
as was demonstrated by the 2010 natural gas pipeline explosion in San Bruno,
California (NTSB, 2011a).

Another example of cascading failure of interdependent infrastructure
occurred in August 2003 when an overloaded Ohio utility electric transmission
line faulted, shutting down a portion of the transmission grid, leading to failure
of the electrical transmission network and the blackout of eight states in the
Northeastern United States and southeastern Canada. Fifty million people lost
power for up to two days (Minkel, 2008). Cleveland, Ohio, did not have power
to pump public water to 1.5 million citizens (Little, 2005), and similar situations
were reported elsewhere. Loss of power shut down traffic controls and street
lighting, making road and highway travel hazardous, particularly at night. The
effects of the failure were far reaching. Refrigeration for food was impossible,
and emergency measures were needed, for example, to protect children’s milk
supplies (PSEPC, 2006). Service stations could not pump fuel, and people aban-
doned vehicles wherever they ran out of gas. The rapid cascading effects on other
critical services were also observed (Minkel, 2008).

Cascading failure of interdependent infrastructure may result when exist-
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ing underground infrastructure is disturbed by the installation or repair of other
services. “Call before you dig” (CBYD) laws® have been put in place in many
areas to reduce this likelihood. More attention needs to be directed to the buried
resources that, in many cases, are just below the surface. It is in the interest of
property owners and managers to know the location, condition, and state of repair
of infrastructure elements that service their properties. Local governments, under
public safety and health mandates, have a role in assuring that inspections and
maintenance of lifeline infrastructure occurs and is documented and available.
State governments have similar responsibilities for electrical power grids, trans-
mission pipelines, and potable water supply systems. Less labor-intensive means
of mapping underground utilities, performing and reporting essential lifeline
service inspections, and understanding the implications of their interconnections
on local users could lead to a better systems approach to planning, construction,
operation, and maintenance over the long term to increase the life of critical infra-
structure and avoid cascading systems failures. The committee suggests potential
research in these areas in Chapter 7.

CONSEQUENCES OF INCOMPLETE PLANNING

The study committee began with an assumption that sustainable development
is dependent on the ability of planners to consider future needs. The useful life of
critical infrastructure is dependent on the service being installed and determined
during design and materials specification processes. Buried utility services are
expected to operate for 50 years; transit and sewer tunnels and structures for 100
years. It is often difficult to predict how best to accommodate long-term opera-
tion and maintenance of the infrastructure while simultaneously accommodating
growing or changing populations, changing infrastructure needs, and new tech-
nologies. It is especially difficult to predict what may be the societal needs of
infrastructure in 50 to 100 years. Practical methods for determining remaining
useful life of utilities and services are needed.

The next sections highlight issues that result from poor or incomplete plan-
ning and how these issues relate to those associated with aging infrastructure and
the choice of building foundations.

Aging Not-So-Gracefully while Keeping up with Demand

There were approximately 76 million people in the United States at the
beginning of the 20th century, and there are approximately 310 million people
today (U.S. Census Bureau, 2012). The U.S. Census Bureau estimates the U.S.

SFor example, see Oregon Law OAR 952-001-0010 through OAR 952-001-0090, available at
arcweb.sos.state.or.us/rules/OARS_900/OAR _952/952 001.html. See also www.callbeforeyoudig.
org/law.htm (accessed November 11, 2010).
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BOX 2.4
Failure of a Water Main

The 2008 failure of a 66-inch pre-stressed concrete water main resulted
in the need for rescue of nine people stranded dangerously in their cars while
approximately 150,000 gallons of water per minute rushed down a major
street near Potomac, Maryland (Morse and Shaver, 2008). The pipe, 15 feet
below the surface, was put into service in 1964. A forensic investigation indi-
cated that pipe corrosion and weakening was caused by the installation of the
pipe directly on rock (WSSC, 2009). The pipe was last internally inspected in
1998, but internal inspections do not normally expose the external chemical-
based corrosion that occurred.

A 50-by-30—foot hole was created by the force of the rupture, several
large trees and a utility pole were downed, and a portion of the road was de-
stroyed. Area schools and roads were temporarily closed. As a result of this
event, the responsible agency immediately implemented a real-time, active
monitoring program for a majority of its large diameter water main system.

\ J

population will be approximately 439 million by 2050 (U.S. Census Bureau,
2008), representing a 42 percent growth in the next 40 years. The public expects
delivery of a certain quality of life through physical infrastructure, and such
growth will create financial and physical pressures to enlarge all infrastructure
systems while concurrently identifying ways to extend the useful life and reliabil-
ity of existing systems. Different and even greater demands on infrastructure will
be likely as technologies evolve and new technologies are developed and their
delivery becomes expected.® Infrastructure interdependencies will likely become
even more complex, and, as infrastructure systems age, the system of systems
is likely to become less reliable. This is not a good scenario for sustainability.

It is reported that a significant portion of the underground infrastructure in
the United States is at or has exceeded its projected useful life (USNCTT, 1989;
ASCE, 2009). Responsible agencies seek effective ways to stretch dwindling
budgets and capital expenditures to address issues associated with aging infra-
structure, but a gap exists between appropriated funds and expenditures necessary
for infrastructure renewal. In 2002, the U.S Environmental Protection Agency
(EPA) forecasted an $8 billion annual gap over a 20-year period (2000-2019) for
the nation’s aging water infrastructure alone (EPA, 2002). The American Society
of Civil Engineers (ASCE) estimated that leaking water pipes result in the loss of
7 billion gallons per day, nationwide, of clean drinking water (ASCE, 2009). Fur-
ther, the ASCE described that deteriorated wastewater pipelines leak billions of
gallons of sewage into the nation’s waterways each year. Personal and economic
safety and health may be put at greater risk by an inability to mitigate projected

®For example, Internet access, unheard of just a few decades ago, is considered by many to be a
“fundamental right.” See BBC, 2010.
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BOX 2.5

Pipeline Failures in San Bruno, California, and Carmichael,
Mississippi

Recent pipeline failures in San Bruno, California, and Carmichael, Mis-
sissippi, demonstrate the uncommon but significant risk to surface infrastruc-
ture, especially in highly populated areas. The San Bruno, California, natural
gas pipeline explosion and fire in 2010 illustrates the potential risks associ-
ated with a buried gas pipeline. The line was installed in 1956 beneath land
that was subsequently developed into a thriving residential neighborhood.
This pipeline relied on a dedicated SCADA system for control of gas flow and
pressure. Eight people were fatally injured, and more than 50 residences were
damaged or destroyed as a result of the explosion of the 30-inch-diameter
steel gas pipeline. A preliminary report from the National Transportation Safety
Board (NTSB) indicated the rupture occurred following a power malfunction of
the electrical line feeding the SCADA system and resulted in an increase in
pressure on the line (NTSB, 2011a). All of these factors point toward finding
better means for developing, operating, and maintaining our infrastructure
systems.

In 2007, the rupture of a pipeline transporting liquid propane in rural Mis-
sissippi released more than 10,000 barrels (approximately 430,000 gallons) of
propane. The propane formed a gas cloud and ignited, creating a large fire-
ball that resulted in two fatalities, seven injuries, and four destroyed houses
(NTSB, 2009). About 70 acres of grassland and woodland were burned, and
more than $3 million of property damages were claimed lost by the pipe-
line company. The NTSB determined that among the several safety issues
contributing to the incident was the inadequacy of regulation and oversight
exercised by the Pipeline and Hazardous Materials Safety Administration
of pipeline operators’ public education and emergency responder outreach
programs (NTSB, 2009)

Such events are relatively uncommon. The NTSB lists 17 significant
pipeline incidents investigated in the United States in the past 10 years
(NTSB, 2011b).

\ J

infrastructure system failures that directly and physically endanger citizens (see
Boxes 2.4 and 2.5 for examples).

Building Foundations and Future Underground Use

Building foundations constitute a major use of urban underground space,
provide necessary building support, and can add value and space to proper-
ties. However, building foundations are rarely designed with thought to how
the space under or surrounding the foundation may be used in the future. Deep
pile foundations of some structures, for example, may make it more difficult to
accommodate infrastructure such as transit and road tunnels that have significant
horizontal and vertical alignment restrictions. Some foundation designs may
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restrict public rights-of-way. The installation of horizontal soil anchors or “nails”
provides lateral support for deep foundations and walls against the pressure of
surrounding soil and groundwater, but requires the placement of tiebacks in holes
on the sides of an excavation that can extend 30 to 35 feet into adjacent soil or
rock. Although tiebacks generally serve no structural post-construction function,
they often are left in place and may compromise other uses of the underground
in their locations.

Foundation design and construction could include sustainable practices such
as the use of removable anchors, if feasible. A longer term approach to foundation
design might include designing foundations so that they are more readily reus-
able or repurposed once the surface infrastructure outlives its useful life. Current
practices for reconstruction often include demolition of surface and foundation
structures when new construction occurs. A visionary approach to foundation
design requires consideration of urban sustainability holistically. It accounts for
the collective impact of individual design and construction decisions on future
use of the urban underground. Designs may take into account long-term plan-
ning for the urban area as a whole, for example, avoiding specific designs in an
area zoned for future underground transportation. This approach will be more
successful when the urban underground is incorporated into urban growth plans
as part of a functioning and evolving system of systems. Optimal planning may
sometimes call for preserving the underground for future use.

Institutional Management of Underground Space

As has been described, decisions related to individual underground infra-
structural elements are seldom made using a systems management approach in
which above- and belowground infrastructure, combined, comprise an integrated
system. Governance and institutional management of urban underground space
that guides decision making in the United States is fragmented at best, and
nonexistent at worst. Public policies that govern urban underground use, with
few exceptions, are not well formed. The primary focus of urban planning is
the provision of services under the constraints of available surface and air rights
and resource development. A great challenge to governance is that ownership of
underground utilities, services, and structures is vested in a variety of public and
private parties. This and the lack of frameworks for valuation of underground
space by municipalities are among issues that frustrate better urban underground
planning and management. Municipalities typically allow subsurface operations
in their jurisdiction through permitting processes, but lack authority to regulate.
Permission to cut into an existing street for any purpose, for example, may require
a permit, but the permit typically does not include conditions specific to the utility
or service being installed. Further, submission of as-built records of installations
may not be required.

Comprehensive mapping of the locations of buried utilities and services
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are rarely available, and as-built records of existing underground facilities may
be either publicly unavailable or inaccurate. It is therefore difficult to plan new
installations without disturbing existing buried services. According to the Com-
mon Ground Alliance,” a utility is hit or damaged in the United States every 60
seconds (Landes, 2008). Available technologies to detect and map underground
infrastructure to minimize striking and damaging their systems during construc-
tion activities are not employed often enough.

A national 811 number—the “call before you dig” line®—was launched in
2007 to reach 62 call centers connected with parties that have buried services
in their coverage areas. This is a first step in developing institutional manage-
ment of urban underground space. A positive outcome of CBYD is the sharing
of utility and services data by interested parties. The governance gap can begin
to close when public policy requires accounting for the use and optimization of
underground urban space for the benefit of the people, the economy, and sustain-
able development.

PLANNING AND GOVERNANCE FOR SUSTAINABILITY

Some cities around the world have made greater progress planning and
governing underground space. Helsinki, Finland, a notable example, has identi-
fied and protected its prime near-surface rock resources and has developed deep
common utility tunnels that limit interference with shallower, people-oriented
underground infrastructure, such as that used for transit, pedestrian connections,
and parking. This strategy moves away from the more common practice of plac-
ing utilities directly beneath the surface. Montreal, Canada, has established
the framework by which a largely private network of underground pedestrian
connections in the downtown area has turned a northern-climate city into an
extensive indoor city that is comfortable and accessible in the harshest winter
weather. Perhaps the most ambitious underground planning at the time of writ-
ing is being undertaken by the City State of Singapore. The extreme shortage of
land and natural resources of this island nation makes use of underground space
an important component of overall planning (Hulme and Zhao, 1999). Effec-
tive underground space use in Singapore preserves surface space for other uses,
including recreation.

The European Construction Technology Platform promotes the concept of a
multidimensional city in which people move vertically above and below ground
as well as horizontally (ECTP, 2005). Box 2.6 demonstrates European Union

"The Common Ground Alliance is an association dedicated to public safety through damage
prevention practices. For more information see http://www.commongroundalliance.com/Template.
cfm?Section=About CGA.

8For more information see http://www.call811.com.
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BOX 2.6

A Strategic Research Agenda for the European Construction
Sector

The European Construction Technology Platform (ECTP)2 developed a
strategic research agenda for the underground construction sector for the next
25 years that takes into account innovations driven by the market and long-
term societal visions (ECTP, 2005). According to the ECTP, future models for
urban planning must incorporate new ways to think about underground space
and construction concepts so that underground space use can be expanded
downward as far as imagination and technologies will allow. Underground
infrastructure will be more appealing when directly and conveniently linked to
improved surface space and to high-capacity transportation systems that are
efficient alternatives to surface transport. The figure is a schematic of what the
platform termed a multidimensional city.

The ECTP suggests that all aspects of construction (e.g., organization of
supply chains, contractual arrangements, service industries, underground ar-
chitecture, specialized vehicles, technologies for excavation, social business,
and the safety and security industry) must be reviewed and revamped to im-
prove work within an underground environment and to provide supervision and
protect against hazards. The ECTP’s research agenda includes a vision and
short- and long-term research priorities intended to meet the needs of clients
(e.g., through efficient use of the underground and improving our understand-
ing and ability to control the ground itself), allow cities to become sustainable
(reducing resource consumption, environmental and anthropogenic impacts,
improving safety and security, and enhancing the quality of life), and cause
a transformation in the construction sector itself (through increased compe-
tiveness, a new knowledge-based construction process driven by clients,
information and communication technologies and automation, state-of-the-art
construction materials, and attractive work environments) (ECTP, 2005).

aSee http://www.ectp.org/ (accessed October 6, 2011).

L

recognition of the importance of urban underground space and its vision for the
impact on city livability possible with integrated space resource planning.

Growing urban populations have resulted in development of marginal lands
(i.e., weak and soft soils) and underused industrial and commercial facilities
and associated poor environmental conditions (e.g., pollution, hazardous waste,
and contaminated ground). Underground development may also encroach on
marginal lands, and developers and contractors must deal with issues such as
hazardous waste removal or remediation. This warrants thoughtful and extended
consideration by owners, urban planners, developers, and the public about the
geotechnical and geo-environmental issues related to all urban construction,
about underground space development specifically, and about the explicit valua-
tion of underground space as a resource.

Effective planning and infrastructure investment decisions require that rele-
vant administrators and planners accept the need and responsibility for integrated
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FIGURE A new multidimensional city as envisioned by the Focus Area of Underground
Construction of the European Construction Technology Platform. SOURCE: ECTP, 2005, p. 9.

J

long-term planning, and information archiving is needed that ensures information
resources are available in a useful form. This implies that both reliable geologi-
cal and three-dimensional records from multiple sources of existing structures in
the underground need to be developed, registered to a common spatial reference,
and maintained. Visualization for underground planning is needed particularly in
complicated geologies, with significant topographic variations, and when mul-
tiple levels of underground facilities are considered (Reeves, 2010). The ability
to archive, search, manage, and display complex three-dimensional databases at
appropriate degrees of complexity for planning and detailed design tasks would
greatly aid the ability to effectively plan urban underground space use. Some
aspects of the databases and software needed to undertake this task exist, but
many complications remain in terms of permission to access detailed private
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utility data and to manage the uncertainty and varying quality of available data
(Reeves, 2010). This discussion is continued in more detail in Chapter 6.

To consider explicit cost-benefits in infrastructure decisions, it is important
to establish a methodology to quantify the value of subsurface space opportuni-
ties as a resource in urban environments. This would allow comparison of the
value of underground space on a par with other urban resources, for example
linked to an increasing market value of surface land property. Value for future
uses would also encompass the fact that the nature of previous use (e.g., existing
infrastructure) can force new infrastructure systems to be placed in increasingly
difficult ground conditions, presenting problems for engineers and constructors,
and creating additional difficulties related to scheduling and cost control. Effec-
tive planning and governance can help efficiently optimize use of underground
resources and obtain the most value from the underground resource for the long
term. Governance approaches include zoning subsurface vertical and horizontal
space, reserving corridors for major transportation systems, and coordinating
utility space use requirements in the public rights-of-way.

LONG-TERM MANAGEMENT OF THE UNDERGROUND

There are many fabled successes in underground infrastructure (e.g., the
New York City and Boston subway systems) and more recent successes in under-
ground infrastructure development—the Washington, D.C., Metro, the Metro-
politan Atlanta Rapid Transit Authority, and the Chicago Transit Authority. The
record of accomplishments extends to the creation of underground utility systems.
However, the legacy of more than a century of abandoned or unmapped subsur-
face infrastructure also presents great problems (Sterling et al., 2009). Positions
of abandoned utilities, foundations, tanks, and construction or demolition debris
are not recorded or their records discarded. Positions of active utilities can be
uncertain or improperly recorded. This situation is not unique to the United
States, and some parts of the world have an even longer legacy of abandoned
buried infrastructure. A reasonable step toward sustainable planning practices
would be the development of a geographic information system database with
information about locations of underground infrastructure and artifacts. A 10-year
research program is under way in the United Kingdom to develop a prototype
multi-sensor ground penetration radar tool that would locate and map buried
utilities and services. Three-dimensional maps would then be made in conjunc-
tion with the British Geological Survey.” More reliably documenting all things
underground in a searchable database system that includes tools for visualiza-
tion—and documenting other unrecorded services encountered during under-
ground construction—would vastly improve the ability of planners to maximize

9See http://www.mappingtheunderworld.ac.uk/ (accessed September 15, 2011).
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the use of the underground while minimizing the cost of building and maintaining
underground infrastructure.

From 1972 to 1994, the U.S. National Committee on Tunneling Technol-
ogy within the National Research Council served as the national organization to
stimulate advances in tunneling technology and subsurface use (see Appendix
C). The committee did not have oversight responsibilities, but it did serve to
shape technology, practice, and education and training. Membership included
representatives from government, industry, and academe. Its purpose was to
promote coordination of activities, including assessment, research, development,
education, training, and dissemination of information. It also served as the U.S.
adherent to the International Tunneling Association. There has been no similar
body since, and in 2012 no official bodies in the United States carried the respon-
sibility of overseeing and approving use of the underground to manage it in the
most sustainable manner. The lack of planning for systematic and sustainable
use of the underground results in significant added costs and schedule difficul-
ties as new services are installed in very congested urban underground space.
The United States envisions installation of High Speed Railroad (HSR) systems,
some of them underground, as built in other parts of the world. Grade-separated
freight movement systems (for example, railroad tracks and truck roadways)
could also be placed underground as part of sustainable urban development.
The cost of these or any future underground infrastructure in urban settings will
increase because of the inability to plan effectively around existing infrastructure.
Research opportunities to develop a framework and management approach to
planning, documenting existing conditions, setting land use requirements, and
issuing permits for approved uses of the urban underground can be found in
Chapter 7.

REFERENCES

Albert, R., and A.-L. Barabasi. 2002. Statistical mechanics of complex networks. Review of Modern
Physics. 74(1):47-97 [online]. Available: http://www.barabasilab.com/pubs/CCNR-ALB_Pub-
lications/200201-30 RevModernPhys-StatisticalMech/200201-30 RevModernPhys-Statisti-
calMech.pdf (accessed November 8, 2012).

ASCE (American Society of Civil Engineers). 2009. 2009 Report Card for America’s Infrastructure.
American Society of Civil Engineers [online]. Available: http://www.infrastructurereportcard.
org/sites/default/files/RC2009 full report.pdf (accessed May 1, 2012).

BBC. 2010. Internet access is ‘a fundamental right’. BBC News: March 8, 2010 [online]. Available:
http://news.bbc.co.uk/2/hi/8548190.stm (accessed March 1, 2011).

Broch, E. 2006. Use of Rock Cavern in Urban Areas in Norway [online]. Available: http://www.
ita-aites.org/fileadmin/filemounts/general/pdf/ItaAssociation/Organisation/Members/Member-
Nations/Egypt/PapersSharm2006/kn05.pdf (accessed May 2, 2012).

Brongers, M.P.H. 2002. Appendix K: Drinking Water and Sewer Systems. Cost of Corrosion, March
2002 [online]. Available: http://www.corrosioncost.com/pdf/water.pdf (as cited in Sterling et
al., 2009).



62 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

BTS (Bureau of Transportation Statistics). 2004. The Transportation Network: 2004 [online]. Avail-
able: http://www.bts.gov/publications/pocket_guide to transportation/2006/html/table 01.html
(as cited in Sterling et al., 2009).

Butts, C.T. 2009. Revisiting the foundations of network analysis. Science 325:414-416.

Carley, K.M., M.K. Martin, B.R. Hirshman. 2009. The etiology of social change. Topics in Cog-
nitive Science 1(4):621-650. Available: http://onlinelibrary.wiley.com/doi/10.1111/j.1756-
8765.2009.01037.x/pdf (accessed November 6, 2012).

Carmody, J., and R.L. Sterling. 1993. Underground Space Design: A Guide to Subsurface Utilization
and Design for People in Underground Spaces. New York: Van Nostrand Reinhold.

Cataldo, M., J. D. Herbsleb, and K.M. Carley. 2008. Socio-Technical Congruence: A Framework
for Assessing the Impact of Technical and Work Dependencies on Software Development
Productivity. International Symposium on Empirical Software Engineering and Measurement
Proceedings of the Second ACM-IEEE [online]. Available: http://herbsleb.org/web-pubs/pdfs/
cataldo-socio-2008.pdf (accessed November 6, 2012).

DOE (U.S. Department of Energy). 2006. Transmission, Distribution & Storage. Oct. 2006 [online].
Available: http://www.fossil.energy.gov/programs/oilgas/delivery/index.html (as cited in Ster-
ling et al., 2009).

ECTP (European Construction Technology Platform). 2005. Strategic Research Agenda for the
European Underground Construction Sector, Draft, October 2005. European Construction
Technology Platform [online]. Available: http://www.ectp.org/documentation/FA-Underground-
Constructions_ SRA-VISION2030-23Nov05.pdf (accessed May 2, 2012).

EPA (U.S. Environmental Protection Agency). 2002. The Clean Water and Drinking Water Infrastruc-
ture Gap Analysis. EPA-816-R-02-020. Office of Water, U.S. Environmental Protection Agency
[online]. Available: http://www.epa.gov/ogwdw/gapreport.pdf (accessed November 11, 2010).

EPA . 2006. Emerging Technologies for Conveyance: New Installations and Rehabilitation Methods.
EPA 832-R-06-004. July 2006 (as cited in Sterling et al., 2009).

EPA . 2007. P. 13 in Distribution System Inventory, Integrity and Water Quality, Jan. 2007 (as cited
in Sterling et al., 2009).

Farrimond, M. 2004. The ESWRAC Initiative. Proceedings, ISTT No-Dig 2004 Conference. Novem-
ber 15-17, 2004, Hamburg, Germany [online]. Available: http://www.eswrac.org/download/1/
Farrimond.pdf (accessed May 1, 2012).

FCC (U.S. Federal Communications Commission). 2006. Table I.A: Outside Plant Statistics—Cable
and Wire Facilities. FCC Report 43-08: ARMIS Operating Data Report (as cited in Sterling et
al., 2009).

FHWA (Federal Highway Administration). 2008. To Move Forward with FHWA Initiatives. The En-
vironmental Quarterly 4(3) [online]. Available: http://www.fhwa.dot.gov/resourcecenter/teams/
environment/vol4iss3.cfm (accessed May 1, 2012).

Glass, R.J., T.J. Brown, A.L. Ames, J.M. Linebarger, W.E. Beyeler, S.L. Maffitt, N.S. Brodsky, P.D.
Finley, S.H. Conrad, T.F. Corbet, Jr., R.J. Detry, P.S. Downes, M.A. Ehlen, P.G. Kaplan, A.
Kelic, M. Mitchell, R.A. Mitchell, T.W. Moore, A.V. Outkin, T.-T. Quach, G.E. Reedy, E.D.
Russell, Sh. J. Starks, D.J. Sunderland, V.N. Vargas, S. J. Verzi, A.A. Zagonel, E.D. Vugrin.
2011. Pheonix: Complex Adaptive System of Systems (CASoS) Engineering Version 1.0.
Sandia Report SAND 2011-3446 [online]. Albuquerque, NM: Sandia National Laboratories.
Available: http://www.sandia.gov/CasosEngineering/docs/Phoenix_1.0_12 1 2011_%203446.
pdf (accessed November 7, 2012).

Glass, R.J., A.L. Ames, W.A. Stubblefield, S.H. Conrad, S.L. Maffitt, L.A. Malczynski, D.G. Wilson,
J.J. Carlson, G.A. Backus, M.A. Ehlen, K.B., Vanderveen, D. Engi. 2008. A Roadmap for the
Complex Adaptive Systems of Systems (CASoS) Engineering Initiative. SAND Report 2008-
4651 [online]. Albuquerque, NM: Sandia National Laboratories. Available: http://www.sandia.
gov/CasosEngineering/docs/CASoSEngineeringRoadmap 09.22.08.pdf (accessed October 26,
2012).



THE EVOLUTION OF AND FACTORS AFFECTING UNDERGROUND DEVELOPMENT 63

Guo, D., P.P. Nelson, J. Xie, Z. Chen. In press. Vertical Planning of Urban Underground Space Use
in China. 13th World Conference of the Associated Research Centers for Urban Underground
Space, Singapore, November 7-9, 2012.

Haack, A. 2009. Construction of the North-South-Metro Line in Cologne and the Accident on March
3rd, 2009. STUVA (Research Association for Underground Transportation Facilities), Cologne,
Germany [online]. Available: http://management.kochi-tech.ac.jp/ssms_papers/sms10_ 194 Al-
fred%20Haak100126(re-submit).pdf (accessed April 29, 2011).

Holestdl, K., and A. Palmstrom. 1996. Extensive use of the underground in Oslo is giving a better city.
Pp. 103-114 in Proceedings of International Conference on Tunnels for the Third Millennium,
Prievidza, Slovakia [online]. Available: http://www.rockmass.net/ap/56_Holestol&Palmstrom
on_Use of Oslo underground.pdf(accessed May 2, 2012).

Hulme, T.W., and J. Zhao. 1999. Underground space development in Singapore: The past, present and
future. Tunnelling and Underground Space Technology. 14(4):407.

Konda, T. 2003. Reclaiming the underground space of large cities in Japan. In (Re)Claiming the
Underground Space. J. Saveaur. Swets & Seitlinger B. V.: Lisse, The Netherlands.

Landes, S. 2008. Underground damage occurs once every 60 seconds: Statistics you can’t afford to
ignore. Underground Construction (Jan):34-36 [online]. Available: http://www.rhinomarkers.
com/DP_Info/Article PDFs/DIRT Underground Construction 01 _2008.pdf (accessed May 1,
2012).

Little, R.G. 2005. Tending the infrastructure commons: Ensuring the sustainability of our vital sys-
tems. Structure and Infrastructure Engineering. 1(4):263-270.

Manderfeld, J. 2010. Cologne’s Tunnel Tube Disaster, 03.03.2009. Presentation at Annual IMIA
Conference, September 14, 2010, Berlin [online]. Available: http://www.imia.com/downloads/
guest_presentations/GP19 2010.pdf (accessed April 29, 2011).

Minkel, J.R. 2008. The 2003 Northeast Blackout - Five years later. Scientific American, August 13,
2008 [online]. Available: http://www.scientificamerican.com/article.cfm?id=2003-blackout-five-
years-later (accessed April 8, 2011).

Morse, D., and K. Shaver. 2008. Water main break forces dramatic rescue of nine. The Washington
Post, December 24, 2008 [online]. Available: http://www.washingtonpost.com/wp-dyn/content/
article/2008/12/23/AR2008122302853.html (accessed April 7, 2011).

NERC (North American Electric Reliability Council). 2006. Long-Term Reliability Assessment: The
Reliability of the Bulk of Power Systems in North America. Oct. 2006 [online]. Available: http://
www.nerc.com/files/LTRA2006.pdf (as cited in Sterling et al., 2009).

Nordmark, A. 2002. Overview on survey of water installations underground: Underground water-
conveyance and storage facilities. Tunnelling and Underground Space Technology. 17:163-178.

NRC (National Research Council). 2002. Making the Nation Safer: The Role of Science and Technol-
ogy in Countering Terrorism. Washington, DC: The National Academies Press.

NRC. 2011. An Assessment of the Science Proposed for the Deep Underground Science and Engineer-
ing Laboratory (DUSEL). Washington, DC: National Academies Press.

NTSB (National Transportation Safety Board). 2009. Rupture of Hazardous Liquid Pipeline with Re-
lease and Ignition of Propane, Carmichael, Mississippi, November 1, 2007 [online]. Available:
http://www.ntsb.gov/news/events/2009/Carmichael _ms/index.html (accessed May 2, 2012).

NTSB. 2011a. Pacific Gas and Electric Company: Natural Gas Transmission Pipeline Rupture and
Fire, San Bruno, California, September 9, 2010. Pipeline Accident Report No. NTSB/PAR-
11/01. National Transportation Safety Board [online]. Available: http://www.ntsb.gov/doclib/
reports/2011/PAR1101.pdf (accessed May 1, 2012).

NTSB. 2011b. Pipeline Accident Reports [online]. Available: http://www.ntsb.gov/investigations/
reports_pipeline.html (accessed May 8, 2012).

O’Rourke, T.D. 2007. Critical infrastructure, interdependencies, and resilience. The Bridge 37(1):22-
29 [online]. Available: http://www.nae.edu/File.aspx?id=7405 (accessed February 15, 2011).



64 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

Parker, H.W. 2004. Underground Space: Good for Sustainable Development, and Vice Versa. In-
ternational Tunnelling Association (ITA) Open Session World Tunnel Congress, May 2004,
Singapore [online]. Available: http://www.ita-aites.org/fileadmin/filemounts/general/pdf/ItaAs-
sociation/ITAEvents/OpenSessions/HParker.pdf (accessed April 30, 2012).

PCCIP (President’s Commission on Critical Infrastructure Protection). 1997. Critical Foundations:
Protecting America’s Infrastructures [online]. Available: http://www.fas.org/sgp/library/pccip.
pdf (accessed November 23, 2010).

Peerenboom, J. 2001. Infrastructure Interdependencies: Overview of Concepts and Terminology.
National Science Foundation Workshop, June 2001 [online]. Available: http://we-partner.org/
onionbelt/wp-content/uploads/2011/06/peerenboom_pdf.pdf [accessed May 7, 2012].

PHMSA (Pipeline and Hazardous Materials Safety Administration). 2003. Frequently Asked Ques-
tions: General Pipeline FAQs [online]. Available: http://www.phmsa.dot.gov/media/pipeline
qa.html (as cited in Sterling et al., 2009).

PHMSA. 2005. Gas Distribution Systems Annual Report Data File Fields, Distribution Annual Report
Form RSPA F 7100.1-1, Dec. 2005 (as cited in Sterling et al., 2009).

Pipeline 101. 2001. Overview: How Many Pipelines Are There? [online]. Available: http://www.
pipeline101.com/Overview/energy-pl.html (as cited in Sterling et al., 2009).

PSEPC (Public Safety and Emergency Preparedness Canada). 2006. Incident Analysis: Ontario—U.S.
Power Outage—Impacts on Critical Infrastructure. IA06-002. August 2006 [online]. Available:
http://www.publicsafety.gc.ca/prg/em/ fl/ont-us-power-e.pdf [accessed May 3, 2012].

Reeves, H. 2010. Attributed 3D Geologic Models in the UK and Their Application to Planning and the
Sustainable Development of Underground Space. Presentation at the First Meeting on Under-
ground Engineering for Sustainable Underground Development, June 1, 2010, Washington, DC.

Rundgren, L., and J. Martna. 1989. Underground hydropower projects in Sweden. Tunnelling and
Underground Space Technology. 4(2):131-137.

Schewe, P.F. 2007. The Grid: A Journey through the Heart of Our Electrified World. Washington,
DC: Joseph Henry Press.

Sterling, R.L., J. Anspach, E. Allouche, and J. Simicevic. 2009. Encouraging Innovation in Locating
and Characterizing Underground Ultilities. Report S2-R01-RW. Transportation Research Board
[online]. Available: http://onlinepubs.trb.org/onlinepubs/shrp2/shrp2 S2-R01-RW.pdf (accessed
July 10, 2012).

Sterling, R., H. Admiraal, N. Bobylev, H. Parker, J.P. Godard, I. Vdhdaho, C.D.F. Rogers, X. Shi, and
T. Hanamura. 2012. Sustainability issues for underground spaces in urban areas. Proceedings of
ICE - Urban Design and Planning [online]. Available: http://www.icevirtuallibrary.com/content/
article/10.1680/udap.10.00020 (accessed July 10, 2012).

Thompson, E. 2010. Geohazards Database Consortium [online]. Available: http://gdc.cee.tufts.edu/
(accessed November 13, 2012).

U.S. Census Bureau. 2008. National Population Projection. U.S. Census Bureau [online]. Available:
http://www.census.gov/population/www/projections/2008projections.html#. (accessed Novem-
ber 11, 2010).

U.S. Census Bureau. 2012. 1900 Fast Facts. U.S. Census Bureau [online]. Available: http:/www.
census.gov/history/www/through_the decades/fast facts/1900 fast facts.html (accessed May
4,2012).

USNCTT (U.S. National Committee on Tunneling Technology). 1989. Micro- and small-diameter
tunneling: The U.S. perspective. Tunnelling and Underground Space Technology. 4(2):193-199.

van Outeren, E. 2009. Subway Headaches: Amsterdam Metro Line Sinks Deeper into Trouble. Spiegel,
April 7,2009 [online]. Available:http://www.spiegel.de/international/europe/0,1518,617894,00.
html (accessed April 29, 2011).

Wallis, S. 2009. Koln—Speculation and Anger in Aftermath. Tunnel Talk, March 2009 [online].
Available: http://www.tunneltalk.com/Cologne-collapse-Mar09-Deadly-collapse-in-Cologne.
php (accessed April 29, 2011).



THE EVOLUTION OF AND FACTORS AFFECTING UNDERGROUND DEVELOPMENT 65

Ward, J. 2010. Stuttgart 21: A Four Billion Euro Makeover. Spiegel [online]. Available: http://www.
spiegel.de/international/germany/0,1518,710388,00.html [accessed April 30, 2012].

Watts, D.J. 2004. The “new” science of networks. Annual Review of Sociology. 30:243-270 [online].
Available: http://www.jstor.org/stable/29737693?seq=1 (accessed November 7, 2012).

Webster, G.S. 1914. Subterranean street planning. Pp. 200-207 in Annals of the American Academy
of Political and Social Science: Housing and Town Planning. E.R. Johnson, C.L. King, R.C.
McCrea, J.C. Ballagh, T. Conway Jr., G.G Huebner, S.S. Huebner, C. Kelsey, J.P. Lichtenberger,
L.S. Rowe, and T.W. Van Metre, eds. Philadelphia: American Academy of Political and Social
Sciences.

Wood, A.M. 2000. Tunneling: Management by Design. London: E & FN Spon

WSSC (Washington Suburban Sanitary Commission). 2009. Forensic Analysis Links River Road
Water Main Rupture to Improper Installation 44 Years Ago. WSSC Media Release: May 20,
2009 [online]. Available: http://www.wsscwater.com/home/jsp/misc/genericNews.faces?pgurl=/
Communication/NewsRelease/2009/2009-05-20.html (accessed November 11, 2010).






Contributions of Underground
Engineering to Sustainable and Resilient
Urban Development

ground space. This chapter examines how underground space use under-

pins the long-term sustainability of urban areas, what additional research
may be necessary to enhance underground engineering practices, and what devel-
opments in underground engineering would further support urban sustainability.
This report does not develop arguments for specific sustainable urban devel-
opment approaches; rather, it examines how the underground can support or
contribute to those approaches shown or suggested to be sustainable and how
underground use directly affects identified sustainability issues. Some key aspects
regarding sustainability of urban communities will be briefly explored.

This chapter discusses the urban setting as a system of systems, and the
broadest relationships between underground space use and the essential elements
for urban sustainability. Physical qualities of infrastructure related to transporta-
tion, shelter, food, water, and key material resources that contribute to sustainabil-
ity or make them vulnerable to hazards are described. The chapter then focuses
on more direct relationships in terms of maintaining enduring, livable communi-
ties and enhancing risk mitigation through the use of appropriately planned and
designed underground facilities. Chapters 4, 5, and 6 examine advances in human
safety issues, analytical techniques for lifecycle cost assessment of underground
facilities and the broader “triple bottom line” analysis (financial, economic,
and social performance), and specific technological advances associated with
enhanced sustainability, respectively.

The first two chapters of this report discuss the general attributes of under-
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THE BROAD VIEW: THE URBAN SETTING AS A SYSTEM OF
SYSTEMS

Sustainability is dependent on more than having enough clean water, food,
and material goods. As urban areas grow, strategic growth of infrastructure sys-
tems is also necessary to allow for efficient and sustainable delivery of water and
sewerage service, food, energy, industrial and commercial goods, and informa-
tion. Locally created products or services need to be transported or exported,
other goods need to be imported, and wastes need to be removed. Physical infra-
structure systems are thus critical to the urban system of systems and underpin
both a sustainable economy and quality of life.

How does the growth of urban populations, the expansion of urban lands,
and their associated facilities and infrastructure enhance or hinder the provision
of essential materials and services and the creation of stable, sustainable, socially
desirable urban communities? What is the role of the underground? As described
in Chapters 1 and 2, the underground is best thought of as a resource designed
and managed using a system of systems approach to achieve the most sustain-
able solutions. Infrastructure is a substantial shaping force in urban and regional
development. In developed areas, underground infrastructure may offer one of
the few acceptable ways to encourage or support the redirection of urban devel-
opment into more sustainable patterns because new support infrastructure can be
added relatively unobtrusively. A well-maintained, resilient, and adequately per-
forming underground infrastructure is essential to future sustainability of cities.
Much, however, can be done to improve the sustainability aspects of underground
facilities themselves.

Urban sustainability will be more likely if it becomes the expectation among
urban planners and managers that the urban setting includes the space resources
both above- and belowground, and that both contribute to the healthy function-
ing of a city. This chapter discusses some urban resources and their potential
roles in a holistic accounting of urban systems; the following section specifically
highlights certain uses of the urban underground that greatly contribute to urban
sustainability.

Utilidors

Sustainability planning requires forethought regarding operation and main-
tenance issues for the entire life cycle of the infrastructure. Allowing ease of
access for maintenance, repairs, and upgrades is a means of insuring that such
work can be completed at lower costs. Experience from subway construction
and other large underground works has led to interest among some subsurface
utility providers in combining utility services in common utility tunnels—often
termed “utilidors” (or “galleries” in Europe; see Box 1.4, Figure 2 for an example
of a utilidor) (APWA, 1971). Utilidors provide continuous maintenance access
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to utilities without the need for digging in the street, are designed to minimize
subsurface displacements and other influences that may cause damage to buried
and aboveground facilities, and are a more efficient use of underground space
than are separately buried utilities. A study by researchers in Spain (Riera and
Pascal, 1992) found a distinct economic benefit from locating services in a com-
mon tunnel when the value of the underground was included in the calculations
during construction of the Barcelona Ring Road. In fact, shared utility tunnels are
frequently constructed in Europe where narrow rights-of-way and strong central-
ized decision making have favored their use.

It has proven difficult to develop utilidors as extensively in the United States.
Obstacles include the need to abandon investment in existing service infrastruc-
ture, concerns about operational liabilities and risk in a shared or co-located
utility environment (e.g., water or gas lines in the same tunnel as electric lines),
and administrative concerns related to access to utility lines by others. In addi-
tion, initial connection costs may be higher than those for dig and place utilities.
Operational issues such as risk and security concerns for utilities, if installed in
utilidors, could be circumvented with improved sensor and security systems.
The viability, value, and benefits of utilidors may be effectively communicated
with (1) development of workable scenarios for secure multi-utility facilities; (2)
development of workable scenarios for effective transitioning from current con-
figurations; (3) lifecycle cost-benefit analyses comparing separate and combined
utility corridors; and (4) demonstration projects. In the United States, utilidors
have been built typically as part of major old and new developments or under-
ground transportation improvements (e.g., Disney World in Orlando, Florida,
with its extensive underground service “city” and the Chicago freight tunnel
network). If the United States is to improve the sustainability of its urban utility
services and preserve underground space for more cost-effective sustainability
opportunities for future services, then this impasse needs renewed attention.

Underground Transportation Facilities

The long-term sustainability of urban areas is positively affected by the
availability of underground transportation systems. Cities such as Singapore have
benefited from master plans designed around transportation systems (Hulme and
Zhao, 1999). Well-planned underground transportation systems tend to reduce
urban sprawl, saving landscapes and protecting biodiversity, and can positively
impact land use and development decisions (Bobylev, 2009; Sterling et al., 2012).
They provide safe and efficient transportation and decrease the need for and use
of automobiles, reducing congestion and travel times, which in turn reduces fossil
fuel use and emissions (Besner, 2002).

Underground transportation assets can address multiple growth-related chal-
lenges in urban areas, but many challenges also remain to be addressed (see
Box 3.1). Today, many cities have urban transit subway systems, underground
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BOX 3.1

Specific Challenges and Opportunities for Transportation
Systems

Underground transportation systems will benefit strongly from technical
advances as discussed throughout this report. In design and construction, for
example, new lining and underground construction technologies are needed
that reduce material use and improve long-term facility performance. Under-
ground transportation systems in major cities, however, usually represent
key infrastructure elements that are pivotal in terms of the urban mobility that
sustains the economy and provides quality of life and hence have a special
importance in terms of underground space use. Because they are large public
investments and subject to many policy and funding constraints, underground
transportation systems may not be designed, operated, and maintained for
their maximum contribution to overall urban sustainability. The construction of
major underground transportation projects often requires significant relocation
of in-situ underground utilities along public rights of way. However, the major
excavation work and relocation needs of the project provide key opportunities
for renewing and rationalizing utility provision in an area to provide for easier
future maintenance of those systems. While this represents an extra burden
on the transportation project, it can provide an overall benefit to the urban
community using a system-of-systems analysis rather than a project-by-proj-
ect analysis. Furthermore, in a planning context example, the long-term sus-
tainability of an underground transportation system is improved when system
designs allow as much flexibility as possible, taking into account future uses,
potential for additional transportation lines, and intermodal connections. This
again can increase initial costs but provide for better long-term sustainability.

\ J

express arterials and highways, and grade-separated dedicated freight movement
corridors for railroads or trucks. High Speed Rail (HSR) service that includes
both above- and belowground components is common in Europe and Asia. Each
system has unique characteristics to suit its purpose and location. All will likely
improve quality of life and long-term sustainability benefits to the urban center(s)
served (Jehanno et al., 2011).

Underground transportation, as described in the next sections, can serve to
increase community resilience against many natural or manmade hazards includ-
ing earthquakes and acts of war than their surface counterparts. Box 3.2 provides
an example of the performance of transportation infrastructure crossing San
Francisco Bay following the Loma Prieta earthquake in 1989. Different types of
underground transportation elements and systems and their roles in sustainable
urban development are described.

Underground Urban Roads and Highways

Overloaded and congested urban surface arterial roads can be relocated to
aerial or underground alignments to obtain grade separation (e.g., transportation
routes at multiple elevations) and exclusive rights-of-way. This can relieve the



CONTRIBUTIONS TO SUSTAINABLE AND RESILIENT URBAN DEVELOPMENT 71

surface of crowded traffic, noise, air pollution, and congestion. The multiple
transportation levels provided by tunnels may allow dysfunctional arterial roads
to be replaced with functional surface roads that improve the quality of life for
neighborhood residents and transportation mobility for the city. The physical bar-
rier and visual blight that an elevated arterial road may represent can be removed.
Adjacent neighborhoods once separated by the road may be able to reunite as a
community (see, for example, Einstein, 2004). Removing traffic to a tunnel may
also result in a brighter and quieter environment, new land use opportunities,
and improved neighborhood property values—all indicators of more livable and
sustainable neighborhoods (Parker, 2004).

Underground urban roads and highways typically traverse deep below a city
from portals at each end that tie into existing service road networks. By going
deep, the tunnels avoid building foundations and other in-place services, and
leave space closer to the surface for future installations. In most cases tunnels
constructed at depth will be the lowest cost among alternative underground solu-
tions if a lifecycle cost analysis is prepared (Parker and Reilly, 2009) and geo-
logic conditions are respected. Barriers to free-flowing traffic can be bypassed,
travel times shortened, and carbon emissions reduced for the same distances
traveled by surface road. Further, diversion of traffic from streets allows more
pedestrian-friendly environments in the city. However, decisions to build under-
ground roadways, regardless of the benefits, are regularly contested (for example
in Seattle, Washington; see Box 3.3). The decision to proceed often requires a
vote of the people and a coming together of city, county, state, and federal rep-
resentatives to reach agreement. This process is often time consuming and can
result in increased project costs.

Public Transit Subways

Public transit is a vital part of many urban areas and an integral part of a
sustainable urban environment. Rapid transit facilitates efficient movement of
people of every economic class and ethnic group to and from their homes, school,
work, health services, places of worship, airports, recreational activities, and
other amenities available to urban life. Public transit provides needed mobility
to those without cars, and connects and unites neighborhoods and communities
to function more smoothly and take advantage of community services. Many
cities make public transportation available in the form of bus systems. As popu-
lations grow to between 1 million and 3 million, regions may see advantages in
electrified rail transits (light rail) (APTA, 2009) that allow faster transit for larger
numbers of people. Such systems can operate on streets used by normal traffic,
in limited access rights-of-way, and exclusive and grade-separated rights-of-way
(for example, elevated or underground as developed for the Muni transit system
in San Francisco, California, and the MAX transit system in Portland, Oregon).
Heavy-volume transit systems—so called “heavy rail” systems—are needed
when populations increase to more than 3 million (APTA, 2009). These are grade
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BOX 3.2

Performance of Transportation Infrastructure Following the
Loma Prieta Earthquake, 1989

Underground transportation systems can remain operational during, or
quickly resume operation following, natural hazardous events such as earth-
quakes, tornadoes, lightning, and thick fog or dust conditions. According to
a review of several studies documenting earthquake damage, large diam-
eter underground tunnels have historically suffered less damage than surface
structures (Hashash et al., 2001). The San Francisco Bay Area Rapid Transit
(BART) system operates through cut-and-cover and mined tunnels and serves
multiple destinations including San Francisco and Oakland, California, through
a 5.5 kilometer subaqueous trans-bay immersed tube tunnel between the two
cities. This system improved disaster resilience for this urban area following
the Loma Prieta earthquake in 1989 by allowing the continued functioning of
the economies of these communities.

The Loma Prieta earthquake was a magnitude 6.9 event that caused
serious physical damage to local infrastructure (USGS, 2009) including dam-
age to connections, bearings, and members of the San Francisco-Oakland
Bay Bridge, forcing its closure for more than a month. A 15 meter, 5-lane
roadway section dropped from the upper eastbound roadway deck onto the
lower westbound deck (see the Figure), killing one person (Dames and Moore’s
Earthquake Engineering Group, 2004).2 BART crosses San Francisco Bay
underground almost directly beneath the Bay Bridge alignment. It was tem-
porarily shut down by the earthquake, but there were no passenger injuries,
and service resumed in half a day following damage inspection and power
restoration. BART patronage rose quickly from an average of 218,000 riders
per day to more than 308,000, and service continued around the clock, seven
days a week until the Bay Bridge reopened more than a month later (Dames
and Moore’s Earthquake Engineering Group, 2004). The Bay Area economy,

L

separated, often in subways such as in the BART system constructed in 1962 in
the San Francisco Bay area, and the New York City Transit System, constructed
beginning in 1900 (Bobrick, 1981).

Subway rapid transit provides the same safe, environmentally sound, fast,
low-cost, and comfortable transportation to all people who use it. It has already
been mentioned that choosing subway transit because of its relative comfort,
savings in time and money, or predictability of the ride reduces the number of
commuters on surface roads. Commuters who use rapid transit daily rather than
drive personal vehicles cut their carbon footprint significantly (APTA, 2008), and
may realize personal health benefits through minimizing stress associated with
traffic, accidents, and congestion. From the regional perspective, regional transit
system stations attract development of urban centers—small urban communi-
ties—because access to the urban areas becomes a major attraction for those relo-
cating to the region. The location and services that support more dense, compact
development in the vicinity of transit stations—as opposed to the development of
urban sprawl—can affect the overall cost to the taxpayers in terms of provision
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although damaged by the earthquake, recovered more quickly than would
have been the case without the underground BART because significantly large
numbers of people were able to get to work (USGS, 1998).

Y i A T

]

FIGURE Collapsed section of the San Francisco-Oakland Bay Bridge following the 1989 Loma
Prieta Earthquake. The bridge remained closed for more than a month while the BART subway
tunnel located almost directly beneath the bridge was running within a day of the earthquake.
SOURCE: sanbeiji (CC-BY-SA 2.0), available at
http://www.flickr.com/photos/sanbeiji/’220645446/sizes/m/in/photostream/.

aSimilarly, the upper roadway of a 2 kilometer length of highway of the Cypress Street Via-
duct in the San Francisco Bay area crashed onto the lower roadway, killing 42 and injuring
several hundred more.

J

of essential services such as schools, police, fire and EMS protection, hospitals,
water, sewer, electrical, natural gas, food, and other supply sources, all necessary
attributes of developing a sustainable urban environment.

The ability to update and replace subway system components such as con-
duit, electrical and fiber optic cables, water lines, waste water lines, ventilation
systems components, lighting, signage, escalators and elevators, and informa-
tion systems makes it reasonable to expect useful service of subway tunnels for
more than 100 years. Transit tunnels built in the 1860s in London are still in
service today. The long life of underground components tends to reduce lifecycle
costs and also reduce demands for both renewable and non-renewable resources
(Parker, 2004). All these characteristics contribute to sustainability and justify
new rapid rail subways from a lifecycle analysis point of view.

Grade Separated and Underground Freight Railroads

Combining normal surface and freight traffic, particularly the movement of
ubiquitous freight container units, can result in heavy traffic, especially in port
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BOX 3.3

Replacement of the Alaskan Way Viaduct, Seattle,
Washington

Recent experience in Seattle, Washington, planning the replacement
of the earthquake-damaged Alaskan Way Viaduct (AWV) illustrates how
difficult the decision to reroute to the underground can be. The current
AWV is a double-deck urban expressway (see Figures 1 and 2) running
along the Seattle waterfront. It is similar in design and construction to the
1950s-era San Francisco Bay Area Cypress Street Viaduct and Embar-
cadero Freeway that both failed as a result of the Loma Prieta earthquake
in 1989 (USGS, 2009). The AWV sustained non-reparable damaged as
a result of the 2001 Nisqually earthquake (PNSN, 2002) and must now
be replaced (WSDOT, 2004). Alternative solutions included a new, wider,
two-level viaduct on the same alignment, a replacement of the viaduct
by a wide surface street carrying significant levels of through traffic, the
relocation of the highway on a bridge or tunnel over or under Elliott Bay,
and the “do nothing” alternative intended to limit traffic growth and create
a demand for better public transit through continued, more disruptive road
congestion. The alternatives were studied and publicly discussed. Ballot
measures to determine the preferred solution were intensely debated at
the local, city, and state levels.

Ultimately, the decision was made to bore an urban underground
bypass expressway, remove the damaged viaduct, and restore an acces-
sible scenic waterfront (see Figure 2). The 3.2 kilometer, four-lane bypass
roadway tunnel (Figure 3) will be located deep enough under the city to
avoid the century old Burlington Northern Santa Fe railroad tunnel in daily
use, a large interceptor sewer, and existing building foundations. Seattle
will recover views of Elliott Bay, Puget Sound, and the mountains when

FIGURE 1 Seattle Washington’s Alaskan Way Viaduct is a double-deck expressway
along the city’s waterfront. SOURCE: http://en.wikipedia.org/wiki/File:Alaskanviaduct.jpg.
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the viaduct is removed. Major disruption of traffic patterns to and through
downtown Seattle will be avoided (FHWA, 2011). A landscaped boulevard on
the waterfront is planned, similar to that constructed in San Francisco following
the failure of the Embarcadero Freeway. Negative effects of the old viaduct
on the city were not fully appreciated until the debate for its replacement took
place (e.g., Garber, 2009; Lindblom and Heffter, 2009). Proponents of the
plan argue that downtown Seattle will benefit from improved open spaces and
green zones.

FIGURE 2 (Left) Arial view of Seattle, Washington, water front and the prominent Alaskan
Way Viaduct and (Right) early concept of proposed new Alaskan Way Street of same
area. The new concept increases pedestrian access to the waterfront and improves
general access to adjacent commercial enterprises. SOURCE: WSDOT.

FIGURE 3 Early concept of the proposed State Road 99 bored tunnel. SOURCE: WSDOT.
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BOX 3.4
Grade Separation of Freight in Greater Los Angeles

In the greater Los Angeles area, the Ports of Los Angeles and Long
Beach have grown to be, if taken together, the largest container terminal in the
country (AAPA, 2011). They provide a major gateway for containerized goods
in and out of Asia. The principal mode of transport of containers away from
the ports to the rest of the country is rail. Three major railroads—the Southern
Pacific, the Union Pacific, and the Burlington Northern Santa Fe (BNSE)—had
tracks into the ports from their national track junctions. Historically, railroads
have right-of-way over crossing traffic, and so much freight movement at grade
brought traffic in a large area of southern Los Angeles County to a standstill
multiple times daily as 200-car-long freight trains moved slowly over three sep-
arate rail networks to join their national track networks east of the urban area.

Concerns over congestion and associated air pollution led to the de-
velopment of the Alameda Corridor Project (ACTA, 2012a), a plan to build a
32-kilometer (20-mile)-long freight rail expressway including a 16-kilometer
(10-mile)-long top braced open trench, 15 meters wide and 10 meters deep
with space on its floor for three tracks and a service road called the “Mid-
Corridor Trench.” The Alameda Corridor Transportation Authority (ACTA) was
proposed, organized, and authorized by legislation (ACTA, 2012b). ACTA has
authority to raise funds, receive government grants, own and receive property,
contract for construction and operations, and do those things necessary to im-
plement the plan. In 1994, with the purchase of the Southern Pacific Railroad’s
Alameda Corridor track and right-of-way, the corridor project began in earnest.

The 10 meter (33 feet) depth of the Mid-Corridor Trench easily provides
the ability of BNSF Railway and Union Pacific Railroad, via their trackage
rights, to move double-stacked container freight rail flat cars, 200 at a time, in
both directions, at 40 mph from the ports to their respective national rail system
connection (ACTA, 2012a). First operations began in 2002, and the more than
200 at-grade railroad crossings where cars and trucks previously had waited

L

cities. Drivers may encounter long lines of traffic waiting for freight trains to
clear grade crossings or trucks in long queues waiting to clear signalized inter-
sections. Significant air pollution from train and truck exhaust, as well as from
the traffic waiting to pass, can degrade air quality (Hricko, 2006) and has the
potential to negatively impact the quality of life and the economies of nearby
neighborhoods (for example, Palaniappan et al., 2006).

Grade-separating freight movement from surface streets is part of the solu-
tion. Open braced trenches that provide natural ventilation for diesel exhaust have
been a preferred solution in places such as southern California for freight trains
powered by diesel-electric prime movers (see Box 3.4). In southern California,
significant investment in grade separation infrastructure is the result of collabora-
tion between the ports, a number of affected cities, the county, state, and federal
governments, and the railroads.

Some traffic problems can be eased with dedicated and signalized surface
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for trains to pass have been replaced with bridges crossing the trench, restor-
ing traffic circulation and keeping local neighborhoods connected.

Outcomes include sustainability benefits for the region, and operational
improvements for the ports and railroads, restoring some of their competitive
edge by decreasing freight delivery times. Peak movements were reached
with 60 train movements per day in October 2006. Benefits to air quality
result from more direct rail routes traveled at greater speeds, reduction of
vehicular exhausts at grade crossings, and the increase in the amount of
cargo that can be transported by rail instead of by truck (Weston Solutions,
2005). ACTA is designing and will soon construct the Alameda Corridor East
project, with more braced trench design and a $500 million construction
project to grade separate the long freight trains from the grade crossings
throughout a part of the city of San Gabriel.

FIGURE A container train of the Alameda Corridor Freight Line in California. The trains travel
in an open-braced trench that provides ventilation for the engines and grade separation for
container traffic. SOURCE: Courtesy of the Alameda Corridor Transportation Authority

streets or grade-separated viaduct roadways for freight movement by truck during
times other than commute periods. Tunnels also can be used to provide exclusive
or preferred lanes for freight movement by truck. For example, in Miami, Florida,
a tunnel boring machine-driven tunnel beneath Biscayne Bay is being constructed
to create a direct connection from the Port of Miami to local highways and reduce
traffic in the downtown area (Port of Miami Tunnel, 2010). In the greater New
York metropolitan area, tentative planning has begun again on a freight-only
tunnel that would pass under a part of Eastern New Jersey, the Hudson River,
Manhattan Island, and part of Brooklyn, New York, possibly providing for the
movement of freight trains and trucks between the vicinity of the New Jersey
Turnpike and the Long Island Expressway (FHWA/PANYNJ, 2010). The ambi-
tious plan indicates growing recognition that not enough surface area exists to
provide for the needs and services required to remain competitive in a global
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market. Grade-separation tunnels would be a part of the answer, and sustainability
benefits will be among those analyzed by planners to justify such a facility.

There has been persistent recurring interest in underground pipelines for
transporting parcels or freight, for example the use of extensive networks of
pneumatic tubes in Paris, France, Vienna, Austria, Berlin, Germany, and Prague
(now of the Czech Republic), since the second half of the late 1800s (Uffink
and Admiraal, 2012). Such systems involve the transport of freight in a capsule,
propelled by liquid (hydraulic capsule pipelines) or gas (pneumatic capsule
pipelines) through a network of pipes (Liu, 2000). Pneumatic capsule pipelines
were used in the former Soviet Union, and a commercial system is in place in
Japan for transport of construction materials, limestone, and similar commodities
(Liu, 2000). Other systems have been studied elsewhere in the world, particularly
in port areas (Uffink and Admiraal, 2012). Specific plans for U.S. freight tube
systems have been studied (e.g., Goff, 2001; Roop et al., 2003; Liu, 2004) but
have not been implemented due to cost competition from other modes of freight
movement and various environmental issues.

High Speed Rail

Broader sustainability benefits can accrue when regional rail transportation
systems compete with airlines in terms of travel times and costs. High speed rail
(HSR), for example, could deliver large numbers of people over long distances
with a significantly smaller carbon footprint (Baron et al., 2011; Ledbury and
Veitch, 2012). HSR systems are in service in Japan, France, Germany, Italy,
China, and Taiwan, and accommodate home-to-work trip commuting by provid-
ing long-distance point-to-point transport on a reliable schedule. In the United
States, California voters passed a bond issue in 2008' enabling the construction
of HSR from Los Angeles to San Francisco (see Box 3.5).

HSR is typically planned with no more than 1.0 to 1.5 percent vertical grades
to maintain maximum speeds, and very long radius vertical and horizontal curves
to accommodate high ground speeds of up to 220 mph.> Higher grades and
smaller turn radii can be accommodated with commonly used technologies, for
example grades of 3.5 to 4.0 percent on some HSR lines in Europe, but speeds
may be compromised. These speeds require that rights-of-way be exclusive and
protected from access to other vehicles, people, or large animals, and to achieve
such HSR makes use of viaducts, open top trenches, and tunnels. When HSR
approaches a destination city, it slows and slips underground to penetrate the
city center below existing infrastructure. One or more large underground rooms
are located beneath the city center to house the station, supporting facilities, and
personnel required to deliver the service product. Vertical delivery systems lift

ICAL. S.B AB 3034 (2008).
2See, for example, http://www.cahighspeedrail.ca.gov/project_vision.aspx.
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BOX 3.5

High Speed Rail in the United States: The California
Example

High speed rail (HSR) may become a reality in the United States in the
next two decades. HSR can be economically viable in between major met-
ropolitan areas that are 160-800 kilometers apart, with sufficient populations
(50,000 and higher) and economic productivity and a demonstrated travel
market (Hagler and Todorovich, 2009). State and federal support, funding,
and financing would need to accompany local interest in HSR service. Plan-
ning, environmental impact statements and mitigation measures, rights-of-
way acquisition, and design and commitment to construction efforts would
be significant, and engineering, geotechnical, historical, and archaeological
investigations and reports would be important to the timely development of
the project. Much earth science and seismic investigative and analysis work
would be required to support the design solutions, especially given the need to
survive and remain in service following a significant seismic event.

In 2008 California voters passed a $10 billion bond issue to enable the
construction of an HSR system between Los Angeles and San Francisco,
California, eventually to be extended south to San Diego and north to Sacra-
mento. It is in the early stages of conceptual design, working through alterna-
tive designs, section by section, and filing state environmental impact reports.
Total track length is estimated to be 2,775 kilometers, with most of the line to
be two-track. Between 160 and 200 track kilometers of tunnel are planned.
San Francisco and Los Angeles stations will be reached through deep tun-
nels, delivering passengers to the Transbay Terminal in San Francisco and to
Union Station in Los Angeles. The tunnel designs are being developed for train
speeds of 350 kilometers per hour (217 miles per hour). To provide the needed
rights of way in other populated areas, significant use of open cut, open top,
braced reinforced concrete box structure system for two operating tracks and
a service road are being considered. The cross section is similar to that used

with the Alameda Corridor Project.
& Y,

passengers and luggage to street level. HSR, however, is very expensive and
often subsidized.

Housing

Shelter in urban areas in the United States ranges from low-density devel-
opments of single-family homes to high-density apartment and condominium
properties. Low-density developments offer self-reliant sustainability possibilities
in terms of on-site energy collection, food production, and local management
and recycling of some wastes generated by the occupants. However, energy
expenditures for transportation in low-density urban areas greatly exceed those
in high-density urban areas (Newman and Kenworthy, 1999) because of longer
travel distances and limited public transportation options. Providing central-
ized services to low-density developments requires increased lengths of utility
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FIGURE 3.1 The earth-sheltered home is partially underground, providing greater strength
and energy efficiency. SOURCE: http://www.monolithic.com.

services as compared to the same population served in high-density areas. High-
density housing increases the dependence of occupants on centralized services,
but increases options for a non-automobile-based urban lifestyle, because public
transportation can be provided more economically and basic shopping opportu-
nities can exist within walking distance for many residents. Urban development
trends in the United States show a continued increase in urban sprawl, but also
a trend toward increased population densities in urban downtowns (for example,
Greene, 2006), motivated in part by the desire for a more urban living experience
without long and expensive commutes by car.

Most people do not choose to live underground. Urban underground use
related to housing is in the form of utility and transportation services for resi-
dents, storage, or expanded living space (e.g., basements). In low-density sub-
urban and rural housing developments, some earth-covered or earth-bermed
structures have been built for their ecological, isolation, and energy attributes
(see Figure 3.1), but initial costs, moisture control issues, acceptance, and resale
issues limit their widespread construction.

Urban Commercial, Industrial, and Institutional Facilities

Sustainable urban areas must provide necessary commercial, industrial, and
institutional infrastructures that support and manage a viable economy, provide
jobs, and deliver support including education and social services. The relation-
ship between urban density and land prices tends to create a market for large,
multi-story, commercial and institutional buildings in the high-density core(s) of
urban areas, and more low-rise structures in the surrounding urban and suburban
areas. As discussed elsewhere in this report, it can be desirable under certain
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circumstances to place various types of commercial, industrial, and institutional
facilities underground. However, this is not the only use of the underground that
is important in the urban core. Increased size and density of buildings in the
urban core require an increase in the capacity of urban utility and transportation
services, both in the core and in outlying areas that are connected socially and
economically. Increased reliance on such systems means that the systems must
be robust and reliable. The underground can offer protection to these systems,
keeps them near the populations they serve, and allows provision of critical life-
line services and emergency response—all while preserving aboveground real
estate for other uses.

Sustainable Food Production and Distribution

Prime agricultural land is being covered by low-density suburban devel-
opment in many parts of the United States (Carver and Yahner, 1997). There
has been a historic tendency for populations to concentrate in areas with good
agricultural, trading, or transportation potential, often along rivers or coastlines.
Hence, as cities expand, they often sprawl out from the population center and sup-
plant good farmland. Many existing infrastructure and taxation practices actually
encourage urban sprawl by supporting construction of new regional infrastructure
needed to service the growing suburban areas (Brueckner, 1999). The market
forces that underlie conversion of farmland to developed land represent important
long-term issues that have potential impacts on the cost, availability, and impact
of food supplies. Abandoning good farmland close to markets and developing
poorer farmland farther away must be balanced by efficiency improvements if
regional sustainability is to be achieved.

Placing facilities underground reduces claims on surface land, which can
have the effect of preserving agricultural land. Careful holistic urban planning
and placement of underground facilities can serve to direct urban growth in the
most sustainable manner. Holistic planning considers not only how productive
agricultural lands may be preserved, but also how food is made readily accessible
to urban populations through transportation infrastructure, temperature-controlled
storage facilities, means of distribution and sales, and the energy necessary to
operate each part of the delivery/storage chain. Maximum sustainability benefits
are achieved if all of these infrastructure requirements are considered as part of
the overall urban system of systems. Such facilities do not necessarily need to
be underground, but underground facilities do provide some inherent thermal
advantages in terms of food storage and warchousing. Warchouses and retail food
outlets, for example, are typically windowless facilities that have little need to
occupy the surface, especially when surface space is scarce.
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Water Resource Preservation and Distribution

Water is essential to human survival, and loss of a hygienic water supply
impacts survival and can cause the spread of disease more rapidly than loss of
food supply. Urban areas typically draw their water from surface water (rivers,
lakes, and reservoirs) or groundwater sources. Water resources are controlled
largely by the hydrologic cycle, but can be damaged by poor practices associated
with land development. As urban areas grow and reliable and hygienic surface
and groundwater supplies are no longer adequate to meet demand, efficient water
use, reuse of “grey” water (wastewater from domestic activities such as bathing
and laundry) and “black” water (sewage), and creation of new water supplies
become more important. Cities, especially those in arid regions, are forced to
seek ever-more-distant or deeper water supplies as urban populations grow and
the demand for water increases. Aging or poorly maintained water supply infra-
structure leaves urban water supplies vulnerable to leakage® and to disruption.
There is also growing competition for water between urban areas and agriculture
regions where irrigation occurs on a widespread scale (FAO, 2011). Holistically
thinking, the export of agricultural products from a region can be considered a
loss in water resources—even as it may be a boon to the regional economy.

Long-term urban sustainability implies that an urban area has balanced its
water supply possibilities. Where groundwater is an important water resource, a
sustainable water supply would not be depleted (for example, by over extraction),
polluted, or diverted in detrimental ways (see Box 3.6). Construction activities
may produce runoff with sediments and pollutants, such as pathogens and metals,
that may negatively impact water quality or quantity (EPA, 2005). Agricultural
practices may also have long-term impacts on water quality and the regional
environment. For example, increased salinity of surface water and groundwater
caused by evaporation and dissolution (CA Water Resources Control Board,
2010), and attendant changes in habitat for flora and fauna, can be the direct
result of water use practices.

Good stewardship of underground water resources can include use of the
underground for urban development because more natural landscape can be
preserved for groundwater recharge. Water distribution facilities can be placed
underground, allowing land to be developed in ways that enhance quality of
life in compact cities. However, careful analysis and construction and operation
approaches are needed to avoid detrimental changes in groundwater levels, flow
patterns, and pollution. Groundwater pollution can become a major issue; the
pollution legacy of underground gasoline storage tanks at service stations is a
well-recognized example (Meehan, 1993), as are superfund cleanups of major
industrial pollution sites.*

3For example, see Hull, 2010.
4See http://www.epa.gov/superfund/.
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BOX 3.6
Groundwater Flow Under the Duisburg (Germany) Subway

Underground tram stations in Duisburg, Germany, were designed for
future traffic expansion with two platform levels and cross-platform chang-
ing in each direction. In 2000, a 3.6 kilometer extension of the Stadtbahn
tunnel from north under the river Ruhr to Meiderich opened (UrbanRailNet,
2007). When the Duisburg line was being built, the slurry (diaphragm) walls
were carried down to a clay layer aquaclude (impermeable layer) and would
have permanently impeded northward flow of water under the city, causing a
buildup of water levels on the upstream (southern) side and dropping water
levels on the downstream (northern) side. This potential change in groundwa-
ter conditions was unacceptable. The Municipality of Duisburg and the prime
contractor designed a system that would be watertight during construction
then permeable after construction. Dense bentonite (clay) slurry would fill and
support the sides of the trench until cast-in-place concrete or concrete panels
replaced it. An approximately 1.3 meter gap was built between 5.4-meter-long
cast-in-place panels of impermeable diaphragm wall. The gaps were frozen
before excavation for the necessary ground support, creating an impermeable
barrier. The freezing pipes were removed when construction was finished and
the slurry thawed, permitting groundwater to pass under the tunnel (Hooks
et al., 1980).

In this circumstance, issues beyond construction were considered, and
a solution to a potentially serious problem was applied. However, this ex-
ample illustrates the potentially large-scale problems that can occur during
subsurface construction without the appropriate sensitivity to the impacts of
underground design, construction, and operation on an entire urban system.

Key Material Resources

Sustainable use of a non-renewable resource seems contradictory, but in
practical terms, sustainable use can be considered a question of the rate of use of a
resource over a meaningful timescale. Key material resources derived from earth
materials, for this discussion, fall into the categories of fluid and gaseous energy
sources (principally oil and gas), energy sources in solid form (e.g., coal, oil shale,
tar sands, wood, and peat), industrial minerals (e.g., iron ore and bauxite), high-
value or critical strategic minerals (e.g., gold, uranium, rare earth elements), and
construction-use materials (e.g., gravel, sand, building stone, Portland cements,
and brick-quality clay). Consideration of the interdependencies of the energy
and mineral sources, available reserves, strategic concerns, and environmental
impacts is beyond the scope of this document. However, issues that arise in the
interaction between urban development, energy and mineral extraction, and the
use of urban underground space are justified for discussion in this report, and brief
and general descriptions of some issues are provided.

Estimates vary for how long world oil, gas, and other energy reserves will
last given current consumption rates. Usage rates and the extents of proven
accessibility of reserves depend in part on the unit prices of the resources.
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Oil and gas are important feedstock for the plastics and chemical industries,
complicating price and policy interactions. When alternatives are available, there
may be stronger incentives to switch to alternate resources. Wind energy, solar
energy (e.g., thermal power, passive solar heating, and photovoltaic electric
energy), biomass (e.g., rapidly replenished sources for hydrocarbon fuels and
direct burning for electric power generation), geothermal (both hot rock power
applications and ground-coupled heat exchange systems), and wave energy
capture systems are among the more commonly discussed options. Considering
these options in the long term is essential in urban development, including
making the means available to respond to growing energy demand as energy
sources and technologies change.

Industrial minerals include a range of ore types and extraction methods.
Most markets are price sensitive, and many industrial ores are mined outside
the United States. Such globalization has resulted in the closing of many U.S.
mines and, consequently, fewer options for educating mining engineers in the
United States (see Chapter 7 for additional discussion of this topic). Expending
greater resources to extract minerals of high strategic importance may be justi-
fied, but domestic sources are often ignored in favor of less expensive foreign
sources (NRC, 2008a). Construction materials are mostly constrained to local
extraction, transport, and use because of their high bulk and low price potential.
They are, however, important to urban building and infrastructure construction.
Poor local availability can significantly increase construction costs and hamper
development.

Important natural resources may gradually become inaccessible as a result of
urban development—essentially becoming quarantined beneath expanding urban
areas. New technologies may be needed for successful and safe extraction in
developed areas. For example, local aggregate resources are frequently obtained
from nearby open gravel pits or open rock quarries. As an urban area encroaches
on the resource, open excavations become an increasing nuisance of noise, dust,
vibrations, competition for road transportation capacity, and other disturbances.
Land value increases also may encourage sale of the land for development.

An alternative to abandoning rock quarry resources is a change to resource
recovery through underground mining. Under the right combination of rock qual-
ity and economic conditions, an aggregate supply can be maintained and newly
created underground space in large mined caverns can provide a stable natural
temperature and a high degree of separation from other urban or recreational
uses on the land surface above. The Kansas City area is a prime example of
what can be developed. Approximately two-thirds of the industrial space in the
Kansas City area is located in large mined limestone caverns (Nadis, 2010) (see
Box 3.7). Other mined spaces around the world have been used as facilities to
store everything from paper and electronic archives; energy, waste, and agricul-
tural products; frozen foods; and compressed air. They also have been used as
museums and tourism facilities, sports facilities, education facilities, hospitals,
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BOX 3.7

Underground Commerce Centers: Turning Mining
Excavations into New Commercial Resources

Developers in U.S. locales such as Lawrence County, Pennsylvania,
and Kansas City, Missouri, have converted their underground excavations
into warehouse, office, manufacturing, and educational space (see Figure).
Limestone mining began in Kansas City in the late 1800s. By the mid-1900s,
mine owners strategically excavated to utilize space left behind (Buzbee,
2011). “SubTropolis” encompasses approximately 7.62 million square meters
of leasable space. As of 2010, 55 businesses were located in the underground
facility that includes a 3.2 kilometer network of rail lines and 9.7 kilometers of
paved roads (Nadis, 2010). Constant underground temperatures result in 50
to 70 percent savings in total energy costs (Hunt Midwest, 2009). No heating
costs are incurred in the winter, and very little energy is required for cooling
and humidity control in the summer. Space use is diversifying as the company
develops a 61,000 square meter data center with redundant power and cool-
ing systems and protection from natural disasters.

In 1991, the facility had a major and difficult-to-control fire that burned
for weeks in a large storage area in spite of firefighter efforts to control it. The
underground fire was too hazardous for direct fire suppression by fire fight-
ers, and no fixed fire suppression system such as sprinklers were in place
at the time. Cleaning compounds, pesticides, paper goods, and cooking oil
contributed to the fire that approached 1,100°C (2,000°F) (Buzbee, 2001).
Similar problems were encountered at another underground facility located
in Louisville, Kentucky. As a result of such fires, the National Fire Protection
Association established a Technical Committee on Subterranean Spaces,
and new fire protection standards were developed related to distance to and
numbers of exits, ventilation, communication in the underground, and under-
ground wayfinding (Lake, 1998). Kansas City has since adopted new safety
language into its code for underground spaces that establish minimum safety
requirements.? SubTropolis and other underground facilities now include fire
suppression systems and safety practices.

FIGURE Underground warehouse space in mined limestone caverns approximately 100 feet
beneath Kansas. Roads and facilities can accommodate 18-wheeler traffic. SOURCE: Hunt
Midwest, http://huntmidwest.com/press.html.

aSee http://ww4.kcmo.org/codes/CH18/2006/CH18ART 11.pdf (accessed June 9, 2011).
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laboratories, and for a variety of retail, office, and manufacturing purposes (Peila
and Pelizza, 1995). Of course, such mining must be executed carefully to ensure
the long-term stability of the surface and underground space. There are many
examples around the world of cities growing over old mine workings that were
not excavated with long-term stability in mind. Such mines may pose collapse
and subsidence hazards for surface development, as well as provide a pathway
for degradation of area groundwater through leaching of harmful chemicals from
the mine workings.

Local Urban and Natural Environment Preservation

Beyond having food, water, shelter, a viable economy, and a supply of key
resources, a sustainable urban environment requires that natural processes are
sufficiently maintained to preserve an ecological balance over the long term. A
sustainable and healthy urban environment is fundamentally linked to a sustain-
able and healthy natural environment. A deteriorating natural environment may
directly and deleteriously impact food and water supplies, and ultimately degrade
quality of life and health to unacceptable levels. Key environmental parameters
for sustained urban quality of life include carefully considered air and water
quality standards, noise control, and safety and sanitary standards. Basic living
standards in even the poorest neighborhoods need to be met for urban systems as
a whole to be sustainable. Aspiring beyond basic levels of environmental preser-
vation means creating an urban environment that is appreciated by all citizens and
that offers a variety of social, cultural, and recreational opportunities with easy
access to the natural environment. As has been discussed, underground facilities
can have many specific impacts on preservation of the surface environment at
the site of a facility, or along a transportation network. In broad terms, placing
facilities underground allows preservation of more natural space for the benefit
of the community.

Underground construction—as compared to surface or elevated construc-
tion—can mitigate noise and vibration and can offer greater air quality control
and beneficial reuse of waste construction materials, including soil and rock
removed from the site. On the other hand, to contribute to the sustainable urban-
natural environment system, infrastructure placed underground needs to be con-
structed with consideration of issues associated with water quality, groundwater
flow, potential changes to soil geochemistry, or changes in underground tempera-
tures or heat flow that might impact the natural and built environments.

To limit future pollution, current groundwater, soil, and infrastructure moni-
toring practices for urban areas may need to be intensified to more effectively
identify and address potential problems (see Chapter 6 for detailed discussion).
Sustainable practices suggest that environmental problems need to be looked at
comprehensively and on a common risk-cost-reward basis.
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HAZARDS, SECURITY, AND RESILIENCE OF URBAN AREAS

The form and operation of urban areas has regularly responded to known
risks. In historic times, threat of attacks resulted in establishment of walled cities
and secure water and food supplies that could last many months. Massive fires,
such as the Great Fire of London in 1666, led to changes in both construction
practices and street design in major cities (Schofield, 2011); and attention to
improved water supply and sanitation in the modern era occurred when the link
between cleanliness and disease was established. Natural underground conditions
or phenomena such as presence or absence of gases, radiation (radon), exces-
sively high or low temperatures, and water may represent hazards to underground
infrastructure and people in or dependent on it. For example, gases such as
methane, sulfur, and carbon dioxide naturally exist underground and can threaten
human health in certain concentrations or exposures. The lack of naturally occur-
ring oxygen is also a hazard. Human habitation of the underground, therefore,
requires continuous ventilation from the surface in a failsafe delivery system.
Water also poses a hazard to underground infrastructure and its occupants and can
swiftly inundate and damage subterranean structures and safety systems (see Box
3.8). Such risks can be minimized and managed at acceptable levels, but only if
identified, understood, and responded to. A successful risk management strategy
is one that is tightly integrated with design and operations processes. Robust
monitoring systems are needed that ensure overall performance, and human and
technological capacities are needed that can design, operate, and respond to sub-
standard performance when encountered.

In recent years, different or new types of hazards have been recognized in the
urban environment and require increased attention. Some are related to ongoing
urban concerns such as air quality, personal safety, and security; others are associ-
ated with vulnerable and deteriorating urban infrastructure systems. Another type
of hazard is linked to extreme events including those associated with war, terrorist
acts, and natural disasters. Existing data resources are too sparse to allow thor-
ough understanding of complex systems’ responses to extreme events or allow
reliable behavior modeling and prediction. Extreme events can represent opportu-
nities for large-scale demonstrations, responses can be observed, and design and
performance prediction through computational simulations can be improved. This
requires pre-organization and preparation (including identification of funding) as
well as identification of the cross-sector teams that can be rapidly mobilized to
investigate in the aftermath of an event. Teams are mobilized to investigate the
aftermath of major earthquakes worldwide, but the focus proposed here is on the
understanding and validation of interdependency models.

Security needs also have changed markedly from even 10 years ago, and
planners and engineers need to mitigate hazards and risks not previously examined
while maintaining societal expectations for well-being and quality of life. Further,
facility, materials, and space usage have changed over expected infrastructure
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BOX 3.8
The Great Chicago Flood of 1992

“The Great Chicago Flood of 1992” occurred the morning of April 13,
1992, as a result of the placement of a support pillar into the Chicago River
bottom during construction work. The ceiling of an antiquated tunnel located
beneath the river was damaged, and extensive flooding jeopardized human
lives and severely damaged the infrastructure of the Chicago business district
(Arnold, 1992). The tunnel is part of a system (see Figure) that ranges from
depths of 6 to 15 meters below the river (Inouye and Jacobazzi, 1992); 946
million liters (250 million gallons) of water flooded downtown sub-basements
(cbs2chicago.com, 2007). After unsuccessful attempts by city workers and
contractors to plug the hole, Mayor Daley asked President Bush to declare the
Chicago Loop a national disaster area. On April 15, the Federal Emergency
Management Agency was charged with the federal response to the disaster,
and the Corps of Engineers began its work with the contractors to carry out
the plugging operation. The work was completed 37 days later (Inouye and
Jacobazzi, 1992).

Intended to carry telephone and telegraph wires and cables, the 100
kilometer hand-constructed freight tunnel system constructed in the early
1900s was used to transport merchandise and remove solid waste from more
than 80 buildings until no longer viable. The tunnels are now used to store
power and fiber-optic cables (Wren, 2007). The river flooded the tunnel net-
work “crisscrossing downtown Chicago and connecting to building basements”
(Wren, 2007, p. 35). Researchers replicated the tunnel failure in a geotechnical
model and explained the dramatic load increases, breach, and flooding. The
southeast abutment of a bridge was previously protected by two dolphin pile
clusters (tight clusters of piles). During renovations, the piles were removed
and the breach was caused by the driving of new piles 1 meter to the south—
and closer to the tunnel. The breach was discovered before flooding started,
and repairs to the tunnel were planned. Flooding was delayed by slower water
seepage through relatively impermeable soil, but the soil ultimately became
displaced when the piles were removed. A conduit formed between the river
bottom and the tunnel (Wren, 2007).

Reports vary about the economic and human costs of the extensive flood-
ing. The total contract cost for “dewatering” and structural repairs was reported
to be approximately $5.5 million (Inouye and Jacobazzi, 1992). The flooding
shut down the Loop, a major financial and retail center and seat of government
for Chicago, at an estimated cost of between $1 billion (Wren, 2007) and $1.95

L

life cycles. Few codes and regulations have been developed for application
specifically to underground facilities, and fewer still accommodate changing
security needs. Wisdom is required in the choice of new codes, regulations, and
metrics to measure success. Sustainability is dependent on the ability of planners
and engineers to anticipate and be flexible to emerging issues, technologies,
and societal expectations over the duration and beyond the life cycle of the
infrastructure they design, build, and operate. They need to accommodate the
constantly evolving urban environment.
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billion (cbs2chicago.com, 2007). It was reported that the Chicago Mercantile
Exchange lost $25 billion in trading. Thousands were affected because people
had to be evacuated, subways were shut down, buildings and businesses were
left without power (some for several days), and the flooding destroyed every-
thing from merchandise and restaurant food supplies to government records.
The lower floors of the Art Institute building also were damaged. Eight city
officials, including the acting commissioner of the Department of Transporta-
tion, either resigned or retired, were held accountable because they knew in
advance that a potentially serious problem had developed at the breach site
(cbs2chicago.com, 2007).
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Figure Map showing the Chicago freight tunnel network in 1928 (courtesy of the Chicago
Department of Transportation) and the location of the 1992 breach that flooded much of
downtown Chicago. SOURCE: CDOT.

Identifying Hazards to Infrastructure

For the enhanced security and increased resilience of urban areas, the merits,
deficiencies, and interactions of infrastructure elements need to be properly
evaluated using a risk-informed approach. All hazards need to be identified,
appropriate data collected, and models and methodologies developed to allow
comprehensive analyses to understand risk. The complexity of our infrastructure
systems of systems increases as more demands are made on infrastructure and
as more infrastructure is placed underground. It is possible to model individual
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systems and their functionalities, but there is little certainty that models are
faithful to reality. Uncertainty in behaviors of interdependent systems is relatively
high, and integrated and validated models of systems of systems have not yet been
developed. Our systems lose robustness as existing systems are operated more
frequently and at closer to full capacity. More frequent slowdowns or shutdowns
of infrastructure (e.g., traffic jams, electricity brown- or black-outs) are the result.
Even though the amount of sensing and control has increased (e.g., through
supervisory control and data acquisition [SCADA] systems), these systems are
more vulnerable to intentional attack, unexpected failures, and loss of service
(Hildick-Smith, 2005). Infrastructure sector managers can be surprised by the
cascading evolution of problems across sectors. With this increasing appreciation
of SCADA- and control-system vulnerabilities, anticipatory strategies need
to be developed to investigate events and hazards. Problems are exacerbated
because society has underinvested in rehabilitation of existing infrastructure
systems, leading to deterioration, inadequate capacity, and lack of adaptation to
new demands and challenges—all leading to increased vulnerability. There has
been little systematic study of either the integrated risks posed by underground
infrastructure systems, or of the contribution to risk posed by the increased use
of the underground for the placement of critical systems.

In order for urban areas to be sustainable, infrastructure system design needs
to account for successful long-term use and service as well as for the periodic
and short-term critical responses to potential extreme natural or human-induced
events. When extreme events occur, engineers and planners need to be educated
and trained to consider them as test beds to understand complex systems behav-
iors, interdependencies among systems of systems, and validation of computa-
tional models of system performance.

Seismic Hazards

Sustainability of underground infrastructure and the broader community is
dependent, in part, on the ability to be resilient to the risks associated with natu-
ral hazards including earthquakes and floods. Underground structures located in
seismically active areas, for example, are subject to ground shaking and can expe-
rience failure if not properly designed (e.g., the Daikai Subway station, Japan;
Nakamura et al., 1997). In general, underground structures perform well during
seismic events due to the lower amplitudes of vibration experienced by buried
facilities and the robustness of structure design and construction (Hashash et al.,
2001). However, some characteristics such as depth and rock or soil properties
can make underground structures more or less susceptible to damage. Hashash
and others (2001) observe that deep tunnels seem less vulnerable to shaking than
shallow tunnels and that facilities built in competent rock suffer less damage than
those built in soils. Large earthquakes, however, can still cause significant dam-
age on underground structures, especially near earthquake epicenters. Significant
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effort has been directed toward the development of design technologies to evalu-
ate the seismic performance of underground structures (Hashash et al., 2001; Huo
et al., 2005; see Box 3.1). In increasingly urban environments, however, more
complete understanding of the seismic interactions between above- and below-
ground infrastructure and the seismic effects on complex underground facility
configurations is needed.

Flood Hazards

Flooding caused by excessive rains, hurricanes, and tsunamis is a concern
in coastal and many low-lying areas. For example, storms in New York City dur-
ing high tides can cause flooding of part of the subway system, necessitating the
protection of surface access points against water level rise. A single storm, given
the right circumstances, can result in a sustained storm surge of several feet above
normal high tide levels and cause serious flooding and intrusion of saltwater into
underground works, as was experienced during Hurricane Sandy on October 30,
2012 (see Box 3.9). Events such as these underscore the need for understanding
risk to all hazards. Recovery from this event also can serve as a laboratory that
can inform future infrastructure development and recovery planning and efforts.
Underground engineers and urban planners have a unique opportunity to catalog
their findings as they undertake recovery efforts, and they have the opportunity to
rebuild and upgrade infrastructural systems to be more resilient and sustainable.

Flooding can occur as a result of other events or circumstances. Large mag-
nitude subduction zone earthquakes, as in the case for parts of the western United
States, may cause sea level rise that threaten infrastructure. Tsunamis also can
have devastating impacts on the buildings and infrastructure of a coastal area
as was demonstrated in the 2004 Indian Ocean earthquake and tsunami and the
2011 earthquake and tsunami in Japan. Interestingly, underground structures are
better protected from water pressure and debris impacts of moving floodwaters
if entrances are protected and sealed before an event. Areas not historically sub-
ject to flooding may not have been developed to mitigate the effects of flooding,
and even some areas prone to flooding have underground infrastructure at risk
(see Box 3.10 for a description of the cascading effects that flooding can have
on urban infrastructure). The impacts of flooding on underground infrastructure
require further research and study.

Hazards Associated with Climate Change and Sea Level Rise

The widespread environmental changes such as more frequent and intense
storm events, sea level change, and flooding expected as a result of climate
change will affect many urban areas (NRC, 2008b, 2010b, 2011a, 2012). Sustain-
ability depends on the ability to respond and adapt to such changes. Although
debate on climate change science is not a focus of this report, it is appropriate



92 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

BOX 3.9
Preliminary Lessons from Hurricane Sandy

Hurricane Sandy, the largest Atlantic hurricane on record, impacted the
eastern United States from the Carolinas to Massachusetts on October 30,
2012 (e.g., USGS, 2012). Youssef Hashash, a member of the study com-
mittee, led a National Science Foundation-sponsored Geotechnical Extreme
Events Reconnaissance (GEER) team to examine the behavior of under-
ground and coastal infrastructure during and following Hurricane Sandy in
Manhattan, Queens, Staten Island, and Rockaway Beach in New York, and in
New Jersey. The GEER team'’s report will be released online (see http://www.
geerassociation.org/), but Dr. Hashash shared preliminary observations with
the committee regarding some of the impacts in Manhattan.

A 13-foot storm surge flooded lower Manhattan and destroyed or heav-
ily damaged surface infrastructure and overtopped entrances to subways
and other underground infrastructure not designed to protect against high
water levels. All eight under-river subway tunnels were flooded. Although all
underground infrastructure was inundated, many structures were successfully
pumped and dry within days, allowing access for the GEER team. The struc-
tural integrity of these structures appeared sound, but auxiliary and life support
systems (e.g., power and ventilation) were exposed for an extended period
to highly corrosive and conductive seawater. To ensure safety, electrical sys-
tems could not be tested or used until inspected by qualified personnel. Many
structures were “yellow tagged,” indicating infrastructure owners still awaited
electrical inspections; thus, at the time of the reconnaissance, the true extent
of the damage could not be known.

There were more than 100 deaths in the United States as a result of Hur-
ricane Sandy. Although many were related to drowning, none of the drowning
victims was reported to have been found in public underground infrastructure
(NY Times, 2012). In this way, the underground infrastructure was well-man-
aged to avoid more casualties although little could be done to avoid infra-
structural damage. Public underground infrastructure owners and operators
assessed the impending hazards and risks associated with the storm and took

L

to bring attention to ways that development and use of underground space may
mitigate potential climate change effects. Underground engineering may affect
climate change drivers (e.g., land use, greenhouse gas emissions), and may
increase the ability of urban communities to adapt to changing climate conditions.

Climate change refers to a statistically significant variation in either the mean
state of the climate or its variability over an extended period, typically decades
or longer, that can be attributed to either natural causes or human activity (IPCC,
2007). The National Research Council has reported on the consequences of cli-
mate change for the infrastructure and operation of U.S. transportation systems
and identified five climate changes of particular importance including increases
in number and frequency of very hot days and heat waves, increases in polar tem-
peratures, rising sea levels, increases in intense precipitation events, and increases
in storm intensity (NRC, 2008b).

General risks to infrastructure from climate change is well documented
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appropriate action to clear the underground of occupants. Much of Manhattan
is recovering as services are being restored. Subway service was restored
to lower Manhattan as of December 3, 2012 (NY MTA, 2012a), but, as of
December 10, 2012, tunnel service from Manhattan to Brooklyn had not been
restored. The most heavily flooded subway tunnel (the Montague) was filled
with seawater from “track to ceiling” for close to a mile (NY MTA, 2012b). It took
several days to remove mud and debris from the tunnels once water could be
pumped. Inspection teams found damage to signal relays, track switches, stop
motors, and wiring. Debris washed into the tunnel, some with enough force to
have bent metal, according to the MTA.

This is the first severe coastal flooding of a heavily urbanized part of the
United States that depends extensively on underground infrastructure. The
committee makes no determination about whether this event was in response
to global changes in climate patterns; however, it acknowledges that more
frequent or intense storms have been predicted as a result of expected climate
change (e.g., IPCC, 2007; NRC, 2010). Seawater inundation experienced dur-
ing this storm also serves as a reminder of expected sea level rise in many
parts of the world (e.g., NRC, 2012). Observations and lessons learned from
Hurricane Sandy could be collected to inform future urban sustainability deci-
sions as emerging issues are identified and addressed.

Because many large urban areas are located along coasts and their infra-
structure is already in place, more thought must be devoted to how to increase
the resilience of urban areas to ensure sustainability—a difficult prospect
given the age and deterioration of much of the this infrastructure. Resilience
and sustainability of urban systems and infrastructure in light of all hazards
and risks will necessarily be factors to consider during the decision making
process. Urban planners must understand that it may be possible to reduce or
mitigate the risks associated with high-intensity storms and sea level rise, but it
is impossible to remove all risk. Engineers need to incorporate resilience and
increased ability for disaster recovery (e.g., designing electrical components
that can withstand prolonged exposure to seawater) into their technical deci-
sion making. All need to collaborate to understand what hazards infrastructure
can safely accommodate.

J

(IPCC, 2007; CCAP, 2009; NRC, 2008b, 2010); however, addressing the conse-
quences of climate change through better use of underground space for a more
sustainable future has not been extensively studied. Further, climate change
effects will vary regionally as a result of variability in natural and anthropogenic
factors, so no solutions to emerging issues may be universally applicable. Issues
may include the need for redesign of coastal wastewater discharge systems, bet-
ter protection against flooding for underground road and rail systems, and bet-
ter protection for underground utility vaults and tunnels. Making the necessary
adaptations for the design of new systems and in a planned manner for existing
systems will be important for the continued effective functioning of these sys-
tems. Known risks and the means to mitigate, reduce, or transfer risk will need
to be considered. Options such as relocation or migration of urban centers away
from areas susceptible to environmental changes could be considered but are not
addressed in this report. Rethinking the placement of critical services—such as
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BOX 3.10
Flooding in New Orleans Following Hurricane Katrina

The impacts of Hurricane Katrina on New Orleans provide a recent lesson
regarding resilience and are discussed in detail elsewhere (e.g., Colten et al.,
2008). Flooding due to levee system failure set in motion cascading failures
and extensive damage to physical and social systems from which the city has
not fully recovered years later. Because the pumping station used to pump
storm water was not itself protected from flooding, it had to be shut down,
dewatered, and dried before operations could start. Houses and buried infra-
structure lines became buoyant during flooding (NIST, 2006), in many cases
causing the severing of buried utility services (especially gas and water) at
entry points into buildings. This created so many leaks in water and gas supply
systems that supply pressures were lost and piping systems filled with unsani-
tary and salty water (NIST, 2006). The loss of water supply affected fire-fighting
abilities and greatly slowed the return of normal living conditions. Flooding

L

emergency generators and fuel—in basements or flood-prone areas would be
prudent. Other consequences of climate change may be unknown and warrant
exploration. For example could the impacts of rising sea level on underground
infrastructure include increased incidence of waterborne disease or the inability
to supply water at sufficient pressure for fire-fighting during a disaster?

Some problems may emerge from placement of infrastructure underground,
but the underground may offer some solutions. Questions related to under-
ground construction, for example, include (a): can underground construction,
e.g., through reduced fossil fuel consumption and carbon output, be a means
to decrease human contribution to climate change? and (b) can underground
construction mitigate damage or risk from environmental changes resulting from
climate change? The first question involves a series of complex national or global
evaluations, including calculation of the lifecycle net energy efficiency and car-
bon footprint of underground infrastructure versus surface counterparts (this will
be discussed further in Chapter 5).

The second question regarding damage and risk mitigation relates to the
use of underground space as a physical means to protect against some of the
consequences of climate change, such as heavy storms, floods, and sea level rise
(Bobylev, 2009). Although unprotected underground facilities can be inundated
during floods, they offer increased protection against structural damage caused
by water surge and debris impact. Changes in structural forces on buried facilities
during storm or flood events are predictable and can be accommodated during
design. It may be possible to avoid flooding by raising or protecting entrances
to exclude the possibility of water ingress. Sea level rise associated with climate
change poses significant risk to underground infrastructure. Global sea levels
are projected to rise 8-23 cm by 2030 relative to 2000 levels, and 50-140 cm
by 2100 (NRC, 2012). Some systems under construction are being designed in
anticipation of future water levels. The difficulty, however, of protecting a whole
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of the low-pressure gas distribution system caused corrosion of valves and
meters and required extensive replacement. Shallow-buried utility lines were
damaged by tree root systems when mature trees were blown over during the
storm. Heavy cleanup equipment often damaged hydrants hidden by debris,
and shallow-buried utilities were often driven over by such equipment, causing
collapse or damage to those utilities. The lack of good or accessible records of
utility line, shut-off valve, and other infrastructure element locations hampered
utility and emergency services response. In addition, many normal landmarks
for locating services were obliterated by hurricane damage and flooding. Re-
covery was slowed by the loss of urban services such as power, fresh water,
and sanitation—people could not easily return to their neighborhoods even
once flooding had receded. Without the residents there to clean up, many
administrative and legal issues arose concerning interfaces between personal
and emergency response service responsibilities (U.S. Executive Office of the
President, 2006).

J

low-lying city from rising sea levels is daunting, examples of which can be
found in the Netherlands and New Orleans, Louisiana. The low points of land in
the Netherlands and New Orleans are 6.8 m and 1.5-3 m below mean sea level,
respectively (Burkett et al., 2003). Underground facilities may require, among
other things, special design (e.g., entrances) to make them suitable for sea level
rise conditions.

Another potential engineered use of the underground in need of greater
evaluation is the isolation of energy-related waste products within geologic fea-
tures. The injection of carbon dioxide into geologic features for the purpose of
carbon sequestration (NETL, 2010) and the isolation of high-level radioactive
wastes (McCombie, 2003) are methods being studied for reliability, potential risk
to people and the environment over the short and long terms, and interference
with other potential underground applications. Sequestration of carbon dioxide is
intended to decrease the amount of carbon dioxide—a greenhouse gas—released
into the atmosphere. Underground isolation of high-level nuclear waste generated
from nuclear-fission-produced electricity may indirectly reduce greenhouse gas
emissions because such energy production does not result directly in greenhouse
gas emissions. If the political and technical issues surrounding underground
isolation of waste can be resolved, or if self-contained underground nuclear
plants (each with its own long-term underground storage) were able to minimize
the political, transport, and risk factors associated with both nuclear plants and
waste storage (McCombie, 2003), reassessment of planning as it relates to climate
change could be justified. Such issues are yet to be addressed but are outside the
scope of this report.

To what heights of sea level rise is it practical to protect cities with walls
and levees? Is it reasonable for threatened cities to consider abandoning exist-
ing ground floor levels, essentially raising “ground level” up one story as has
been done for various reasons in parts of Seattle, Washington (Richard, 2008)?
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If this occurred then the existing ground levels could become new levels of
pseudo underground space, as has been accomplished in La Defense and La Rive
Gauche in Paris, France (Duffaut, 2006) and Tsukuba Science City in Japan
(Dearing, 1995) to create improved service infrastructure coupled with a more
pedestrian-friendly environment. Given such scenarios, underground engineering
technologies could assess whether existing underground pipe and cable networks
could withstand additional depths of burial or flood pressure loading, how exist-
ing building basements might be reinforced against such load increases, and the
potential for increased corrosion, among other characteristics.

The potential impacts of climate change on inland cities and communities
could also be significant. For example, climate change—induced natural hazard
events creating high-intensity rainfall activity will require system designs that
capture and convey larger volumes of water to reduce or avoid flood dam-
age and economic loss. Changes in annual rainfall will likely impact regional
groundwater tables, causing changes in available groundwater supplies. Impacts
on existing underground and surface structures caused by changing groundwater
levels and the resulting changes in the properties of soil, rock, and materials used
in underground construction also may be likely. A long-term and regional view
of water management likely will be a key element in establishing resilience for
local areas from such climate change effects, as will a more complete under-
standing of soil, rock, and construction material behavioral changes caused by
changing groundwater conditions. Insurance and reinsurance, as a component
of risk management of climate change events for underground systems, likely
will be necessary because, although some events may have a low probability of
occurrence, the consequences of their occurrence can have far-reaching spatial
(geographic) and temporal economic impacts. Short- and long-term performance
and infrastructure maintenance requirements will have to be understood in order
to enhance resilience and sustainability.

Increasing Resilience

As discussed in Chapter 1, resilience represents the ability to respond and
adapt to change in the environment. In this discussion, resilience includes the
ability of an urban community to mitigate the intensity and spatial distribution
of damage caused by extreme events or long-term environmental changes (for
example, economic recession, climate change). The ability to respond and deliver
service functionality quickly following extreme events, and to reduce economic
impacts caused by the events, are demonstrations of resilience. Building resil-
ience applies to all manner of hazards already discussed and requires removing
or minimizing vulnerabilities in essential systems that place the systems at risk.
It requires a system of systems approach and consideration of cross-systems
interdependencies to avoid the cascading failures of individual systems.

Disasters such as Hurricane Katrina (see Box 3.10) can yield some good if
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society can learn from experience. How, for example, can underground infrastruc-
ture be designed to mitigate buoyancy effects as occurred during the flooding
of New Orleans? How can the effects of corrosion of physical infrastructure be
avoided? Chapter 2 described aspects of cascading failure caused by the col-
lapse of the World Trade Center (WTC) towers following the terrorist attack of
September 11, 2001. The attacks were tragic, but there are lessons from which
planners and future responders can learn to apply to underground infrastructure
design and operation:

* Con Edison Company of New York (electric, natural gas, and steam pro-
viders to New York City) used trailer-mounted portable generators to provide spot
power and routed temporary feeder lines—called shunts—belowground to con-
nect live to dead networks and restore power (O’Rourke et al., 2003; Mendonca
and Wallace, 2005).

* Redundancy in subway system lines meant that access to most arcas was
restored in a few days (O’Rourke et al., 2003).

» Core stair systems in the World Trade Center towers resulted in evacua-
tion routes from high in the towers that were discontinuous or became severed
(underground infrastructure escape routes can suffer similarly).

* The hazards of dust on air and water quality were not immediately appre-
ciated and were ultimately proven to be health hazards for first responders.

* A lack of readily available engineering information related to the World
Trade Center towers and foundations hindered the ability to assess the potential
for building collapse and stability of the foundation wall system.

The importance of the robustness of individual systems to overall resilience is
highlighted by the above examples. Perhaps more importantly, the interdepen-
dencies among whole system of systems—social, economic, information, and
physical systems are exposed.

Resilience of urban design depends on a multihazard approach to disaster
preparation and integrated system design. A mulithazard approach necessitates
planning for the most likely risk scenarios and includes enough flexibility to
accommodate the unexpected (e.g., NRC 2011b). Integrated and coordinated sys-
tems planning includes the need to plan for critical redundancies in systems that,
for example, allow adequate response and recovery when part of a system fails.
Surface and subsurface infrastructure assets need to be designed and operated
as integrated systems with lifecycle maintenance, risk, reliability, and real-time
responsiveness in mind. Urban planners and engineers need trusted and vali-
dated risk-informed approaches to project planning and design that can balance
project needs in terms of service delivery, initial cost, resilience against extreme
events, and effective maintenance and operations so that whole life performance
is satisfactory. Through adoption of this type of approach for underground space
and infrastructure (occupied or not), the consequences of extreme events can be
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greatly curtailed and, as a result, society will widely appreciate the underground
as an increasingly reliable and secure resource and part of a sustainable society.
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Health and Safety Underground

“It is important to note the significance of human behavior on tunnel safety.
The final outcome of some incidents may depend more on the quick and
right reaction of individuals than on the technical safety level in the tun-
nel.” (OECD, 2006, p. 15)

We design, build, and operate all manner of underground infrastructure,
but doing so must occur with due consideration of the abilities and behaviors of
the underground infrastructure operators and occupants to minimize risks and
increase efficiencies (see Box 2.1). George Bugliarello described the need to bal-
ance the human and mechanical elements of urban living to create modern, envi-
ronmentally sustainable, and emotionally satisfying environments (Bugliarello,
2001). Safety is also a necessary part of this vision. Underground infrastructure
systems are complex and have elements similar to what Bugliarello described
as biosoma systems—systems that include biological (individuals that create,
manage, or use the system), social (organizational aspects), and machine compo-
nents (the engineered artifacts). Bugliarello acknowledged the interfaces of these
elements in transportation systems to be points of vulnerability that ultimately
impact system resilience (Bugliarello, 2009). This committee contends the same
could be said more generally as humans move into the underground where the
infrastructure will be critical to support this movement.

Taking the idea further, it can be said that urban sustainability is as much
dependent upon human activities, ideas, and behaviors as it is upon the robustness
and resilience of physical infrastructure. Resilience of a community is tied to the
resilience of physical infrastructure (e.g., Miles, 2011), but an understanding by
the people who design, operate, use, or benefit from underground infrastructure
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of the role each structure and system element serves in the proper functioning of
the urban system is important to address the robustness, resilience, and sustain-
ability of the urban system.

Real hazards and risk to humans in the underground exist, and engineers
have been largely successful in addressing many of them. Earlier chapters of
this report looked at how urban utilities and systems are highly integrated and
therefore interdependent. This chapter addresses human-technical system rela-
tionships, human response to hazards faced in the underground, and the hazards
and risks related to human use of underground space. This chapter recognizes
the people in the underground and considers the engineering necessary to keep
them healthy while also contributing to sustainability. The presence or absence
of naturally occurring phenomena in the underground may pose risk to humans.
Gases, radiation, temperature, water, and the lack of oxygen are among inherent
hazards to human underground occupation. Other hazards to people or infrastruc-
ture may result from human activity that creates, adds to, or intensifies naturally
occurring risks. These include risks associated with fire and smoke, hazardous
materials, intentional or accidental explosions, structural failure, human failure,
and extreme events.

It is important to fully understand the hazards and risks because a very key
part of long-term success (i.e., sustainability) of the underground is the ability
to regulate underground construction and activities to ensure minimum safety.
Although various standards exist that govern, principally, fire safety for under-
ground transportation and building and industrial facilities, there is a need for a
more comprehensive approach to safety against all hazards for all types of under-
ground facilities. The remainder of this chapter explores this need.

HUMAN FACTOR ENGINEERING

To create a functioning, sustainable, urban system that effectively links its
social, technical, and governing elements, the relationships between technolo-
gies, the people that construct, operate, and use those technologies, and the social
structures that govern them must be understood. In the manufacturing realm, this
area of research is referred to by several names including human factors, human
engineering, engineering psychology, and ergonomics. Licht and others (1989)
analyzed numerous definitions for terms and areas of study related to or syn-
onymous with “human factors” research and found that most definitions implied
a multidisciplinary approach including concepts related to behavioral science;
human performance capacity; manpower, personnel, and training; and biology,
physiology, and medicine.! Information obtained through the study of human
factors can be applied to the “design of tools, machines, systems, tasks, jobs,

Biology, physiology, and medicine were more common in definitions associated with ergonomics
(Licht et al., 1989).
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and environments for safe, comfortable, and effective human use” (Chapanis,
1991, p. 1) so that we may “optimize the relationship between technology and the
human” (Kantowitz and Sorkin, 1983; Licht et al., 1989, p. 27). The application
of Complex Adaptive Systems of Systems engineering as discussed in Chapter 2
would necessarily consider the relationships between humans and underground
infrastructure.

The military has long recognized the importance of integrating human and
technological system elements to make operations as effective, efficient, safe,
and sustainable as possible, and has promulgated these concepts through direc-
tives and guidance. For example, a Department of Defense (DOD) directive from
1988 required consideration of manpower, personnel, training, and safety in the
defense system acquisition process for the purpose of improving “all aspects
of the human-machine interface” (DOD, 1988: p. 1).2 In 2007, the National
Research Council published a report at the request of the Army Research Labo-
ratory, the Air Force Research Laboratory, and DOD to address approaches for
creating “an integrated, multidisciplinary, generalizable, human-system design
methodology” (NRC, 2007, p. 2). That report outlines principles considered criti-
cal to human-system development and evolution including those associated with
the need for stakeholder consensus on desired outcomes, regular reassessment of
plans based on lessons learned, and risk management.

Many applications of human factors engineering are related to human inter-
action with a single manufactured item or technology. Underground systems
as part of total urban environments are more complex, and the need to under-
stand, design, regulate, and operate for human-technology relationships becomes
amplified. The impact of failure of key infrastructural components—including
human—and or systems can be devastating to sustainable functioning of the
urban environment (see discussion of cascading failures in Chapter 2). Human
behavior is not always predictable in the face of adverse and extreme events,
and regardless of how resilient to hazards underground infrastructure and safety
systems may be, infrastructure and system failure could have significant nega-
tive consequences. All forms of underground engineering not only must consider
what training and safety guidelines are necessary for the smooth functioning of
infrastructure in the best of circumstances, but also must anticipate the behavior
of underground occupants during both normal and worst-case operation sce-
narios. Design must be holistic and create an integrated environment that allows
people to almost intuitively understand how to remain safe should adverse con-
ditions arise. Sustainability of the urban setting is dependent on optimization of
human-technical relationships in ways that provide at least minimum safety while
remaining consistent with long-term societal visions.

Industry also addresses safety in underground infrastructure. The International
Tunneling Association (ITA), for example, established the Committee on

2This directive has since been replaced by other directives that also emphasize human factors.
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Operations Safety of Underground Facilities (COSUF)? to address operational
concerns of safety and security in underground structures. COSUF has developed
risk assessment guidelines (Molag and Trijssenaar-Buhre, 2006) and, with an
ITA working group on health and safety,* focused on increasing safety practices
during construction. The European Construction Technology Platform (ECTP)
acknowledges that safety and security must be designed into every element of
infrastructure, including the interfaces between every element, with consideration
of the entire life cycle of the infrastructure (ECTP, 2005).

MANAGING SAFETY THROUGH REGULATION

It may be expected that safety in underground infrastructure will be equal
to that of surface infrastructure, and if not, then the expectation may be that one
is fully informed of potential risks. However, although engineers have been suc-
cessful in reducing many types of risk associated with underground space use,
risk in underground infrastructure has not received the same level of regulatory
scrutiny as risk associated with surface infrastructure, and the levels of certain
risks may not be well understood. Existing codes tend to be prescriptive in
nature—prescribing specific procedures or materials—but underground space
poses different safety challenges that codes intended for surface space were
not designed to address. For example, most people know that simply leaving a
building that is on fire is adequate to reach safety. Exiting a tall building during
an emergency, for example, usually requires its occupants to climb down several
flights of stairs rather than use elevators or escalators. However, leaving an under-
ground structure on fire may only move occupants to a different underground
space also contaminated by smoke, and occupants may have to exit up several
flights of stairs—a physically challenging task for some. Hazards associated
with elevators and escalators are partially addressed by the American Society
of Mechanical Engineering Safety Code for Elevators and Escalators (ASME,
2010a) that covers design, construction, installation, operation, maintenance,
alteration, inspection, and testing of elevators and escalators. Guidelines also
provide information on how Department of Justice requirements related to the
Americans with Disabilities Act will be met by the performance of elevators or
escalators (ASME, 2010b).

Safety sometimes needs to be created operationally rather than through
technical solutions (e.g., no hazardous materials unless appropriate sprinkler or
other systems are in place). Safety codes are most often written in response to
lessons learned from incidents or litigation rather than in response to research.
A responsible risk management strategy includes identifying and understanding

3See http://cosuf.ita-aites.org/ (accessed June 15, 2011).
“For example, the Health and Safety in Works working group of the International Tunneling As-
sociation has released multiple publications related to safe working practices (see ITA-AITES, 2011).
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hazards and risks and applying appropriate mitigation strategies. Once recog-
nized, underground risks may be avoided, transferred, or reduced to tolerable
levels. In some cases the cost for mitigation may be substantial or prohibitive
either in terms of capital costs for construction or in operational costs. This could
mean a project is never started, or that minimum systems put in place may not be
optimally maintained due to the costs. Assuming that avoiding or transferring risk
is not feasible, reducing risk through appropriate safety regulations and education
may be the best approach. Safety standards for surface infrastructure have been
developed at the federal, state, and local levels and refined over generations to
cover a broad array of activities. Such standards serve a key role in preventing
or mitigating risks.

Current federal-level safety regulations for underground infrastructure are
limited, do not apply to everyday usage of most types of facilities, and mostly
are intended to regulate construction safety through the Occupational Safety
Hazard Administration (OSHA). They include the OSHA regulations related
to underground construction (29 CFR 1926.800)° that apply to construction of
underground tunnels, shafts, chambers, passageways, and cut-and-cover excava-
tions connected to underground construction to reduce hazards associated with
“reduced natural ventilation and light, difficult and limited access and egress,
exposure to air contaminants, fire, flooding, and explosion” (OSHA, 2003). The
regulations define a tunnel as a subsurface excavation, “the longer axis of which
makes an angle not greater than 20 degrees to horizontal.” Although applicable
to many types of underground infrastructure, the regulations are only intended to
protect underground construction workers during construction and do not address
safety issues once the infrastructure is in operation.

Each state in the United States has adopted fire and life safety codes to ensure
safety in structures, but the codes do not fully address underground structures.
Most states (45) have adopted the International Code Council (ICC)® building,
fire, plumbing, and mechanical codes. The ICC codes refer to three National Fire
Protection Association (NFPA) standards—NFPA 130 (NFPA, 2010a), NFPA 520
(NFPA, 2010b), and NFPA 502 (NFPA, 2011)—that address underground fire and
life safety and that provide safety guidelines for road and passenger rail tunnels
and use of space created by underground excavation. Two of these standards have
been applicable to underground transportation facilities for decades. However,
the applicable NFPA standards cannot adequately address underground fire and
life safety for all underground space uses, and they will likely break down when
combining different types of occupancy in one underground space. Additionally,
the standards have limited legal authority unless adopted by states or local
jurisdictions.

3See http://www.osha.gov/pls/oshaweb/owadisp.show _document?p id=10790&p_table=STANDARDS
(accessed April 4, 2011).
%See http://www.iccsafe.org/Pages/default.aspx (accessed June 9, 2011).



110 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

The inadequacy of safety standards results from their being developed with-
out due consideration of the growth of all types and large scales of underground
use. Innovation in underground design and construction may be bound by pre-
scriptive (and potentially ineffective) codes when performance-based mecha-
nisms that ensure designs will perform as intended are really needed.” Further, as
is stressed throughout this report, underground infrastructure is only one element
of the total urban system that is increasingly interconnected and interdependent.
Decisions regarding safety of one infrastructural element need to be based on the
effects of that decision on the overall system. Demand for underground space
use is growing, and without carefully considered, research-based, national-level
guidelines or effective safety standards that account for the underground as part
of the larger integrated urban system, local jurisdictions are left to establish their
own safety standards that may not be fully informed if appropriate resources and
capacities are not available.

HAZARDS TO HUMAN HEALTH

The next sections discuss hazards to human health associated with occupy-
ing the underground, focusing on lack of adequate ventilation, smoke from fire,
and hazardous materials. Some hazards and risks can be prevented operationally,
others can be addressed through engineering solutions directly into infrastructure
design, and others can be controlled by systems. Careful analysis of underground
emergency scenarios for all hazards and risks—including those emerging as a
result of changes in technologies or use—could ensure that underground emer-
gency incidents do not escalate beyond the possibility of control or cause prevent-
able damage. For example, the current trend toward more electric vehicles could
be seen to reduce the risk of fires in tunnels, but the batteries in electric vehicles
present their own set of risks. Future fleets of vehicles powered by hydrogen or
natural gas present still different concerns.

Redundancy in fire and life safety systems is a key to controlling incidents.
For example, because underground smoke management is critical, it is essential
to ensure that the minimum ventilation scenarios to control smoke from a fire
are operational if any portion of emergency ventilation fails. Without this level
of redundancy in essential life safety systems, a simple mechanical failure could
jeopardize the underground occupants, contents, and physical structures.

Ventilation, Smoke, and Fire Control

Underground ventilation engineering entails providing breathable air to
people underground and removing hazardous gases (e.g., excess carbon dioxide,

7Asia has more performance-based codes because contracting there is design-build rather than
design-bid-build, which is more common in the United States.
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exhaust, fumes) from occupied space. Simply moving air from the surface to the
underground may not be adequate, because the air must contain enough oxygen
for the volume of people to be supplied and be free of contaminants. Hazardous
gases can be removed by cleaning the underground air or by safely (to those
underground and at the surface) routing contaminated air to the surface. NFPA
and ICC standards address many of these issues, but not explicitly for under-
ground spaces created for human use. Risks may be inadequately quantified.

One of the greatest hazards to human health and safety in the underground
is smoke from fire (ITA, 1998). It is well within current technical knowledge
and life safety system capacity to manage smoke in nearly all types of surface
structures. However, managing smoke in a complex underground structure—one
that can span multiple underground levels over several city blocks, be occu-
pied by thousands of people at any given time, and has many uses (e.g., retail,
office space, health care, residential) and therefore many potential hazards and
risks—may challenge the most sophisticated ventilation system designs. These
underground multi-use areas can be far more complex and difficult to ventilate
than, for example, some roadway tunnels that can be modeled as simple tubes of
air with, although long, relatively small cross-sections.

There are important strategic distinctions in the management of smoke in
high-rise buildings versus large underground structures. For example, a 40-story
high rise that occupies a full city block (creating the equivalent of 40 city blocks
of floor space in a vertical alignment) is typically designed to control ventilation,
fire sprinklers, alarms, and exiting systems immediately for up to four floors of
the building where occupants are most at risk. Smoke management is typically
limited to stairwell and elevator shaft pressurization that require relatively small
fans. Occupants on other floors are protected by the structure’s intervening floors
for a short time until they can safely evacuate.

An underground structure of comparable size (the equivalent of 40 city
blocks of floor space) potentially can occupy a broader lateral space over fewer
levels, increasing the lateral exposure to fire and smoke that spreads throughout
the horizontal space. Smoke management in such a large-scale area—with few,
if any of the control tools available in buildings (e.g., windows to the outside)—
requires comparatively more complex design and more powerful ventilation sys-
tems, larger sprinkler systems, and carefully designed fire detection, alarm, and
exiting systems to protect occupants. Specialized emergency alarm information
need to be designed to notify people of the need to evacuate. High rise building
systems need only address one floor at a time. Underground systems necessarily
accommodate the equivalent of 20 or more floors simultaneously.

Preventing fire and inhibiting fire growth are possible through management
strategies including non-combustible construction, automatic fire suppression,
precise fire detection, compartmentalizing, control of hazardous materials,
heightened security, and careful occupancy restrictions (e.g., to prevent proximate
hazards such as factory work adjacent to hospitals). Underground structures may
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have some advantages in terms of fire and life safety as compared to surface
structures. Underground structures with smaller enclosed spaces may permit
utilization of a fine water mist or gaseous systems to control fire and smoke,
thereby reducing the demand for water and drainage which can create other
problems in the underground. Simply ensuring that the occupants recognize the
hazard of fire in the underground may ensure that all occupants take fewer risks
associated with fire.

Hazardous Materials

Hazardous materials used in or created by manufacturing, processing, and
shipping pose special risks in the underground for reasons similar to those for
smoke and fire: the physical separations and ventilation systems that provide
adequate safety aboveground may not be adequate below grade. On the surface,
for example, a machine shop that employs cutting torches may be permitted
to operate in a building next to a residential structure provided that a firebreak
such as an open air gap exists between the walls of the two structures. A suf-
ficient air gap ensures that a fire in the machine shop does not readily spread to
adjoining structures, and allows easy air exchange to the outside so that gases
used in cutting processes do not displace oxygen and create an oxygen-deficient
atmosphere. On the other hand, engineering and operational measures may be
needed to ensure safety in underground structures. Proper firewalls, ventilation,
and procedures may be necessary for safe cutting in the underground. Similarly,
underground spillage of hazardous liquids may pose long-lasting health risks
if they migrate via underground ventilation and drainage systems or penetrate
adjoining soils and porous rocks to contaminate other spaces or water supplies.

SECURITY FROM VIOLENCE

Underground infrastructure is often designed to make underground facili-
ties attractive and easier for the public to access and use. Even underground
public utilities, although not designed for access by the general public, need to
be designed to accommodate access by workers and equipment. Infrastructure
design often includes security elements to prevent crime and vandalism or to pro-
tect against fire or similar emergencies. Unfortunately, design elements that allow
easy access to the underground by ordinary public citizens also allow access to
those with dangerous or destructive intent. It is impossible to foil all attempts
of violence against people or infrastructure (Jenkins and Gersten, 2001). Even
so, ridership trends of underground metros in large U.S. cities have risen in the
past 10 years (e.g., WMATA and Cambridge Systematics, Inc., 2009; DiNapoli
and Bleiwas, 2010), indicating that need and convenience outweigh immediate
concerns over personal safety for at least some percentage of the population. Few
studies have documented underground use patterns following terrorist events, but
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studies of public transit ridership in the aftermath of the 2005 London bombings,
the 2004 Madrid bombings, and the 1995 Sarin gas attacks in Japan revealed that
behavior is influenced by cultural beliefs, characteristics of the attack, factors
associated with the transportation system itself, and social perceptions of risk
(von Winterfeldt and Prager, 2010). For example, London underground and bus
(also targeted in the attack) ridership dropped but slowly recovered after the inci-
dent there, but ridership in Japan did not seem to change (Prager et al., 2010b).

Security and resilience to violence in an urban community can be enhanced
through a variety of planning, design, and operational functions that reduce the
frequency or severity of hazardous events. This section first discusses the safety
of individuals from personal violence and then discusses violence against larger
numbers of people and infrastructure itself.

Safety from Crime

A sense of personal safety—the freedom to function in a city with a low
expectation of violent attacks against one’s person—is important for the smooth
functioning of society. The physical design of and the number of people pres-
ent in an occupied space contribute to safety of individuals and the sense of
personal safety. Certain types of underground structures, for example pedestrian
underpasses, may have a poor reputation with respect to safety, perhaps due to
poor lighting or limited occupation, as compared to metro systems where higher
levels of security are in place to manage passenger organization (for example,
through the use of shorter trains and platform use at night to increase the number
of passengers in occupied areas). Mixed underground use offers different sorts
of problems. How is the security, for example, of a retail operation located in
a public transportation concourse assured when the retail space is closed for
business at night but when public transportation is still in use? How is public
access to transportation assured if an underground shopping area is closed for
the day? Engineering solutions may come in the form of enhanced monitoring
(see Chapter 6).

Attacks against Infrastructure and Urban Populations

The underground has long been and still is suggested or used for either con-
tainment or security. For example, the underground is used to protect the security
of a nation’s leadership (McCamley, 1998; Barrie, 2000). With the advent of
weapons of mass destruction, a great deal of engineering work was done in the
1950s and 1960s on underground military and defense facilities in the United
States that served to advance technologies related to the environment, security,
and fire protection in underground facilities. Examples include the Cheyenne
Mountain alternate command facility deep in a granite mountain and the bunker
at Greenbrier in West Virginia for the continuity of government in the event of
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an attack. Additionally, there is continued interest worldwide in placing nuclear
power plants and their waste underground to increase isolation of radioactive
materials as well as to increase security of the facilities (e.g., Myers and Elkins,
2009). The feasibility of long-term storage and safety continues to be an active
field of investigation. In recognition of the security offered by the subsurface, the
Svalbard Global Seed Vault in Norway was constructed in a mountain to protect
global crop diversity in the event of climate- or war-related regional or global
catastrophe (Fowler, 2008).

The September 11, 2001, (9/11) terrorist attacks on the United States, how-
ever, fundamentally changed the way safety and security are addressed in this
country, including the design and operation of underground structures. Prior to
9/11, vandalism and criminal activity were the main concerns for underground
security. Terrorist threats against people and infrastructure were considered
anomalies. Underground infrastructure, especially mass transit systems, is now
recognized as a vulnerable target by those individual wanting to do large amounts
of damage to infrastructure or to inflict harm on large numbers of people. The
effects of explosions, fire, gases, and other airborne toxins and health hazards can
be more concentrated and deleterious in confined underground structures. Acts
of terrorism have occurred in several underground locations with serious conse-
quences, for example, the 1995 attack with the nerve gas, Sarin, in Tokyo, Japan
(Tu, 1999), the 2005 bombings in London, England (HC, 2006), and the 2010
bombings in Moscow, Russia (Rogoza and Zochowski, 2010). All of these events
were perpetrated using devices carried by hand into underground infrastructure.

Approximately 87 percent of terrorist attacks around the world in 2003 were
perpetrated through bombings (U.S. Department of State, 2004), which may be
delivered as vehicle-borne improvised explosive devices, devices employed as
booby traps, remotely detonated devices, or devices delivered by human bomb-
ers. There also is a conceivable threat of targeted ground-penetrating explosive
devices delivered by missiles. However, underground installations have been rec-
ognized as providing the “most effective physical protection available” and can
be designed so that critical infrastructure elements are protected against physical
attack and hardened against electronic attack (Linger et al., 2002). Underground
placement of facilities makes them harder to damage from the outside (i.e., from
the surface) and limits points of entry. Linger and others (2002) describe the
cost of that protection as “competitive” with aboveground structures hardened to
similar levels. Unfortunately, classification of military technologies has resulted
in a lack of standards or practices in civilian infrastructure (Gui and Chien, 2006).

Recognizing the need to address such hazards, multiple organizations have
initiated research related to many aspects of underground security and safety. The
American Association of State Highway and Transportation Officials (AASHTO)
Transportation Security Task Force sponsored the preparation of a guide to assist
transportation professionals as they identify critical highway assets and take
action to reduce their vulnerability (SAIC, 2002). The Transportation Research
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Board of the National Research Council has released many reports related to
transportation safety and security, including many related to underground trans-
portation.® These reports provide guidelines and recommendations on topics such
as permanent enhancements to underground infrastructures that will improve
security as well as the usable life of the underground structure and support sys-
tems (TRB, 2006). Similarly, the Federal Highway Administration and AASHTO
jointly sponsored a panel to develop “strategies and practices for deterring, dis-
rupting, and mitigating potential attacks,” recommending that interagency and
stakeholder coordination occur so that security assessment methodologies and
solutions are consistent with needs of all involved and that federal- and state-level
legal responsibilities are clarified (BRPBTS, 2003). From a technical point of
view, the panel recommended that critical bridges and tunnels be identified and
prioritized, and funds allocated to cover security of those structures. The panel
further recommended that security should be an engineered element of design and
that appropriate research and development should inform technical standards for
structures in consideration of security threats.

Security, like safety, is enhanced by collaborative systems thinking among all
stakeholders throughout the life cycle of the infrastructure. Interaction between
urban planners and underground engineers during development and operation
can focus on how underground infrastructure can improve or impede protection
of critical facilities and their occupants. Security issues and needs constantly
change as technologies change, known hazards are successfully addressed, or
new hazards evolve. Sustainability requires applying innovative and compre-
hensive technologies, and, as often described in the security arena, technologies
must include the concepts of prevention, deterrence, detection, and delay (e.g.,
Rowshan et al., 2005), as well as the concepts associated with response, recovery,
and evaluation of lessons learned from incidents or “near misses” that do occur.

Massive loss of life and grave structural, economic, and even political dam-
age may result if security threats are not appropriately assessed and addressed.
Ensuring the safety of people and physical assets and minimizing disruption of
the physical, social, and economic infrastructures of the total urban system must
be considered. However, each underground system element is unique and requires
specific measures to mitigate a range of anticipated threats. Passive hardening
is, in reality, the last line of defense in providing a safe and secure facility, and
passive structural hardening techniques applied to reduce vulnerability will not
necessarily increase sustainability.

Introduction of human factor engineering to prevent panic and errant behav-
ior and to guide threat recognition, decision making, and action under stress are
called for. New materials and their behaviors for this application must be consid-

8See http://onlinepubs.trb.org/Onlinepubs/dva/CRP-SecurityResearch.pdf (accessed June 15, 2011)
for a status report of cooperative research programs related to security, emergency management, and
infrastructure protection.
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ered (e.g., to prevent injury from fragments and flying debris and the develop-
ment of airborne toxins from chemical changes due to heat and fire). In addition,
the risk assessments need to include aspects of evacuation, rescue, and recovery
to minimize impacts and assist in post-incident activities.

INTERNATIONAL UNDERGROUND TUNNEL SAFETY CODES

International safety codes and guidelines applicable to underground infra-
structure are not enforceable in the United States, but comparison to U.S. codes
can be helpful to reveal inadequacies in practice and guide future practice in
the United States. The U.S. Federal Highway Administration (FHWA) sought
to learn what underground systems, equipment, and procedures were employed
internationally to improve underground safety, operations, and response (Ernst et
al., 2006) and ultimately made recommendations for implementation strategies
in nine areas in which U.S. standards and regulations could be improved (see
Box 4.1).

The most comprehensive international safety information related to under-
ground infrastructure deals with road tunnel construction and operation, and the
United Nations Economic Commission for Europe (UNECE) has found that there
are fewer traffic accidents in long tunnels than on similar length stretches on the
open road, which is attributable to protection from the elements and consistent
lighting (UNECE, 2001). However, incidents that do occur in tunnels are likely to
have greater impact in terms of harm to people and infrastructure. UNECE states
that improving motorist behaviors, their vehicles, tunnel operator efficiency,
and the infrastructure itself are ways to decrease the number of tunnel incidents.
UNECE findings are acknowledged in a directive from the European Union on
minimum safety standards for tunnels in the trans-European road network (Euro-
pean Parliament and Council, 2004).° The World Road Association (PIARC)'? is
another international forum that considers an array of road and transport issues
from the point of view of sustainability. Its standing technical committee is tasked
with exploring management and improvement of tunnel safety, influencing user
behavior in tunnels, and evaluating, organizing, and communicating knowledge
on tunnel operations and safety. PIARC has produced several safety documents
including those related to controlling fire and smoke in road tunnels, human fac-
tors and road tunnel user safety, and integrated approaches to road tunnel safety.

9All tunnels longer than 500 meters belonging to the road network are to meet minimum safety
requirements related to organization, roles, and responsibilities of various administrative bodies in
charge of tunnel safety, and related to technical standards for tunnel infrastructure, operation, traffic
rules, and user information. Approximately 500 tunnels in Europe in operation, under construction, or
at the design stage are affected. Retroactive requirements for safety are also detailed in the directive.

19PJARC Technical Committee. 3.3 Road Tunnel Operations. Available: http://www.piarc.org/en/
Technical-Committees-World-Road-Association/ (accessed June 27, 2012).
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EMERGENCY RESPONSE CHALLENGES

Response to underground emergencies of all types poses distinct challenges
to emergency responders who typically develop strategic and tactical plans
and train for response scenarios. Response time to underground emergencies is
increased, access and way finding may be difficult, and the complex environ-
ment makes intuitive decision making more challenging. Emergency responders
require specific training and practice to use the more complex fire and life safety
systems that manage, for example, smoke, fire suppression, access, exiting, and
fire notification in the underground.

Response Times

Fire and medical services are mandated to respond to calls as quickly and
safely as possible. For example, NFPA 1710 establishes a 4-minute minimum
response time by firefighters to the “front door” of the structure for 90 percent
of all incidents (NFPA, 2010c). However, the “front door” of an underground
structure could be its street level access portal, possibly several blocks distant
from the emergency site. The distance increases the time firefighters can respond
to the actual emergency. If lengthy response times are unacceptable, respond-
ers and equipment may need to be located underground or closer access points
included in design. For larger underground complexes, underground emergency
resources may include emergency apparatus (fire engines, ladder trucks, and
medical vehicles) and law enforcement.

Accessing an underground fire or other hazard may require a difficult descent
through rising smoke unless alternate access routes or methods are designed,
built, and maintained. Fire fighting activities are difficult because normal pro-
cesses for visual assessment of a situation on the surface, typically accomplished
through inspection of at least three sides of the incident building, may not be
practical underground. Emergency ventilation by vertical or horizontal methods
may be limited by lack of exterior windows or access to the exterior by a ‘roof’
where smoke can be released to the outside.

Wayfinding

The ability of emergency responders to orient themselves is critical. Extra
steps are necessary to ensure use of a comprehensive methodology that provides
exact and rapidly recognizable locations. Many emergency response departments
now use satellite technology to locate response units and employ computer aided
dispatch (CAD) to identify the units with the shortest possible response time.
However, these technologies depend on line-of-sight communication with satel-
lites and are not functional underground. Alternatives have yet to be developed
for underground use, and emergency responders must rely on old technologies
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BOX 4.1

Recommendations and Implementation Strategies for
Improved U.S. Tunnel Safety from the International
Technology Scanning Program

The U.S. Federal Highway Administration and the American Association
of State Highway and Transportation Officials and the National Cooperative
Highway Research Program sponsored a study to explore practices in sev-
eral European countries related to tunnel safety, operations, and emergency
response. The following are recommendations and some implementation strat-
egies excerpted from the resulting report (Ernst et al., 2006).

1. Develop Universal, Consistent, and More Effective Visual, Audible,

and Tactile Signs for Escape Routes.
Recommendations include uniformity of signage that could be understood by
all people and minimizes confusion in locating an exit in case of an emergency.
Sounds and simple verbal messages and tactile messages could make visual
signs more effective in low light situations. National Fire Protection Association
(NFPA) guidelines applicable to fire protection and life safety designs should
be reviewed, and current technologies and results from human response stud-
ies should be incorporated into the design of escape portals, escape routes,
and cross passages (See Figure 1).

2. Develop AASHTO (American Association of State Highway and

Transportation Officials) Guidelines for Existing and New Tunnels.
A single AASHTO reference for engineers and operators to facilitate consistent
U.S. criteria coordinating AASHTO, FHWA, NFPA, American Public Transpor-
tation Association, and National Research Council Transportation Research
Board standards and guidelines for tunnels.

3. Conduct Research and Develop Guidelines on Tunnel Emergency
Management That Includes Human Factors.

Learn from European human factor design experience for more effective tun-
nel planning, design, and emergency response. Work through AASHTO to

U .‘
FIGURE 1 Example from Mont Blanc Tunnel (between France and ltaly) of tunnel escape
route signage, typical of the uniform signage used throughout many countries in Europe.
SOURCE: Ernst et al., 2006.
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fund and develop tunnel emergency management guidance. Collaborate with
academe to study human response in tunnel incidents.

4. Develop Education for Motorist Response to Tunnel Incidents.

5. Evaluate Effectiveness of Automatic Incident Detection Systems
and Intelligent Video for Tunnels.
Computer systems connected with video surveillance systems can be used
to detect, track, and record incidents and signal operators to take appropri-
ate action, decreasing response time. Because widespread public use of
closed-circuit television is not readily accepted in the United States, outreach
explaining the benefits and possibilities of this technology would be necessary.

6. Develop Tunnel Facility Design Criteria to Promote Optimal Driver
Performance and Response to Incidents.

Innovative tunnel design with improved geometry or that is more aes-
thetically pleasant enhances driver safety, performance, and traffic operation.

7. Investigate One-Button Systems to Initiate Emergency Response
and Automated Sensor Systems to Determine Response.
Some human errors and the need for decision making in emergency situa-
tions may be avoided with a single button for operators to press that initiates
multiple critical response actions. Automated systems (e.g., using opacity
sensors) may help determine appropriate responses to certain situations.
Fans and vents may best be controlled through closed-loop data collection
and analysis systems that monitor atmospheric conditions, tunnel air speed,
and smoke density.

8. Use Risk-Management Approach to Tunnel Safety Inspection and
Maintenance.
Intelligent monitoring and analyses of data can provide information to allow
risk-based decision making with respect to scheduling inspections (and inspec-
tion frequency) and priorities.

9. Implement Light-Emitting Diode Lighting for Safe Vehicle Distance
and Edge Delineation in Tunnels.
Blue LED lights at specific intervals allows drivers to more easily gauge dis-
tance from tunnel walls and vehicles in front and to maintain safe driving
distances (see Figure 2).

FIGURE 2 Some European tunnels use evenly distributed light-emitting diodes to help motor-
ists discern the roadway edge and determine safe following distances.
SOURCE: Ernst et al., 2006.
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(e.g., hard copy maps) to orient themselves in underground settings. Whereas
maps are a viable alternative, using more than one technology (e.g., satellite and
hard copy maps) may create confusion for responding units. Some technologies
for emergency communications and tracking that may have application in under-
ground infrastructure are being researched and tested through support provided
by National Institute for Occupational Safety and Health Office of Mine Safety
and Health Research. For example, the agency supports research for inertial
navigation for self tracking and wireless communication for use by miners and
rescue personnel.!! Advancement of these technologies may lead to eventual
improvements in underground infrastructure safety.

Response to terrorist events in underground infrastructure can be particularly
challenging for emergency responders because responders, along with key safety
systems (e.g., exits), also may be targets of attack. Low-occupancy (less than
500 people) above- and belowground infrastructure commonly require only two
exits according to the International Building Code (IBC, 2007) and therefore
have limited emergency access and egress. Choke points may be created when
emergency responders move down and occupants move up the same paths.!> A
coordinated terrorist attack may include plans to make exits impassable, creating
a greater problem than for surface buildings with windows and direct access to
fresh air. More information on terrorism for emergency responders is available
in several government sources (see, ¢.g., FEMA, 2004).

Communication

Surface radio often uses radio repeaters to cover large areas through open
air, a technology that may not work in the underground. However, emergency
responders critically rely on radio communication. When unable to use surface
radio communications technology, responders rely on other technologies includ-
ing radio repeaters and leaky feeder coaxial cable that functions as extended
antennae. These methods work underground, but must be coordinated and robust
enough to ensure intelligible coverage throughout the underground through, for
example, system redundancy. Interoperability among multiple responders, poten-
tially from many agencies, and the ability to communicate on multiple frequen-
cies are also important to ensure safety. The technology to communicate between
emergency responder departments with redundant systems exists today, but these
systems may not function in the underground. As mentioned in the previous sec-
tion, the mining industry is researching enhanced underground communication
(e.g., underground use of wireless technologies) between those occupying the
underground, and between those on the surface and those underground. Con-

1A listing of current and past projects supported in this area of research can be found at http://www.
cdc.gov/niosh/mining/researchprogram/communicationstracking.html (accessed October 25, 2012).
12The opposite of this happened at the World Trade Center on 9/11.



HEALTH AND SAFETY UNDERGROUND 121

tinued research in these areas is needed to ensure reliable communications in
underground infrastructure.

INCREASING COMFORT AND MAXIMIZING SAFETY

Anecdotal evidence suggests that many people, especially those unaccus-
tomed to being underground on a regular basis, are uncomfortable with the idea of
being underground. The committee is not aware of data that quantify the extent of
negative perceptions. Negative attitudes may stem from safety concerns, unpleas-
ant personal experiences, or a belief that the underground is dank and dangerous,
rather than from specific knowledge about the benefits, risks, and relative safety
of underground facilities. Presumably, the public is not campaigning for removal
of existing underground systems and services, but it may seem unenthusiastic
about new underground applications, especially given their initial costs.'? Finding
ways to clarify and counterbalance negative perceptions can be as big an obstacle
as the most complex safety and technical challenges and requires a thorough
research focus of its own. The urban underground environment can be engineered
and managed—given good design—to be safe, attractive, stimulating, produc-
tive, and healthy (Carmody and Sterling, 1993; Meijenfeldt and Geluk, 2003).
Given appropriate attention to lighting, ventilation, visual cues for orienting,
fire prevention and other safety considerations, emergency egress, and aesthetic
considerations, underground space can be as enticing as surface space designed
for similar use. Creating underground space that enables and encourages safe,
economical, and sustainable use over the long-term is fundamental to that space
being part of sustainable and resilient development in the urban setting.
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Lifecycle Sustainability, Costs, and
Benefits of Underground Infrastructure
Development

space more effectively, but it requires significant and potentially cost-

prohibitive investment for initial construction as compared to similar-
use infrastructure built on the surface. This chapter summarizes the existing
knowledge about the lifecycle sustainability, costs, and benefits of underground
development.

Literature concerning impacts of underground infrastructure on the lifecycle
sustainability of urban development is relatively scant. More is known about
monetary lifecycle costs and benefits, while less is known about long-term envi-
ronmental or social impacts. Even those studies related to economic benefits and
costs were primarily to inform assessment of alternatives for proposed projects,
such as for the Alaska Way Viaduct in Seattle (Taylor, 2008). Fewer retrospective
studies have been conducted to assess actual costs and benefits of underground
development.

This chapter does not provide a lifecycle cost assessment for any under-
ground works; rather it identifies factors to be considered in a lifecycle assess-
ment in terms of economic costs and benefits throughout the infrastructure life
(construction, operation, and renovation) and environmental and social costs and
benefits. Research that would inform better and more comprehensive lifecycle
assessments is identified.

l ] nderground development provides opportunities to use available urban
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LIFECYCLE SUSTAINABILITY ASSESSMENT

In assessing lifecycle sustainability, a “triple bottom line” analysis is often
adopted that considers the economic, environmental, and social impacts of
development. Elkington introduced the basic concepts of the approach in 1994
and expanded on them and introduced the term “triple bottom line” in 1997
(Elkington, 1994, 1997). The approach provides a framework for a multiple
objective assessment of complex investments. “Full cost accounting” pursues a
similar goal of including a wide range of impacts in decision making, but full
cost accounting usually focuses on developing monetary estimates of different
impacts. A recent example of this approach was the estimate of external costs
associated with energy production (NRC, 2010). However, environmental and
social impacts are difficult to quantify monetarily and often are beyond the current
state of knowledge about underground development because of lack of attention.
Accordingly, this chapter is divided into sections that consider the lifecycle
economic, environmental, and social impacts of underground development. This
review of lifecycle costs and benefits is consistent with the committee’s task to
explore how use of the underground could increase sustainability.

Lifecycle Planning and Assessment

Underground development often involves a relatively long life cycle even
when compared with other infrastructure investments. For example, the Circle
Line subway in London was originally constructed more than 150 years ago in
the mid-nineteenth century (Bobrick, 1981). Although the line has been extended,
renovated, and rehabilitated over time, the original investment in underground
construction is still paying off and providing travel and other benefits.! Similarly,
underground pipelines can also last for more than 100 years, especially if in situ
inspection, cathodic protection,? and rehabilitation are performed (e.g., MWRA,
2006). However, government and private planning horizons are usually fairly
short with respect to the useful life of the infrastructure. Metropolitan and state-
wide long-range transportation plans, for example, often consider the benefits and
costs of investment for only a 20-year horizon (DOT, 2007). Such a short plan-
ning horizon means that any benefits from underground development that occur
after 20 years are not considered in investment decision making.

Underground infrastructure development involves an initial investment to
create usable space that provides benefits over an extended period. Long life-
times of underground infrastructure may be excluded from analyses performed
by those with short planning horizons, just as owner and user costs of renovating
surface facilities may be excluded from cost analyses, although they may be quite

For example, to provide shelter. London subway tunnels were used as bomb shelters during World
War II.
2Corrosion protection.
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large. Similarly, high discount rates for calculating the present value of future
benefits will make those benefits less valuable if provided long into the future.
For example, the federal fiscal year 2011 real test discount rate for a 30-year
planning horizon was established at 2.7 percent (OMB, 2010). With this discount
rate, $1.00 of real benefits received 30 years later would have a 2011 value of
1/1.0273% = $0.45, or less than half. One dollar of benefits received 100 years in
the future would either be disregarded as beyond the planning horizon or would
have a 2011 value of only $0.07.

A long lifetime in itself also may affect planning for future alternatives.
Particular underground development can preclude other uses or make them more
expensive to implement. For example, underground transportation tunnels such
as the Boston Central Artery project required rebuilding and relocating exist-
ing underground utilities in the tunnel right-of-way. Building foundations may
make re-use of their underground locations prohibitively expensive, preclud-
ing new underground parking, tunnels, or other uses in that location. In effect,
underground construction may increase cost and reduce flexibility of options for
alternative future uses. Because most underground facilities are left in the ground
even after their useful life ends, the extra cost or difficulty of re-using the space
continues nearly indefinitely. A comprehensive planning effort would recognize
that underground space is a resource that should be used in the best manner pos-
sible, rather than letting initial uses preclude later uses. Similar conclusions have
been drawn with respect to limiting space debris in orbits around Earth that may
prevent use of those orbits for other purposes (e.g., UN, 1999).

In addition to assessing the life cycle of underground infrastructure itself,
sustainability suggests that impacts of the infrastructure also be considered for
the entire life cycle of a project. Lifecycle assessment “studies the environmental
aspects and potential impacts throughout a product’s life (i.e., cradle-to-grave)
from raw material acquisition through production use and disposal” (ISO, 1997).
Figure 5.1 illustrates a generic supply chain life cycle. For underground infra-
structure, the supply chain would include the various materials and processes
involved in construction as well as inputs such as energy for lighting and ven-
tilation during facility operation. Closure and decommissioning costs would be
included in the disposal phase in Figure 5.1. The landfill phase would be expected
to include the costs of providing an engineered landfill for disposal or any costs
associated with legacy structures underground.

Metrics to use in assessing sustainable development overall, as well as to
assess specific economic, environmental, and social impacts, are still a subject
of widespread debate even without consideration of the special circumstances of
underground development (Jeon and Amekudzi, 2005). Economic impacts are
typically expressed in monetary units, but a variety of impacts may be considered
for environmental and social impacts. For example, Reijnders (1996) suggests
that broad environmental impacts be considered in preparing a lifecycle assess-
ment including:
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* impact on resources (e.g., use of renewable and nonrenewable resources,
pollution of resources);

 direct impact on nature and landscape, such as through undesirable change
in landscape;

* air pollution and its contribution to climate change, smog, acid deposition,
odors, and deterioration of the ozone layer;

* soil pollution, such as solid wastes added to soil, through eutrophication,
added toxins, and contributions to groundwater pollution;

» surface water impacts, including biological or chemical discharges with
oxygen demand, toxic discharges, surface water warming, and contribution to
eutrophication;

* Noise;

» clectromagnetic radiation or fields; and

* ionizing radiation.

In many environmental lifecycle assessment studies, environmental impact esti-
mates are limited to only a few critical categories of impacts, such as emissions
of greenhouse gases and conventional pollutants.

Assessing system interdependencies over the life cycle of underground infra-
structure is also an important and challenging part of assessing risk. A variety of
analytic tools exist to aid in risk assessment of individual infrastructure systems
and interactions. These include Bayesian networks, Monte Carlo simulation, and
decision trees (Rinaldi et al., 2001; Haimes, 2004; Weber et al., 2012). Applying
such tools may inform decision making by reducing some of the high levels of
uncertainty associated with different kinds of risk, especially when dealing with
interactions of complex systems.

In this chapter, the committee assembles existing knowledge of the impacts
of underground development, recognizing there are numerous knowledge gaps,
especially because past studies generally took a narrower view of benefits and
costs than is required for a lifecycle sustainability perspective. There is also con-
siderable variation and uncertainty in the performance of underground develop-
ment, especially with regard to extreme events such as earthquakes or flooding.
Moreover, the general advantages and disadvantages for underground facilities
described in Chapter 3 necessitate specific evaluations for each type of use and
site circumstances.

LIFECYCLE ECONOMIC BENEFITS AND COSTS

Increasing population, consumption, density, globalization, communication,
and other trends suggest an increasing complexity for human society (Boyle et
al., 2010). Implementation of technological advancements can have both positive
and negative repercussions. It is important that processes to deliver sustainable
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FIGURE 5.1 A generic product cradle-to-grave life cycle. SOURCE: Modified from
Hendrickson et al., 2006.

underground infrastructure be carefully designed to limit negative impacts while
gaining the maximum benefit. Indirect impacts of technology advancements also
must be considered. Developing underground space provides the opportunity
to use surface space for other purposes such as green space for parks or other
aboveground development within or closer to urban centers, but quantification
of such opportunities is difficult. Low-impact design of infrastructure systems
that reduces environmental impacts and transportation costs is now being incor-
porated into urban development (TRB, 2009). Compact city trends support an
underground development concept including a wide range of underground facili-
ties that contribute to an efficient but highly livable environment. In this regard,
inherent economic benefits are derived from utilizing the subsurface as part of the
provision of housing, transportation, commercial, industrial, and utility facilities.

Intensive Development and the Compact City

There has been a longstanding debate about the benefits and costs of inten-
sive development in the form of compact cities relative to dispersed development
and urban sprawl (e.g., Ewing, 1997; Gordon and Richardson, 1997). Compact
cities are distinguished by high densities of people per unit land area, a mix of
land uses within neighborhoods, one or more high-density centers of employ-
ment, and careful spatial arrangement or contiguity of land uses (NRC, 2010).
Critics of the compact city note the deleterious effects of more intensive develop-
ment, including increased traffic congestion, less affordable housing, and higher
consumer costs (Gordon and Richardson, 1997; O’Toole, 2009).

A recent NRC study found that compact cities are likely to reduce vehicle
miles of travel and both direct and indirect energy consumption and greenhouse
gas emissions (NRC, 2010). European experience is similar (Schwanen et al.,
2004). Shammin and others (2010) estimated that total energy use is roughly 17
percent lower for urban area residents than for rural or low-density area residents,
even when all purchased goods and services are considered. To some extent, these
expected benefits from compact cities may arise from self-choice of residents
who wish to drive less, but even when attitudinal factors are taken into account,
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FIGURE 5.2 Boston Central Artery as an elevated structure and as an underground road-
way SOURCE: MADOT, 2012.

less vehicle miles are traveled in compact cities (Handy et al., 2005). Compact
development also may reduce infrastructure costs and development pressure on
green spaces (Ewing, 1997).

However, higher urban density seems to directly correlate with higher levels
of underground space development (Sterling et al., 2012). Many planners believe
that underground development and use could enhance the net benefits of intensive
development. Use of underground space can reduce traffic congestion and the
consumer costs noted by critics of compact cities while simultaneously achieving
the travel and energy reductions identified by compact city proponents. Figure
5.2 shows the Boston Central Artery, which was originally built as an elevated
structure through downtown Boston but was moved underground in the Big Dig
project, resulting in a corridor of open space (NAE/NRC, 2003). The net benefits
and indirect effects on long-term development may be significant even though
they are difficult to assess on a project-by-project basis.

Construction Phase Economic Benefits and Costs

Our current “built environment includes buildings, engineering works, and
infrastructure such as roads, wastewater and water treatment plants, storm water
management systems, power generation facilities, railways, bridges, and even
natural systems such as rivers and harbors” (Boyle et al., 2010). Underground
development provides an opportunity to place many of these facilities in the
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FIGURE 5.3 Cost for mining and lining approximately 20 ft. diameter tunnels for the
Washington Metro over the period 1969-1994. SOURCE: R. Sterling, from data supplied
by WMATA (courtesy of Walt Mergelsberg). Reprinted with permission of author.

largely available space—real estate—beneath existing surface developments.
Sterling (2005) describes the importance of urban underground space planning.
Initial costs for underground construction include those related to geological site
characterization and management of geologic conditions, finding and relocat-
ing utilities, potential disruption to existing infrastructure due to utility strikes,
requirements for engineered backfill, and traffic control along a horizontal align-
ment. A nationwide effort exists to use best practices in underground works in the
interest of public safety (CGA, 2008). However, in urban areas, existing struc-
tures constrain practical design of underground facilities. Underground facilities
must accommodate facility design restrictions and land or easement availability
for construction. The time associated with accommodating requirements associ-
ated with environmental and safety regulations also must be factored into con-
struction costs.

Figure 5.3, based on data from construction of the Washington Metro
from 1969 to 1994, shows a decreasing trend line for raw tunnel construction
costs and, equally importantly, a narrowing of the costs range over this 25-year
period. Although project costs are highly dependent on specific circumstances,
for example, the difficulty of installation of specific sections, this graph could
suggest that accumulated knowledge and risk management, investments in
research, and adoption of better technologies and contracting practices over
the period resulted in cost reductions for actual tunnel construction. Are these
cost reductions being seen in the total cost of newer underground construction
projects? The answer is probably “no,” because demands for higher safety
standards and reduced construction risk and environmental impact for newer
projects have increased. In addition, such changes in technical costs may be
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FIGURE 5.4 Variability in urban road tunnel costs based on data from Australia, France,
Japan, Sweden, and the United States. Each letter on the x axis represents a different
project for which cost data were provided. SOURCE: R. Sterling, from data collected by
ITA Working Group 13. Modified with permission of the author.

masked by the wide range in total project costs seen in worldwide projects. For
illustration, Figure 5.4 depicts data collected during a study of the costs and
benefits of underground transportation facilities undertaken by the International
Tunneling and Underground Space Association (ITA) Working Group 13 (ITA
WG13, 2004). Cost data on road tunnels from 30 cities in 19 countries were
compiled from questionnaire responses and were converted to a common basis
in terms of 1996 U.S. dollars for the cost per lane mile of roadway.

Although these costs vary because of what is counted in each project’s costs,
the variations observed among countries in constructing a lane kilometer of road-
way suggest that it would be worthwhile to investigate the reasons for lower costs
in some countries as compared to others. Although local geology may have a role,
it is not expected to be the only significant reason for the observed variations.
Differences in design standards, administrative review processes, public engage-
ment, and streamlining of design and construction processes may be increasingly
important. Understanding the reasons for varying costs is important so that the
outcomes of projects developed in other countries can be judged according to
standards other than high cost and so that factors contributing to high costs can
be identified and improved.

Various estimates of the length of water, sewer, and storm water pipelines
in the United States can be found in the literature. Table 2.1 lists a total of
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approximately 3.7 million miles of pipeline including transmission, distribution,
and private service connections. More than 480,000 km of underground utilities
are estimated to be installed worldwide annually, including water, sewer, gas,
electrical, cable television, and telephone (Najafi, 2005). A significant portion of
this infrastructure is buried beneath paved surfaces in urban environments. Con-
sequently, more efficient and effective installation and rehabilitation of this vast
utility network would provide significant economic benefits due to lower direct
cost and a minimal disruption of this surface environment.

Lane closures due to surface construction and the subsequent detours cause
traffic delays and have an impact on the cost of fuel (CNRC, 2005). Impacts can
be minimized through the selection of suitable construction equipment. Further
savings for initial capital equipment may be realized, for example, with trench-
less methods, especially in horizontal construction because of reduced use of
construction equipment (Woodroffe and Ariaratnam, 2008). In contrast, open-cut
excavation requires the use of numerous pieces of equipment including excava-
tors, bulldozers, surface compactors, and haul vehicles.

Now implemented in underground works are alternative contracting mecha-
nisms that provide innovative means for allocating project risks to reduce their
effects on bid amounts. These include approaches such as design-build, design-
build-own-operate-transfer, and construction manager at risk. Additionally, per-
formance-based specifications are used to promote contractor creativity and
reduce construction costs. Incompleteness of performance-based specifications,
however, may negatively affect the final product.

There is little comparison of the costs of underground versus aboveground
construction (Parker, 2007). Lifecycle cost analyses consider the direct, social,
and environmental costs as well as the costs for specialty items such as heating,
ventilation, and air conditioning systems over the life cycle. Because they are
critical to infrastructure functionality and must be carefully selected and installed
during initial construction, these and other operational costs usually are combined
with direct capital costs in selecting the best construction alternative.

Safety hazards and risks are inherent in all construction projects and need
to be assessed during the design phase. A risk-based safety impact assessment
approach was adopted for the construction of a subway line in Seoul, Korea (Seo
and Choi, 2008). Open-cut construction also was evaluated for comparison pur-
poses. The goal was to identify and reduce, prior to construction, the risks associ-
ated with design items that could cause construction accidents. This is important
because subsurface construction is done “out of sight,” thereby requiring a high
degree of skill and extensive experience on the parts of the designer (often
contractually obligated to provide full-time quality control inspection) and the
constructor. The design and construction of subsurface infrastructure represent
unique scenarios in which design, inspection, and construction functions cannot
easily be separated (Kagan et al., 1986).
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Operation Phase Lifecycle Economic Benefits and Costs

As noted earlier, cost benefits accrued from operation of any infrastructure
system are difficult to quantify. Benefits may include enhancements to quality of
life, reductions in travel and travel time, and increases in productivity. There are,
however, inherent benefits related to the operation of underground infrastructure.
Johnson (2006) found that the conversion of unsightly overhead electrical lines
to underground lines resulted in increased property values and improved aesthet-
ics within neighborhoods. Other lifecycle societal economic benefits include
reduced outages, transmission losses, and greenhouse gases; reduced network
maintenance costs; fewer electrocutions; and fewer motor vehicle collisions with
poles (IFC Consulting, 2003). The average cost of burying existing electrical
lines is estimated to be $1 million per mile, which is almost 5 to 6 times (Parsons
Brinkerhoff, 2012) or 10 times (Johnson, 2006) the cost of a new overhead line.
However, the maintenance and operating costs of underground electrical lines
have been reported to be about one-tenth of those of aboveground lines because
of reduced transmission losses over the life cycle (IFC Consulting, 2003). In
addition, underground cables also may enable increases in power transmission
capacity (Al-khalidi and Kalam, 2006).

Chapter 4 describes security issues associated with underground infrastruc-
ture but shows that there are inherent security benefits to putting infrastruc-
ture underground. Underground systems have a lower risk of disaster failure to
earthquakes, hurricanes, tornados, tropical storms, heavy snow events, monsoon
winds, and natural disasters, but these systems may be vulnerable to flooding.
These lower risks could translate into reduced insurance premiums over the life
cycle of the asset (e.g., De Saventhem, 1977).

Renovation and Replacement Phase Lifecycle Economic Benefits and Costs

Renovation of infrastructure (i.e., asset preservation) often improves opera-
tion at a fraction of the cost of full replacement. Consequently, renovation meth-
ods such as lining or grouting of pipelines and external face-lifting of buildings
are preferred when existing infrastructure is still structurally acceptable but
requires renewal to a “like new” condition. Replacement may be deemed neces-
sary because of obsolescence, inflexible design, or irreparability of the exist-
ing infrastructure. Surface infrastructure can be replaced with relative ease as
compared to underground infrastructure; however, the frequency of the need for
repairs and renovations may be less for underground infrastructure because of
the protection the underground provides. On the other hand, if underground infra-
structure becomes obsolete—for example, the largely abandoned underground
freight tunnel system beneath downtown Chicago (see Box 3.7)—it may be dif-
ficult to repurpose the space for another use.

Careful planning of underground use for well into the future can minimize
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the rate at which infrastructure becomes obsolete. Utilidors (described in Chapter
3), for example, provide flexibility to switch out or add utilities when dictated
by obsolescence, deterioration, or capacity issues. Utilidors streamline utility
easements and provide improved accuracy in locating existing buried utilities,
which is advantageous for line maintenance and replacement. Canto-Perello
and others (2009) found that utilidors minimize the potential dilemma of mutual
interference between utilities and transportation networks. Additionally, placing
utilities in utilidors results in minimizing physical damage to surface streets from
continual cutting of pavement when installing, inspecting, maintaining, repairing,
or replacing lines.

LIFECYCLE ENVIRONMENTAL BENEFITS AND COSTS

Since 1970, the National Environmental Protection Act (NEPA) has required
“federal agencies to integrate environmental values into their decision making
processes by considering the environmental impacts of their proposed actions
and reasonable alternatives to those actions” (EPA, 2010). As a result, environ-
mental impact statements and analyses have been completed for a wide range of
underground developments. However, these impact statements are prospective
in nature to inform planning decisions, rather than retrospective assessments of
actual environmental impacts from projects as built. For example, whereas many
earlier environmental impact analyses did not include greenhouse gas emission
effects, recent environmental impact statements address findings such as the 2009
finding by the EPA Administrator that greenhouse gas emissions (carbon dioxide,
methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons, and sulfur hexa-
fluoride) threaten public health and the welfare of current and future generations
as a result of climate change effects (EPA, 2009). Finally, environmental impact
statements typically do not include the supply chain or indirect environmental
impacts in the analyses and therefore do not provide a complete lifecycle assess-
ment. For estimating carbon footprint or greenhouse gas emissions, these indirect
emissions are termed Tier 3 emissions and often are significant for the provision
of goods and services (Matthews et al., 2008). In particular, the production of
cement used in underground construction generally results in significant green-
house gas emissions.

Construction methods play a major role in greenhouse gas emissions.
Sihabuddin and Ariaratnam (2009) compared airborne emissions from trenchless
versus open-cut pipe replacement on the same project and found that trenchless
reduced pollution on the order of 80 percent. Few studies have looked at the
effect of underground infrastructure over its entire life cycle or have compared
lifecycle assessments of overhead and underground infrastructure delivering the
same service (see Box 5.1).
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BOX 5.1

Environmental Lifecycle Comparison of Overhead and
Underground Power Distribution

Bumby et al. (2010) compared buried and overhead power distribution
using Southern California Edison designs for medium voltage cables using a
process-based lifecycle assessment per guidelines from the International Or-
ganization for Standardization.? The Figure shows the various process steps
involved in the life cycle for the underground power distribution assembly.
Their assessment indicates that overhead distribution assemblies as designed
by Southern California Edison have lower overall emissions. The values are
heavily influenced by the additional material inputs required for cable manu-
facturing of the underground distribution assembly. Secondary factors include
the shorter estimated life for underground cables due to underground heating
effects and lost carbon sequestration due to timber production because carbon
is captured in the growth of trees. The study also estimated eco-indicator im-
pacts common in Europe (see Guinée, 2002, for standards), including abiotic
depletion potential, acidification potential, eutrophication potential, freshwater
aquatic ecotoxicity, human toxicity potential, photochemical ozone creation
potential, and terrestrial ecotoxicity potential. For reasons similar to those for
greenhouse gas emissions, the overhead design had lower environmental
impacts in these categories.

The study omitted some categories that require further research. The
underground cable had lower resistance, so transmission power losses may
be lower underground. The study does not consider land use impacts and
the net urban system energy usage or environmental effects given either
overhead or underground use. The construction material advantage for power
cables may not exist for overhead structures used for other purposes such as
carrying vehicles. Moreover, siting overhead power transmission lines often
can be difficult for aesthetic reasons. This study demonstrates the difficulty of
obtaining comprehensive but rigorous results from triple bottom line analyses.
Such analyses can include only the issues for which data are available and
are unable to address broader performance, resilience, societal, or environ-
mental issues.

SOCIAL BENEFITS AND COSTS

This section summarizes some of the social benefit and costs associated with
the use of underground space and discusses what additional data or changes in
assessment practices might be helpful to making sound investment and opera-
tional decisions.

As described in earlier sections, the framework for the economic and envi-
ronmental lifecycle assessment of project alternatives is reasonably well under-
stood—including how to manage conceptually the combination of quantitative
and subjective comparisons. One challenge to lifecycle cost analysis is that some
of the strongest advantages of underground structures tend to be more long term
and qualitative (including benefits to quality of life or urban resilience), while
disadvantages tend to be more readily identifiable and quantifiable (e.g., startup
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costs). Another challenge is that few individuals are expected to state a preference
for being in an underground facility rather than a surface facility for extended
periods. In many cases, the benefits come from what the underground facility
permits in terms of an improved surface environment, mobility, or services rather
than from the superior attributes of the facility itself.

Underground space use, if well planned, permits excellent options for urban
transportation and provision of utility services, along with a range of other desired
facilities, all with low-impact on the surface environment, heritage, and, poten-
tially, ecology. In other words, well-planned underground construction supports a
compact, well-functioning, livable, and sustainable urban environment. The pro-
tection and resilience of an underground structure may benefit the project owner,
but if it affects the ability of society to function effectively, for example, after a
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disaster, then it has a much broader societal impact. Likewise, communities are
increasingly resisting construction-caused disruption from new infrastructure
projects. The project owner may pay some costs attributable to the disruption—
such as business loss—but the owner does not pay for traffic delay costs and the
diminished livability of the neighborhood due to construction noise, vibration,
dust, and diminished air quality. Capturing all of the appropriate costs when com-
paring project alternatives remains a challenge and a topic for future research.

Multiple papers identify issues to be considered with respect to utility proj-
ects (e.g., Gilchrist and Allouche, 2005) and provide case examples of the appli-
cation of social and indirect costs to project decision making (e.g., Li et al., 2009).
However, typically only a few of the key social or indirect costs are considered
because of a lack of impacts data or a lack of accepted costing for disturbances
effects. Papers that describe analyses of a variety of costs (e.g., Pucker et al.,
2000) typically find that traffic delay costs are the most important social cost in
urban areas and can rival or exceed the cost of the construction itself for some
street utility work. In suburban or rural areas, traffic delays are typically less
severe except on key arterial routes.

Local opposition to a project typically is based on the social and indirect
costs expected as a result of project construction and operation. Often, these costs
can be mitigated through less disruptive construction methods (e.g., trenchless
technologies for utility construction and repair, and bored tunnels instead of cut-
and-cover tunnels for road and rail projects) and restrictions or modifications
to working practices (e.g., limits on working hours, noise, and vibration). As
restricted working practices are adopted to accommodate neighborhood opposi-
tion, unpaid social costs become hard construction costs and potentially increase
construction risks. Least disruptive construction methods are more likely chosen,
avoiding the need to calculate social costs.

Another issue worth noting is that construction and operation impacts of
major infrastructure projects represent a moving target in terms of acceptable
compromises for limiting impacts on neighborhoods. Discussions about trans-
forming a surface or elevated transportation project to an underground alignment,
or transforming from cut-and-cover to bored tunnel construction, typically con-
sider noise and air quality impacts at the tunnel portal. In general terms, the shift
underground maintains mobility for many people in the urban area and lessens
the environmental impact on most of the area through which it passes. However,
construction vibrations (e.g., from blasting) and noise and air quality emissions
become more localized—making them more bothersome to those in the immedi-
ate vicinity, but also more controllable. The drawback is that the increasingly
high standards to which underground projects may be held increases their costs
relative to surface or elevated alternatives. Critical decisions regarding major
infrastructure initiatives for urban areas ride on such concerns. The ability to
adequately compare radically different infrastructure alternatives (including the
“do nothing” alternative) that potentially change the face of the city for better or
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worse remains a daunting challenge. In many cases, a strong political decision is
finally made in the face of widely different opinions and conflicting cost-benefit
analyses.

Accommodating social and human factors issues and improving underground
designs are not just window dressing essentially technical projects. How these
issues are addressed in the project’s design and construction can have profound
effects on its cost, acceptance by the public, and impact over its life cycle. There is
no single best answer, but it is important to understand the various ramifications.
The Stockholm (Sweden) Metro has individualized station designs decorated by
artists to make distinctly different environments in each station (Winqvist and
Mellgren, 1988). Washington, DC, Metro stations have a similar look that cre-
ates familiarity for ease of use. Large station caverns often are used to create an
impressive public space underground, but at a cost in terms of initial construction
and probably in operation as well (as pointed out by O’Rourke, 1983). Allowing
variety in design approaches based on a better understanding of how to create
interesting and enjoyable underground spaces without large increases in cost or
space requirements remains a challenge, as does quantifying the social costs and
benefits over the life cycle of the infrastructure.

RESEARCH NEEDS FOR LIFECYCLE COSTS AND BENEFITS

As discussed earlier, many factors are incorporated into full lifecycle cost
analysis. Consideration of those factors may shift the perception of the feasibil-
ity of underground space use—from that of expensive and risky, to wise and
most cost-effective in the long term. Largely needed is a better understanding of
what aspects of project planning, design, construction, and operation contribute
the most to project costs and long-term benefits and performance. The goals of
lifecycle cost analysis are to reduce costs where possible through technology
enhancements and design and administrative changes, as well as to better articu-
late the long-term benefits to the urban area—in monetary terms if possible—but,
at least through well-documented examples of the positive and negative impacts
of underground projects.

Considering the high profile of many underground road and rail projects, it
is surprising that comprehensive documentation is hard to find. Planning stud-
ies are available, but they lack the retrospective assessment of actual costs and
benefits. There is anecdotal or partial evidence of the positive environmental
and financial impacts of replacing aboveground transportation structures with
underground alignments on neighborhoods worldwide. For example, the Boston
Globe reported in 2004 (Palmer, 2004):

According to an in-depth review of the City of Boston tax assessing
records by the Globe, in the 15 years since the Central Artery tunnel
project began, the value of commercial properties along the mile-long



140 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

strip that this year will become the Rose Kennedy Greenway increased
to 82.3 billion, up 79 percent. Thats almost double the citywide 41
percent increase in assessed commercial property values in the same
period.

When adjusted and aggregated over the entire Central Artery alignment,
the increase in land values could be of the same order of magnitude as the cost
of such a difficult and expensive project. What appears to be lacking in this and
other examples is careful and defensible study of the financial and environment
changes over, say, a decade following project completion. Retrospective, com-
parative studies of the costs and impacts of the various types of underground
construction projects are needed. To be useful, these studies must be conducted
in a comprehensive and scientific manner and must consider economic, environ-
mental, and social impacts.
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Innovative Underground Technology and
Engineering for Sustainable Development

sible to use underground space to support livable, resilient, and sustain-

able cities. Geotechnical applications have supported the design and
construction of underground facilities, and will continue to be critical to the
delivery of underground facilities with lower initial costs and risk, and better
lifecycle performance. To contribute to a more resilient and sustainable future,
geotechnology will need to more closely integrate the many disciplines related to
site investigation, design, construction, operation, and risk management of under-
ground facilities. A better understanding of the sustainability of underground
use—for example, minimizing deterioration, increasing resilience, making holis-
tic decisions concerning subsurface hydrogeologic and thermal environments—
also will be necessary. Improvements in underground technologies have enabled
great strides in urban development in recent decades, but the complexity and
unpredictability still inherent in underground construction are indications that
many challenges remain.

This chapter provides a brief overview of the state of the art in various
technologies that support underground construction and facility operation. High-
lighted are technologies that provide opportunities for significant improvement
in the delivery of cost-effective lifecycle performance for underground facilities,
contribute to improvements in underground space usage, and contribute to resil-
ient and sustainable urban solutions.

Geotechnologies and related science and engineering fields make it pos-

145
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EVOLUTION OF TECHNOLOGY

Technological innovation can advance engineering practice and increase
the appeal of underground space. Technological and engineering advances have
always been crucial to efficient and economical underground development. Many
technological developments have been motivated by practical challenges encoun-
tered during construction of a project (e.g., the development of the tunnel shield
by Brunel), and the tunneling industry has contributed to or been instrumental
in many of these. The highly automated modern tunneling boring machine is an
example of an an industry led development as are water proofing and ground
improvement technologies that have been introduced and popularized. In close
partnership with academia, industry has developed many analysis and design
tools (e.g., finite element analysis methods).

Since the time of the Pharaohs, tunnels have been built by cut-and-cover
construction methods (El Salam, 2002). The invention of the tunnel shield—
which supports unlined ground to reduce the risk of collapse, Sir Marc Isambard
Brunel and his son Isambard Kingdom Brunel were able to excavate a tunnel
under the Thames River (London) between 1825 and 1843 (Muir Wood et al.,
1994; Skempton and Chrimes, 1994) (see Figure 6.1 for a drawing of Brunel’s
shield). Previous projects involving tunnel boring in soft, saturated soils had been
extremely difficult or impossible to complete. The tunnel created an important
connection between the north and south banks of the Thames that is still in use
almost 170 years later. The application of this new technology heralded the era
of shield tunneling.

Electrically powered locomotives ushered in the era of modern subway
systems around the turn of the twentieth century. Electrification alleviated
concerns about hazardous diesel or coal fumes and allowed long-distance
underground train travel. Innovations in large-scale ventilation systems permitted
underground roadway development. Climate control systems, improved lighting,
and more effective signage made the underground environment more hospitable,
comfortable, and appealing for retail functions and mass transportation. Advances
in materials technology, computer science, robotic construction technology, and
laser guidance have allowed improved subsurface excavation using modern slurry
shield and earth pressure balance boring machines' (Figure 6.2) and rock tunnel
boring machines (Figure 6.3). Those technologies made it feasible to construct
tunnels exceeding 50 kilometers in length and at diameters approaching 20
meters, and to tunnel under challenging geologic conditions (e.g., in soft flowing
ground or highly fractured rock under high ground and water pressures). Ground
modification technologies—e.g., injecting cementitious agents to strengthen and
reduce permeability of soil and rock, or temporarily freezing of water-bearing

!'Slurry shield and earth pressure balance boring machines for boring in saturated soils are designed
to withstand water under pressure.
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FIGURE 6.1 Brunel’s tunnel shield. Marc Isambard Brunel developed this tunnel shield
technology to build the first subaqueous tunnel beneath the Thames River (1821-1825).
Brick walls were built at the faces of the tunnel and held in place while alternate shields
were pushed forward 6 inches. The completed tunnel was 38 feet wide and accommodated
two carriageways. SOURCE: http://en.wikipedia.org/wiki/File:Thames_tunnel shield.png
(accessed June 27, 2012). Public Domain.

Conditioned & pressurized
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face preventing inflow of  in tail of shield through tail as
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FIGURE 6.2 Cross-section of earth pressure balance tunnel boring machine. This tunnel-
ing technology is ideal for homogenous soft soils. A screw conveyor is used to transport
spoil from the face and helps to control pressure with the coordinated advancement of the
machine. The excavation chamber is filled to support the face and allow the machine to
be reactive to earth and groundwater pressures. SOURCE: E.J. Cording.
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FIGURE 6.3 Cutter head of a rock tunnel boring machine used to excavate the Chat-
tahoochie tunnel. Disk cutters cut grooves approximately 4 inches apart in this example.
SOURCE: E.J. Cording.

materials (Figure 6.4)—broadened the geologic and hydrologic conditions under
which underground construction may occur. Horizontal directional drilling
revolutionized installation of many utilities and greatly reduced the need to close
streets to traffic and disrupt life in urban situations.

Many of the technologies described above led to changes in engineering
practice, and in some cases, to new paradigms in urban planning. Similarly,
today’s engineering and technology developments will be crucial to an economi-
cally constructed, functional, attractive, energy efficient, and sustainable urban
environment. This chapter is grouped under the following themes:

+ technologies for underground site characterization, including geologic
setting, rock and soil properties, and existing underground infrastructure;

» technologies for design and analysis for underground technologies;

» technologies for construction of underground space;

 technologies for effective asset management; and

» technologies that promote sustainability and resilience.

These themes are not necessarily sequential or independent. Observations made
during the application of each may inform decision making during any phase of
development or operation. Infrastructure design may identify further site charac-
terization needs, and unanticipated conditions encountered during construction
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FIGURE 6.4 Artificial ground freezing is applied in the excavations extending under the
Danube River. Freezing groundwater around an excavation improves the load carrying
capacity of the soils and provides temporary support during construction. (Left) A cross-
sectional diagram with the locations of the freezing pipes indicated. SOURCE: IMWS,
2009. Reprinted with permission. (Right) Photograph showing excavation with freezing
pipes in place. SOURCE: http://www.tunneltalk.com/images/BudapestMetro/6-Budapest-
Metro-GroundFreezingApplied.jpg.

may require revisions in design. Monitoring and characterization ideally should
occur throughout the infrastructure life cycle. Observations can lead to a type of
informed decision making called observational method (e.g., Peck, 1969; Institute
for Civil Engineers (Great Britain), 1996) that can improve economy and safety.
Many geotechnical engineers refer to the framework for this method originated
by Peck and described in a publication by Nicholson and others (1999).

The discussions within each theme are illustrative of technologies in use or
that have significant potential for the future. By their nature, disruptive technolo-
gies are difficult to anticipate, but can fundamentally shift the way underground
space is developed and used. Many of the technologies described in this chapter
depend on the use of the observational method for effective decision making.
Suggested are technologies for analyses that allow improved application of the
observational method.

TECHNOLOGIES FOR UNDERGROUND SITE CHARACTERIZATION

Engineering urban underground space requires detailed knowledge of the
underlying geology and the geologic and human-development histories of a site,
alignment, and adjacent areas that may affect or be affected by proposed develop-
ment. Better subsurface characterization supports better decision making. Mini-
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mizing unanticipated ground conditions may allow optimized design and more
judicious use of resources during construction. Detailed understanding of how
the site relates to the broader natural and urban systems allows more complete
understanding of the existing engineering challenges and informs underground
infrastructure locations and alignments, design, choice of construction methods
and tools, and long-term operation of the facility and adjacent structures.

Site characterization activities often begin through study of existing data and
published information. Currently, relevant information must be gathered from
many sources and may not provide adequate—or accurate—information about
the geological setting or existing underground structures. Ongoing advances in
computational capabilities (e.g., massive database systems, data mining) and
georeferencing of data (e.g., survey-grade global positioning systems and geo-
graphical information systems) could be of great use in the future. These issues
are further explored later in this chapter.

Characterizing Geology, Geologic Material Properties, Contamination, and
Natural Hazards

A geologic perspective in site characterization is necessary to appreciate,
quantify, and manage uncertainties in and variability of soil and rock properties
and behavior (e.g., composition, stress-strain behavior, permeability, abrasivity,
thermal conductivity) and groundwater conditions, ultimately minimizing costs
or avoiding overly conservative design (NRC, 2006; FHWA, 2009). Preliminary
field and laboratory work supports preliminary project design and construction
planning, but further characterization narrows uncertainties and provides detail
on important geologic features (e.g., boundaries of geologic units, fault zones),
supports design of specific underground works (e.g., shafts, rooms), and provides
information related to other special requirements (e.g., avoiding environmental
contamination or in situ stress evaluation). The natural underground environment
is inhomogeneous, anisotropic, and highly variable over short spatial extents.
Large volumes of geologic material often must be characterized in great detail to
detect stratigraphic changes and discontinuities important for predicting ground
response to construction. A broad range of invasive and noninvasive technologies
and tools are available to carry out in situ field investigations (see for example,
FHWA, 2009), but existing assessment tools cannot provide complete spatial
coverage, accurate zonation, and in-situ material properties.

At a project scale, hazardous materials encountered during underground
construction can add large and unexpected costs to a project and delay project
delivery. Characterizing natural and anthropogenic hazardous materials (e.g.,
chemical contamination and radiation) and their effects on the natural and built
environments for particular construction and operation activities is vital. Under-
standing any hazardous materials that may be released or transported as a result
of construction and operation is important to long-term sustainability and resil-



INNOVATIVE UNDERGROUND TECHNOLOGY AND ENGINEERING 151

ience. Similarly, identifying adequate design approaches to protect underground
infrastructure from natural hazards such as earthquakes or floods is critical to a
resilient and well-functioning underground facility. Because these topics have
a broad connection to sustainability and resilience, their characterization is dis-
cussed later in the chapter.

Environmental concerns that extend to underground storage and disposal also
need to be considered. For example, society is grappling with the risks associated
with the emerging technology of carbon dioxide sequestration. As more large-
scale sequestrations are planned, the need to examine their potential impacts on
the ability to develop underground space becomes even greater, because, for
example, carbon dioxide could seep into underground space. Therefore, the solu-
tion of one problem could inadvertently result in another problem. A recent NRC
report explored the risk associated with induced seismicity as a result of carbon
capture and storage and makes specific research recommendations related to, for
example, factors other than pore pressure that influence seismicity, and develop-
ment of physiochemical and fluid mechanical models for carbon dioxide injection
into potential underground storage reservoirs (NRC, 2012).

Choice of characterization tools depends on a number of factors including
depth of interest and ground conditions (e.g., soil versus rock; saturated versus
partially saturated). Both traditional in situ technologies (e.g., direct measure-
ment) and noninvasive technologies (e.g., geophysical) can be used to character-
ize natural and manmade features. Some construction sectors provide guidance
on site characterization technology choices through extensive lists of tools and
techniques (e.g., FHWA, 2009). Training and experience in the proper use of the
tools, however, is usually as critical as the choice of technology itself.

Invasive Technologies

In situ testing tools provide direct physical measurement of material proper-
ties. In soils, for example, standard penetration tests and cone penetrometer tests
(e.g., electric, piezocone, and seismic tools) are used to sample or test soil layers
directly by drilling or thrusting sampling tools into the ground. Rock sampling
and testing can be borehole based or conducted on the removed core. Borings
are used to characterize properties such as soil strength, stiffness, dynamic shear
wave velocity, and groundwater properties and quality, and the geology at the
borehole location. An individual boring may or may not represent the subsurface
only a short distance away given the potential variation in geology. Directionally
inclined and horizontal boreholes and oriented probing tools also can be used to
investigate specific features or the distribution of materials. Horizontal probing
allows exploration of the subsurface along the length of the alignment of a tunnel
or other infrastructure. The use of oriented exploration tools, while common in
the energy exploration industry, is less common for civil underground structure
development. This may be due to cost, but perhaps also to unfamiliarity with the
technique among site investigation professionals. It may be argued that incentives
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for efficiency are less evident for engineers than for contractors and owners who
realize savings from efficiency.

Recent developments in boring technologies include cryogenic drilling capa-
bilities for boring in difficult materials and measurement while drilling (MWD)
systems that provide early information on the materials useful for guiding future
borings and planning an efficient testing program. The profession has yet to
widely adopt these techniques.

Noninvasive Technologies

Noninvasive site characterization tools include remote sensing (e.g., satel-
lite and terrestrial light detection and ranging (LIDAR), digital photogrammetry,
radiometric technologies, and interferometry methods) and ground geophysical
techniques (e.g., seismic refraction and reflection, spectral analysis of surface
waves (SASW), crosshole tomography, geoelectric, electromagnetic, and poten-
tial field methods [gravity, magnetic]) that provide data from which subsurface
conditions may be inferred. Noninvasive techniques are best used in combina-
tion with invasive techniques to provide a more complete understanding of
underground conditions. Advantages of noninvasive technologies are the speed
with which they can be used and that larger volumes of the subsurface can be
characterized. Disadvantages are that data generally must be reduced from their
raw form—inversion modeling is often required to evaluate ground zonation and
materials properties. Such models are non-unique (e.g., a single data set can yield
infinite models), and hence special skills and knowledge are required to reduce
and interpret data. The cost of some of these methods can also be high, but as the
methods become more common and the technologies continue to improve (e.g.,
laser scanning), the cost of data acquisition and analysis will go down.

There is significant opportunity to improve data gathering related to ground
properties and the presence and location of existing structures using noninvasive
technologies, but there are physical limitations in terms of the scale of objects to
be characterized and the material property differences that can be identified rela-
tive to the depth of investigation possible. There is, for example, a practical limit
for pipe detection using surface-based ground penetrating radar (GPR), reported
to be the ratio of approximately 12:1 for the detection depth to the detectable pipe
diameter, even under favorable soil conditions (Sterling et al., 2009). This means
that a 1-foot diameter pipe can only be detected if within 12 feet of the surface,
and a 1-inch pipe can only be detected up to a depth of 1 foot. Research into the
fusion of multi-sensor data that would allow noninvasive technologies to accom-
modate a wider range of ground conditions and to improve their ability to resolve
ground properties and the presence and location of buried objects is under way
both in the United States and overseas. Similarly, research by the military into
the detection of land mines and deep covert tunnels can have significant benefits
in broader civil engineering applications.
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Characterizing Existing Infrastructure and Legacy
Construction Materials

Failing to locate existing infrastructure before repairing existing or installing
new infrastructure is a potential source of accidents. Legacy construction mate-
rials, including unmapped abandoned piles, foundations, or tiebacks that once
provided support during previous construction, are regularly encountered during
underground construction. Identifying and characterizing these artifacts is a nec-
essary part of site characterization. Historical records found in planning depart-
ments can be used to identify locations of some legacy materials, but the records
are often incomplete, inaccurate, or missing, thereby necessitating a greater reli-
ance on exploration technologies, especially noninvasive, for characterization.

Unmapped or inaccurately mapped underground infrastructure poses poten-
tial hazards and risks for underground construction workers, the construction site,
other infrastructure, and other people in the vicinity. Encountering unexpected
infrastructure may necessitate revised construction planning or repairs. Existing
or legacy infrastructure may be avoided, but sometimes must be protected with
support designed to avoid displacement or damage to existing or planned infra-
structure. The committee notes that every open-cut excavation, bore, or tunnel
is an opportunity to assess and document the ground properties and structures
encountered for present and future applications. The hundreds of thousands of
open-cut excavations for utility work made every day in the United States, for
example, offer repeated opportunities to collect and archive such data. However,
the fidelity of nonivinasive techniques to identify subsurface infrastructure needs
to be improved. Additionally, investigation technologies need to be integrated
with new physical tools and administrative structures to capture this type of infor-
mation. Mechanisms that allow dynamic archiving (e.g., continuous updating and
modification) of these data are critical to the sustainability of urban infrastructure.

Interpreting and Integrating Site Characterization Data

Site characterization information and data must be processed and evaluated
to develop interpretative geologic models and to generate the engineering param-
eters to be used in underground facility design (see examples in Box 6.1). Many
field techniques used for preliminary property classification have been applied for
decades and are subject to gross differences in interpretation. Typically, field clas-
sification cannot substitute for laboratory verifications. Many tools aid interpreta-
tion of, for example, rock classification including empirically based procedures
such as the Q-system (for rock quality classification) (Barton et al., 1974), the
Rock Mass Rating system (Bieniawski, 1976, 1989), and the Geological Strength
Index (Hoek, 1994) (see Figure 6.5 for example classification). Classification
schemes for characteristics such as strength and stiffness also are used to establish
the input for advanced numerical analysis procedures.
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BOX 6.1
Three-dimensional Geologic Modeling

Three-dimensional modeling of ground conditions that incorporate geo-
technical and geophysical data is conducted extensively in the United States
for development activities including resource exploration and extraction and
infrastructure development. Similar modeling techniques can be applied to
urban infrastructure planning, risk modeling, and resource management as is
done by the British Geological Survey (see Figure 1). Such models can provide
multiple “views” (e.g., orientations), be “exploded” (e.g., layers can be visually
separated to isolate specific features or units), and otherwise manipulated to
identify predicted physical properties at depth, the locations of anthropogenic
structures, aquifer vulnerabilities, and other qualities. Such comprehensive

__———" Organic material

Bl peat
Mixed fine and coarse

Very soft to very stiffloose to very dense: Made Ground
B Very soft to very stiffloose medium dense CLAY or SILT, SAND or GRAVEL: Law and Gourock Formations
M Firm to stifiidense very dense gravelly sandy CLAY or SAND and GRAVEL: Wildemess Formation
Mostly fine grained

Very soft o firm(loose) laminated (sand) SILT and CLAY: Paisley Formation
B Firm to stiff laminated SILT and CLAY: Bellshill and Broomhouse (fine grained) Formations.
Coarse-grained

Loose to medium dense silt SAND and SAND: Bridgeton, Ross and Killeam Formations
W Medium to very dense silty gravelly SAND and/or GRAVEL: Broomhouse Formation

FIGURE 1 Example of three-dimensional engineering geological modeling employed by the
British Geological Survey for visualizing variability in geologic materials and their physical
properties. SOURCE: Reeves, 2010. Reproduced by permission of the British Geological
Survey. © NERC. All rights reserved. CP12/073.

From a broad perspective, however, insufficient use is made of all the clas-
sification and material testing that is carried out on the thousands of individual
projects that occur in a medium- to large-sized city every year. Collection and
integration of such data remain difficult because, to be useful, the data must be
carefully documented and referenced as to location, depth, other properties, and
pedigree (e.g., data sources, what tests were run, and was test equipment properly
calibrated). Also, and perhaps the most telling, are the significant disincentives
for project owners and their consultants to release data because of concerns
related to liability and loss of proprietary knowledge. Nevertheless, regulations
exist, for example, that require well boring operations to submit their boring logs
to state geological surveys. Steps to usefully capture more of the geotechnical
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views of data can enhance decision making and help to quantify uncertainties
that historically are a source of difficulties in contracting and litigation. Confi-
dence maps can be created based on data density and geologic complexity
that indicate areas of low or high uncertainty in models (see Figure 2). Given
variability of geologic conditions and the spatial limitations of underground
characterization tools, information about the underground is often limited and
includes significant uncertainties.

Highest uncertainty where
no data points and near
a fault

Lowest uncertainty where
numerous data points

FIGURE 2 A bedrock confidence map produced for an area in Glasgow, Scotland. The green
points represent actual data points; the roughly vertical planes represent faults. Contours
represent levels of uncertainty based on data density and geological complexity of modeled
surface (red indicating high uncertainty). Such maps provide valuable insights regarding
where more data may be needed. SOURCE: Reeves, 2010. Reproduced by permission of
the British Geological Survey. © NERC. All rights reserved. CP12/073.

J

data generated represent important ways to help enable the sustainability of the
urban underground and the regions it serves.

To move toward engineering practices that are consistent with such sustain-
ability goals, data related to underground infrastructure development need to be
archived in formats and with tools that make them retrievable and accessible for
the infrastructure life cycle—and beyond (to account for infrastructure artifacts
in place well after closure or decommissioning). These issues will be discussed
in a later section related to the critical challenges of archiving infrastructure-
related data.
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Figure 6.5 Support categories estimated from the tunneling quality index (after Grimstad
and Barton, 1993) SOURCE: Palmstrom and Broch, 2006.

TECHNOLOGIES FOR DESIGN

Sustainability as an integral part of design is a relatively new concept.
Sociopolitical and economic issues, discussed in earlier chapters, influence infra-
structure design, perhaps at the expense of sustainability. Design and analysis
of underground infrastructure is often heavily focused on the immediate open-
ing and support of underground space; long-term issues related to sustainable
maintenance and use are often overlooked, as are lifecycle contributions of the
infrastructure to society. Project constraints such as rights of way and access can
impact selection of project alignment, and physical constraints such as those
associated with water conveyance gravity systems (e.g., slope, number of lift
stations, length of drives), maximum grade (for construction and operation), and
shaft location also may affect design choices. New technologies or policies that
reduce the adverse affects of such physical constraints could reduce the cost of
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developing underground space.? As discussed in Chapter 4, codes and standards
guide design and operation, especially where public safety is affected. Although
building codes can protect the health and safety of those constructing, operating,
or using infrastructure, building codes are static in nature and, therefore, can
detract from sustainability goals and leave little room for flexibility or evolution
of technologies.

Constraints created by the limitation of design tools, or by the limitations of
those who use the tools, also limit the ability to design underground infrastructure
optimally and to reduce lifecycle costs. Underground infrastructure design can
benefit from iterative analyses of designs—especially innovative designs—in
a virtual environment. Design performance in difficult ground conditions can
be predicted using numerical models, and results of analyses can inform infra-
structure design modifications that meet constraints and desired parameters. The
process can be repeated as often as necessary until desired model responses
and optimal design are achieved. Commercial software packages are available
for this sort of analysis, but their use is successful only if their limitations are
recognized. Needed in geotechnical design is greater consistency in numerical
modeling usage, project design validation, and integration of modeling with
other analysis components (scaling) to arrive at more sustainable design. This
requires software enhancement, especially with respect to graphical user interface
interactions, error checking, and user training. Another challenge is the lack of
appropriate ground behavior model input. Field and laboratory test data are often
not appropriate for input in advanced analysis or model verification. Stronger and
more direct linkages between field investigation data and model development are
needed (e.g., Hashash et al., 2009).

The proper combination of technology, training, and skills are vital to good
engineering design. The design of sustainable underground facilities is a complex
and iterative process that is necessarily a team effort, as described in Chapter
3. Continuous communication between engineers, owners, and interested third
parties is necessary to develop optimal designs that meet the owner’s specific
requirements and societal sustainability goals. Input from a broader array of
stakeholders helps create infrastructure that is integrated into the system of sys-
tems that comprise urban development. Designers need to contend with how the
space fits within existing infrastructure, its long-term impacts on the total urban
environment, and its resilience over time.

The next sections describe typical major inputs to the design of underground
projects.

2An example of this is a Japanese law pertaining to the public right to space of greater than 40 m
depth as a means to enhance planning and sustainability of underground resources. The laws allows
rational choices for project alignments and preservation of the underground for future uses (Konda,
2003).
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Integrating Design and Analysis

Good engineering design includes analysis of system performance as part of
design development. Many tools are available to design details of underground
structures—for example, thickness of supports or appropriate size and location of
ventilation shafts. Empirical and analytical design methods, ideas and procedures
based on experience, building codes, and analytical and computational software
packages all contribute to optimal design of underground structures. However,
their effectiveness directly correlates with the quality of data input and the knowl-
edge base and experience of those applying the tools.

Experience

The lack of education and training that allows good engineering of under-
ground systems is of growing concern in the United States and will ultimately
affect the resilience of underground infrastructure and sustainability of the urban
development. Fewer than five U.S. institutions of higher education provide stu-
dent opportunities in underground construction, and engineering talent is being
imported from overseas. Similarly, it is critical for the underground construction
industry to develop mechanisms that allow the relevant transfer of experience
from senior personnel to young engineers.

Empirical Design Tools

Empirical design methods rely on quasi-quantitative approaches to material
characterization based largely on experience-driven judgments. They are not
necessarily based on fundamental mechanisms of ground and structure behavior.
For example, soil and rock classification systems are based on the comparison
of observed material behaviors from the infrastructure site to similar observa-
tions made elsewhere. Behavior is predicted based on those comparisons, but
the underlying reasons for the behaviors may not be well understood. Even so,
the soil and rock classifications based on empirical characterization often inform
support requirements and design specifications. In some cases, empirical char-
acterization may be based on a large number of prior observations, and resulting
conclusions may be robust. In other cases, few data exist to enable comparisons,
and empirical characterizations may be more similar to “best guesses.” Empiri-
cally based conclusions can be considered first-order estimations, and further
observations may be necessary to confirm or refine those estimates. In other
words, they can be used to interpolate but not extrapolate. Improper use of
empirical tools can result in safety hazards, poor performance, or unnecessary
expenses. Educating professionals about the limitations of empirical methods is
one way to improve their use. Improving the databases of observations and the
methods for their expansion is another.
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Analytical and Computational Methods

Analytical methods—primarily closed-form mathematical solutions that
do not require the use of a computer—for calculating stresses, strains, ground
movements, groundwater flow, and other properties are critical to improving
the understanding of underground structure behavior in concert with the ground
environment. They provide data on the responses of underground structures for
particular idealized boundary conditions and material behaviors. Analytical meth-
ods are key tools for building knowledge and judgment regarding geotechnical
behavior, for carrying out preliminary design studies (or full design given suit-
able configurations), and for comparing complex computational model outputs
to gauge reliability. However, they cannot capture the full complexity of most
underground structures and geological conditions.

Computational methods such as finite element, finite difference, and discrete
element methods are used to estimate behaviors of soil, rock, or engineered struc-
tures when a sufficient amount of detailed information is available—for example,
to refine design based on responses—but can be useful when there is limited prior
experience working under specific conditions. Behaviors may be predicted using
computer software programs. Computational methods may be used to estimate,
for example, structure-ground interactions and deformations, changes in the
ground environment (e.g., thermal changes and groundwater flow and contamina-
tion), and the propagation of fire and smoke in occupied underground spaces. All
computational methods, whether based on discretization (e.g., differential versus
integral) or continuity assumptions (e.g., continuum, discrete rock blocks, or
some hybrid), require knowledge of spatial information and materials properties
(e.g., intact materials, discontinuities, and fluid properties).

In many respects, the rapid development of computational methods during
the past several decades has moved beyond present ability to gather sufficiently
detailed data to populate the models or validate complex model output (e.g.,
behaviors) before model information is incorporated into design. The ability of a
designer to compare the results of different analytical and simulation approaches
and to access relevant case history data could be significantly enhanced. To
benefit more fully from advances in computational methods, ground informa-
tion models can be linked dynamically with data from excavation equipment,
support systems, and updated simulations to provide useful feedback loops. The
information can be used during construction to validate predictive models used in
design, improve ground characterization, and update expected ground and struc-
ture responses. Similarly, data collection from the ground environment and the
underground infrastructure itself throughout the infrastructure life cycle would
enhance understanding of the sustainability implications of the structure (e.g.,
impacts to and from the surrounding environment). The United States has been
the leader in the development of numerical simulation software for geotechni-
cal engineering for several decades, but that lead is threatened by advances in
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BOX 6.2
Analytical and Computational Model Development

More and better data are not enough. Better models are needed to in-
vestigate the behavior of complex adaptive and coupled infrastructure systems
including

» analytical and computational models that predict and learn system perfor-
mance, identify vulnerabilities, and provide a platform to investigate opportuni-
ties to increase security, robustness, resilience, capacity and efficiency, and
cost-effectiveness;

» linkage elements and algorithms that allow simulation and exploration of
cross-sector interactions and interdependencies; and

» tools to visualize and communicate the outputs of these advanced
simulations.

Enhanced analytical techniques need to be applicable under routine oper-
ating conditions, and also need to capture emergent operating conditions and
behaviors resulting from complex system interactions and non-routine internal
or external stresses (e.g., earthquakes, major storms, sea level changes, ter-
rorist activities).

Validated models could provide a platform to understand how best to

» integrate and operate above- and belowground infrastructure facilities for
reliable and sustainable service provision;

» capture the potential of new technologies and materials to enhance per-
formance of existing systems and to gain insight into the changing balances
between centralized and decentralized system attributes;

» design and deploy sensing networks to efficiently and economically capture
complex system behavior and improve system operation and security;

» develop long-duration research test beds for deployment of sensors in real
environments;

* enable reliable data security for transmitted and stored data and develop
resilient system architecture that can detect manipulated data; and

» explore new concepts in system design, operation, and maintenance that
decrease vulnerability and provide flexibility and resilience.

simulation approaches in other countries. Multiple software packages now in
use in geotechnical practice have been developed outside the United States. Box
6.2 describes some of the needs related to analytical and computational model
development.

TECHNOLOGIES FOR UNDERGROUND CONSTRUCTION

Technological developments related to excavation, ground modification,
improvement, support, tunnel boring, and use of excavated materials are impor-
tant for developing underground space more efficiently, cost effectively, and
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under increasingly difficult ground conditions. Underground technology develop-
ment and engineering advances are spurred by underground construction require-
ments throughout the world (Parriaux et al., 2006), and by the need to remain
competitive in an international market for underground construction contracts.
The importance of underground infrastructure development that contributes to
sustainable development is now being recognized (e.g., ECTP, 2005).

Sustainability of the urban environment is partially dependent on minimizing
disruptions to economic output of populated areas during construction (and later
maintenance) of underground infrastructure. Underground projects often take
years to complete, and during that time equipment is moved to and from an exca-
vation site and huge volumes of excavated soils and rock (muck) must be moved.
Streets may be blocked for extended periods, and truck movement on surface
streets can be disruptive and polluting. Because each project and environment is
unique, no single engineering solution minimizes disruptions, use of nonrenew-
able resources, and costs for all underground projects. However, technologies are
available if there is a willingness to incur additional startup expenses. Advances
in technologies such as new tunnel boring machines (TBMs) and trenchless tech-
nologies can minimize disruption, for example by allowing excavation in difficult
ground conditions without open trenching.

The next sections provide examples of technologies used in the construction
of underground space, including cut-and-cover tunneling and excavation, tunnel-
ing and ground support in rock and soils, ground improvement, and monitoring.

Cut-and-Cover Tunneling and Excavation

Open-cut excavation is a common and well-proven technique for construct-
ing shallow (e.g., less than 150 feet [50 meters] deep) tunnels, earth-covered
buildings, and basements and building foundations. Utility excavation also com-
monly uses open-cut trenching. Even bored tunnels or immersed tube tunnel
sections will use cut-and-cover tunneling for access, support structures, and
launch of boring machines. Open-cut technologies may be economically opti-
mal for areas with few constraints on surface use, but can be quite disruptive in
populated areas.

Open-cut excavation can accommodate changes in tunnel width and non-
uniform shape and is often adopted for the construction of chambers and sta-
tions. Selection among available construction techniques such as cast-in place,
bottom-up, or top-down, depends on ground conditions, available space, and
environmental requirements (for example, Bickel et al., 1996). Excavations are
normally braced and open to the surface with subsequent backfill or continued
vertical structure construction (see Figure 6.6). In public rights-of-way and when
using top-down methods, the excavation may be covered at an early stage of
construction to allow traffic flow to resume or to allow construction of the upper
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FIGURE 6.6 Braced excavation for a cut and cover tunnel section of the Boston Central
Artery. SOURCE: Y. Hashash.
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floors of a building while the basement excavation is continuing. Cut and cover
also can be used in submarine tunnels.

Major cut-and-cover projects in urban areas provide opportunities to update
other underground facilities in their vicinity. For example, utilidors may be incor-
porated in transportation projects, and underground pedestrian networks in city
center redevelopments (as occurred in both Montreal and Toronto) may be built.
The direct and indirect comparative impacts of cut-and-cover construction in the
public right-of-way as compared to less intrusive construction approaches such as
bored tunnels and trenchless technologies are not always well enough understood
to inform decision making.

Tunneling and Ground Support Technologies in Rock

Rock excavation is required for all types of underground uses including
mountain tunnels, mining operations, and large underground caverns where rock
is at or near the surface. In historic times, rock excavation was painfully slow,
relying on hand tools or even thermal shock? to disintegrate the rock. The intro-
duction of blasting technologies in the sixteenth and seventeenth centuries revo-
lutionized the speed of rock excavation and increased the range of projects that
could be undertaken cost-effectively. In the past half-century, hard-rock TBMs
have found widespread application creating medium length to long tunnels. Rock

3Fires were used to heat rocks, which were then quickly cooled with water. The rapid change in
temperature caused rocks to crack and break. Broken rock could then be excavated.
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excavation also benefited from the emergence of rock mechanics as a distinct
branch of geotechnical engineering in the 1950s. Study of rock fragmentation,
understanding of the post-peak strength behavior of rocks, and characterization
of the influence of rock discontinuities on rock mass behavior are among the
important outcomes from research in rock mechanics.

Drill and Blast Technologies

In drill and blast excavation, explosives and timed detonators are placed
into drilled holes, the blast is carried out, the opening is ventilated, waste spoil
is transported away from the excavation face, and the process starts again until
the desired opening is obtained (e.g., Sellers et al., 2010). Blasting is typically
the preferred solution from a cost perspective for short rock tunnels and for the
excavation of foundations and rock caverns. Blasting, however, can be especially
challenging in urban environments given higher amplitude vibrations (and there-
fore, ground shaking), larger sized spoil material, and a greater need for primary
tunnel support than, for example, that result from TBM use. Excavation speeds
are relatively slow, the process is noisy, and overbreak (excavation of too much
material) is possible.

Alternatives to conventional drill and blast technologies are possible. For
example, propagating fractures from boreholes in rock using controlled gas
expansion could allow continuous excavation without releasing the excess energy
that causes vibration and flying rock. The commercial application of such tech-
nologies so far has been restricted to specialized applications where conventional
blasting is not feasible.

Blast design (e.g., blast patterns and sequences) could be more effective
with improved computational models of drilling, blasting, vibrations, and dis-
placements. Designs that minimize noise and vibration, for example, may allow
blasting at any time of day, increasing productivity, minimizing disruptions to
local neighborhoods, and minimizing damage to surrounding infrastructure. As
cities become more densely developed and use more underground space, blasting
approaches that are proven to minimize damage and nuisance will be desired.

Tunnel Boring Machine Technologies for Rock Excavation

Early variations of TBMs for soft rock were developed in the late 1800s (e.g.,
the Beaumont English boring machine was used on one of the early attempts
to create the Channel Tunnel between England and France; Maidl et al., 2008).
Early advances in TBM design were made by the Robbins Company of Seattle,
Washington, which remained the world-wide leader in TBM design and manu-
facture for many decades. During the past decade, however, TBM manufacture
has become increasingly dominated by non-U.S. companies.

Machine tunneling in harder rock remained a challenge because of inef-
ficiencies and rapid wear of the pick-type rock cutters in use at the time. With
the advent of full-face machine design and disc cutters for rock and proof of the
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value of the TBM approach (e.g., the Chicago Tunnel and Reservoir Plan), the
hard-rock TBM using disk cutters gradually supplanted drill and blast technolo-
gies for longer tunnels.

Advance rates using TBMs in soft rock can exceed 100 ft per day. How-
ever, tunnel excavation is a systematic and industrial production process that
can only proceed at the speed of the slowest element in the system. Thus, tech-
nological advances that increased the speed of rock fragmentation could not be
fully applied until the muck conveying systems that remove excavated materials
could be designed to keep pace. Advance rates for rock excavation also could
be improved with more efficient methods of installing supports and reinforce-
ments. Ground control measures to prevent loss of confinement and therefore
face instability, chimneys,* cutterhead blockage, and tunnel collapse in blocky
and highly fractured ground could be improved. Improved methods for predicting
and mitigating spontaneous, energetic, and sometimes hazardous rock fracture
(rock-bursts) in highly stressed competent rock could minimize risk and result in
more repeatable construction practices, more consistent work products, and bet-
ter control of construction times and costs. This parallels a need for fundamental
advancements in our understanding of rock mechanics and rock behavior, includ-
ing three-dimensional rock fracture mechanics.

With better quantification of rock and excavation tool interactions, there can
be increased use of systems that sense their own progress and functioning (smart
systems), more automation in underground construction (e.g., robotics) to reduce
risk to workers, and enhanced ability to probe ahead of the excavated face to
detect changes in material properties. Modern TBMs are computer-controlled,
high-tech machines that use laser guidance systems and sensors to obtain real-
time information on system performance. Data obtained during excavation can
be used in feedback loops to optimally adjust, for example, thrust and rotation
speeds.

Tunneling and Ground Support Technologies in Soil

Indurated rock may be more difficult to fragment while tunneling, but tunnel-
ing in soils (unconsolidated materials) presents challenges related to ground sup-
port, muck removal, and excavation-induced effects on the surrounding ground
(e.g., ground settlement, lowering of the groundwater table). Improving control
of deformation due to tunneling in soil is a key to limiting damage to existing
infrastructure and improving capacity to sustainably develop underground space
in most urban areas.

Tunnel lining is also an area where efficiencies can promote sustainability.
Costs, for example, may be reduced when initial and permanent support (e.g.,

“Vertical openings from the tunnel to the surface created as a result of displacement of material
into the tunnel.
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construction support and final lining) are integrated, or when thicknesses of lin-
ings are reduced through use of new higher-strength materials. Other beneficial
advances could include enhancing techniques to decrease overcut during mining,
improving directional control during mining to decrease the allowances for align-
ment errors, and developing more efficient and rapidly deployed formwork for
cast-in-place linings.

Tunnel Boring Machines in Soil

Recent technological developments for tunneling in soil include the earth
pressure balanced TBM (see Figure 6.2) and the slurry shield TBM (Figure
6.3). These simultaneously excavate and support a tunnel face by creating a
separate chamber (bulkhead) that closes off the face from the rest of the tunnel.
These advanced technologies greatly mitigate risks of tunneling in saturated soils
including those associated with running soils at the face, significant settlement in
poor ground, and excessive water pressure. In the past, machine tunneling was
not possible for deep tunnels under high water pressures without the use of com-
pressed air in the tunnel—an expensive process with significant safety and risk
issues. Comparatively, the earth pressure and slurry technologies greatly mini-
mize settlement and associated damage, increase excavation speeds, and reduce
costs. As a result, increasingly larger tunnels have become safe and economical to
construct in poor soil conditions and allow such tunneling to contribute to more
sustainable solutions for transportation and other infrastructure needs.

Sequential Excavation Methods

Sequential excavation methods (SEM) include multiple applications such as
the New Austrian Tunneling Method and the Sprayed Concrete Lining Method
that rely on integrating the excavated rock or soil into the tunnels’ supporting
structure (FHWA, 2009). SEM design includes deliberately relieving stress by
mobilizing the ground around a tunnel to the maximum extent possible through
controlled deformation. The methods involve commitment to both a design
philosophy and a construction method largely dependent on the observational
method. Initial primary support of the tunnel is designed with consideration
for load-deformation characteristics appropriate to existing ground conditions;
the required installation speed is based on the magnitude and speed at which
ground deformations develop. The primary lining provides initial support during
construction, preventing roof collapse. Instrumentation is installed to monitor
deformations in the initial support system and to inform of changes needed in the
support design and excavation sequence. The tunnel is sequentially excavated and
supported, and the excavation sequences can be varied. The permanent support is
usually (but not always) a cast-in-place concrete lining. SEM can be applied in
both shallow and deep excavations, but in either case the effects of deformation
on surrounding structures and the surface need to be considered.

Ground support in SEM can be selected or optimized in real time to match
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the ground conditions uncovered during excavation. This feature is intended to
support the least favorable conditions encountered in the alignment and is in
contrast to a pre-selected support system that does not accommodate variation
in conditions along an alignment. The amount and the cost of materials needed
for ground support can thus be reduced. However, the approach has its limita-
tions: continuously changing the support scheme may reduce construction crew
productivity and delay project construction. Further, the decision processes used
in SEM are dependent on information that is not readily available (e.g., as related
to ground condition, ground response, and movement). Research is needed in
these areas to improve SEM application and contribution to more sustainable
underground space development.

Trenchless Technologies

Many new underground utility construction and repair technologies have
emerged in the past 40 years that allow installation, replacement, or repair of
underground utilities or conduits without excavating a continuous trench from
the surface. Although “trenchless” also applies to larger bored tunnels, the term
typically refers to urban-utility-scale technologies rather than to rail, metro, or
road tunnel installations. Trenchless technologies introduce new solutions for
minimizing surface disruptions into short and long-term planning, design, and
operation of underground systems. This will be especially true as the techniques
become more commonly used.

Descriptions of trenchless technologies can be found in books and reports
(e.g., Kramer et al., 1992; Thompson, 1993; Stein, 2002, 2005; Najafi and
Gokhale, 2005), multiple conference proceedings (e.g., ISTT, 2010), journals
(e.g., Broch et al., 1986), and magazines.> Figure 6.7 illustrates major trenchless
technologies and applications. Because many technological advancements have
centered on better equipment or new processes, complete understanding of the
processes from a design and application perspective has lagged behind adoption
in the field. Much information about the technologies is obtained directly from
installation contractors, manufacturers, suppliers, or through trade associations.
This potential lack of communication between engineering designers and con-
struction contractors is problematic. In addition, the relatively new ability to
install utilities at low cost beneath existing shallow utilities without major disrup-
tion to the utilities or traffic provides the ability—and even incentive—to deepen
the existing spaghetti layout of utilities as pictured in Figure 1.6. However, this
could interfere with future placement of major transportation or water and sewer
infrastructure. In other words, such construction technologies heighten the need

STrenchless Technology, magazine published by Benjamin Media, Peninsula, Ohio.
¢ Underground Construction, magazine published by Oildom Publishing, Houston, Texas.
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FIGURE 6.7 Slurry shield machine for the East Side Access Project, Queens, New York.
(left) Assembly of two tunneling boring machines (TBM) and their trailing gear in the
launch pit. (right) Closeup of the cutter head of the TBM. SOURCE: Y. Hashash.

to address long-term planning and the ability to choose the most sustainable and
best uses of urban underground space.

Ground Improvement Technologies

It is often necessary or productive to temporarily or permanently change
soil or groundwater properties during underground construction to ease facility
design, construction, or operation. For example, ground freezing can temporar-
ily turn a weak, saturated soil into a solid and nearly impermeable material;
dewatering can ease construction problems both in terms of water flow and soil
stability; and grouting can be used to stiffen or change the permeability of soils.
Ground modification techniques and the development of new materials used for
geoenvironmental and geomechanical applications (e.g., bio- and nanotechnolo-
gies; NRC, 2006) are active areas of research and field application. Furthering
application of established methods (e.g., jet grouting and compensation grouting),
as well as developing new approaches and materials, offer the potential for cost
reductions and performance improvement. However, as for trenchless technolo-
gies, application of new ground improvement technologies may outstrip theoreti-
cal understanding of the methods, meaning that application of these techniques
in design may not be optimized. Further research and development is needed to
improve existing methods, enhance understanding of their application, and allow
better engineering with, for example, in situ biotechnologies, nanotechnologies,
and other ground improvement and remediation techniques that can reduce the
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FIGURE 6.8 Major techniques grouped under “trenchless technologies.” CIPP designates
cured-in-place pipe. SOURCE: Raymond Sterling. Reprinted with permission from the
author.

resource use and be gentler on the environment than can more traditional con-
struction methods.

Monitoring During Construction

Geotechnical and construction monitoring programs provide the basis for
understanding ground response to excavation and the impacts of construction
on existing structures and the natural environment. Monitoring for construction
may be more intensive than monitoring for infrastructure operation, but it is
usually of shorter duration (often less than five years). Monitoring instruments
may be exposed to harsh conditions during construction and need to be more
robust. Monitoring the behavior of the underground facility and surroundings
during construction helps to ensure safety, assess performance, validate design,
and inform necessary design changes. Figure 6.8, for example, shows the level
of detail possible using laser scanning to monitor excavation progress. Changes
in the image over time provide information about work progress but also could
provide information about the effects of excavation on, for example, nearby
infrastructure. Monitoring water volumes and pressures and water and air quality
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FIGURE 6.9 Monitoring data is continuously fed back into enhanced design and construc-
tion. SOURCE: Modified from Hashash and Finno, 2008. Used with permission from
ASCE, ©2008.

helps to protect groundwater resources and air quality above and below the sur-
face. Contractors typically monitor and analyze construction processes and opera-
tions (e.g., shift utilization, equipment downtime, repair or replacement, ground
support installation, muck volumes, and grout takes) to identify opportunities to
improve efficiencies.” Contractors also continuously monitor ground gases (e.g.,
methane, carbon monoxide, hydrogen sulfide) in excavations.

The use of sensors to measure geotechnical and structural displacements of
individual structures, projects, or operations is well established in practice (for
example, see Dunnicliff, 1993), and engineers continually improve their ability
to use those technologies in ever more innovative ways. However, a major prem-
ise of this report is the need for a system of systems approach, which implies
a need to create integrated systems that can monitor urban system conditions.
Information regarding all elements of a system can be captured during all phases
of their life cycles, allowing observation of the effects of changes observed in
one system element on other system elements. Data from underground systems
are expensive to collect as an isolated task, and hence it would be best to gather
useful data whenever underground work provides such an opportunity. The past
decade has seen a revolution in the developments of sensors, sensor technologies,
and information technology infrastructure to allow integrated monitoring systems
that provide timely feedback to designers. Figure 6.9 shows what such a feedback
loop might look like.

Opportunities to advance construction monitoring include the means to
collect and analyze detailed real-time monitoring data during construction

"This information is often considered the property of the contractor and is not necessarily shared
with the owner.



170 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

FIGURE 6.10 Example of laser scanning to monitor excavation progress. Image courtesy
of Y. Hashash.

equipment operation. For example, cutterhead operation data (e.g., torque, power,
thrust, penetration per revolution, disc cutter forces, rotational speed, bearing
temperature, and disc location) increase knowledge of excavation processes, in
particular geologic conditions. In a similar manner, continuous measurement of
the volume, weight, and advance rate of removed spoil is an important indicator
of ground displacement and settlement control (see Box 6.3 for example).
Benefits of doing this have been recognized for some time, but the ability to
apply—Dby practical means—the data gathered is still emerging (for example, see
Box 6.4). Other opportunities come from advances in surface imaging and image
processing. Surface displacements of an entire excavation face over time, for
example, can be recorded using photographic, laser-based, or alternative imaging
systems (see Figure 6.7). Some geologic features can be automatically identified
from the scans. Such visual data could be integrated with conventional numerical
method data to develop as-built plans and specifications for archiving purposes.

As a general trend, advances in construction monitoring are moving away
from physical measurements at a limited number of points, to widely distributed,
wirelessly connected sensor networks, and to areal scanning techniques. These
data allow contractors to optimize construction processes and increase safety on
the job (see Figure 6.10). Integrating data from multiple projects can facilitate
improved equipment design, performance prediction, and understanding of zona-
tion and geologic material properties. Monitoring for enhanced safety is also
becoming more critical as larger diameter and shallower infrastructure (e.g., tun-
nels and stations) facilities are increasingly proposed for urban sites.

TECHNOLOGIES FOR EFFECTIVE ASSET MANAGEMENT

The ability to operate and maintain underground infrastructure over the long
term is essential to its sustainability and to that of the larger system to which
it belongs. All built systems require and need to accommodate maintenance,
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BOX 6.3

Construction Monitoring in the Crossrail Rail System,
United Kingdom

A system of 21 km of twin-tube rail tunnels is being constructed under
London (United Kingdom) to expand existing network rail systems.2 Extensive
real-time data monitoring and centralized data management are critical parts of
risk control and the processes to, for example, monitor construction progress
and control of land movement, surface settlement, and volume loss (Reynolds,
2010a,b). For example, to control extraction and coordinate lining build rates,
a measurement system determines spoil extraction weight on the fixed spoil
conveyor that runs along the TBM, and video and laser scanning of spoil on the
conveyor is monitored as a supplemental (but less reliable) weighing method
(Reynolds, 2010b). The Underground Construction Information Management
System (UCIMS) brings together all data from geotechnical and construction
instrumentation and monitoring into a centralized resource. Contracts may
require probe hole drilling during excavation from which drilling rates and water
inflow volumes and pressures can be evaluated and geologic problems can
be forecast. In some cases, geophysical probing ahead of the excavation face
has been used to predict problematic conditions.

aSee http://www.crossrail.co.uk/tunnelling/.

\ J

especially those operated over decades or centuries. Maintaining underground
infrastructure is, in some ways, analogous to maintaining an aging fleet of air-
craft through use of nondestructive methods of evaluation and repair. Sustainable
infrastructure systems need to be designed to allow flexibility and to accommo-
date rapidly changing technologies, new safety and health standards, and chang-
ing cultural needs and demands—in other words, sustainability is dependent on
the ability to accommodate technological and social evolution. For example,
underground conduits can be reused if their size, condition, and alignment fit new
needs. Low-pressure manufactured gas systems can be converted to high-pressure
natural gas systems, for example, by slip lining new pipes within the old. Existing
underground piping systems of various kinds can be (and have been) adapted to
deliver fiber optic connections to homes and businesses.

In the shorter term, operation and maintenance of underground infrastructure
represents a sizable annual investment. Many forms of underground infrastructure
are difficult or costly to inspect. Most underground piping, for example, does not
allow person entry for direct inspection, and taking pressure pipes (e.g., for gas,
oil, or water) out of service for inspection entails major disruptions and revenue
loss. Underground rail infrastructure (especially highly used metro systems)
present special challenges related to access for inspection and rehabilitation.
Compared to other forms of underground infrastructure, road tunnels are prob-
ably well maintained because the interiors are readily visible—problems may
be identified more quickly. Much underground infrastructure, however, can be
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BOX 6.4

Networked Instrumentation for the Transbay Transit Center,
San Francisco, California

The Transbay Transit Center (TTC; see http://transbaycenter.org) is a
$2 billion project to replace the existing Transbay terminal in downtown San
Francisco with a modern regional transit hub that will connect 11 regional and
city transit systems and will be the terminus point for the High Speed Rail
from Los Angeles. The construction of the TTC requires a 60-ft-deep, 185-ft-
wide, and 1,500-ft-long open-cut excavation in relatively soft soils adjacent to
several high-rise and low-rise buildings including one of the tallest buildings
in San Francisco.

The excavation is unprecedented in scale on the U.S. West Coast and
includes an extensive monitoring program to help minimize disruption to sur-
rounding facilities. The project employs state-of-the-art in-place sensors placed
at depth in the underlying soils, as well as on surrounding buildings, utilities,
and other infrastructure (see Figure 1). The sensors measure the response
of the soils and infrastructure to construction activities. Cameras are used to
continuously capture construction images. Microphones immediately point
cameras in the direction of sources of sudden noise. Data for all sensors and
imaging equipment are streamed wirelessly into cloud storage and accessed
from anywhere in the world via a password-protected, web-based interface
called the Global Analyzer (see Figures 2 and 3). The Global Analyzer synthe-
sizes all data streams and issues automated alerts via email and mobile text
messaging should any of the instruments exceed pre-determined thresholds.
This information is complemented by a Twitter feed whereby contractor per-
sonnel and design team engineers post brief descriptions of construction ac-
tivities—thus developing a record of construction that can be later referenced.

Y

FIGURE 1 (Left) Placement of an in-place inclinometer with wireless networking. (Right)
Automated total station with camera and dedicated wireless hotspot/node to continuously
measure movements of targets placed on infrastructure around the site (Photos Courtesy of
Geolnstruments).
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under-maintained for decades. Many deterioration, maintenance, and operational
issues in underground facilities stem from, for example, groundwater intrusion
into facilities or groundwater-induced corrosion of the facility structure. New
materials for sealing underground structures or self-sealing of leaks or cracks
would help to keep groundwater out of structures, and innovative design can
incorporate drainage water into the aesthetic or energy concepts for the facility.
It is also worth noting that improving asset management is not a question of just
collecting more data—but of collecting worthwhile and cost-effective data that
are then effectively analyzed to glean the useful information that guides decisions
on maintenance, rehabilitation, and replacement.

Inadequate maintenance has lately received public attention thanks to various
reports on the status of America’s infrastructure (e.g., ASCE, 2009). Increased
attention to the problems caused by deteriorating infrastructure has resulted in
some investment in improved technologies for inspection and rehabilitation.
Much inspection work can now be done remotely using in-pipe robots, inspection
“pigs,” or even free-floating devices that pass through pipes “listening” for leaks
or gas pockets and that can provide information about flow rates and properties of
the pipes such as the locations of valves and pipe joints.® Remote fault detection
through electrical and fiber optic cables can identify the position and nature of
some defects. The concept of monitoring is taken even further with an increasing
interest in “smart structures” (e.g., Wadhawan, 2007), in which wireless sensors
are placed to monitor the structural health and long-term performance of various
aspects of a structure. However, the challenges of use of sensors over decades
remain formidable. The harsh environment in the underground can lead to their
rapid deterioration in a relatively short period of time (e.g., Hoult et al., 2009;
Stajano et al., 2010). Limited radio connectivity and power underground also can
be a problem for wireless sensor networks (e.g., Bennett et al., 2010), and rapid
technological developments in the wireless sensor field can render existing sen-
sors nearly obsolete in less than a decade. Significant developments are needed
in this area to fully achieve the vision of smart underground structures.

Addressing the immense maintenance deficit is vital for the sustainability
of urban systems and requires a multifold approach. Significant incentives to
invest in inspection, rehabilitation, and replacement of infrastructure, as well as
to develop technologies that provide the cost-effective means to do so while mini-
mizing disruption to city life and commerce, are necessary. New underground
facilities must be designed and constructed with greater attention to lifecycle cost
analyses (see Chapter 5) that account for modes of inspection and repair, sustain-
ability, resilience, and end-of-useful-life considerations.

80ne such device is manufactured by Pure Technologies Ltd. This device reportedly can be de-
ployed in live pipes for up to 12 miles and detects leaks by emitting acoustic pulses transmitted to re-
ceivers attached to the pipe at known locations. The locations of leaks and air pockets are determined
by analyzing the arrival times of the pulses at the receivers (Pure Technologies, 2012).
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New technologies that reduce the costs of operation and maintenance of
underground facilities, make them safer, and extend their useful lives could
have a major impact on future costs and operational reliability of underground
facilities. Basic research needs lie in better understanding of corrosion and other
deterioration mechanisms both for in-use materials and for new materials and
in the development of improved non-destructive testing approaches. Applied
research needs include the continued improvement of inspection, assessment,
rehabilitation, and replacement technologies—including ways to upgrade occu-
pied underground facilities to meet current expectations of health, safety, and
comfort. Better design and planning options for the reuse of existing urban infra-
structure and creating multi-use options for the future (e.g., new design concepts
for facilities that are easier to rehabilitate or retrofit for enhanced service life or
repurposing) would also improve possibilities for sustainability.

Data Technologies

This section discusses broader issues of integrating underground system
operations with the total infrastructural and social fabric of a region. When
properly carried out, this integration can optimize facility use, ensure that opera-
tion and maintenance needs are met, and enhance delivery of societal expecta-
tions. For example, integrating underground and surface transportation systems
can assure smooth flow of vehicles, occupants, and cargo for an entire region.
Similarly, efficient wastewater conveyance tunnel systems operate in tandem
with daily cycles of water use in a city. Situational awareness for development,
operation, maintenance, and integrated management of urban systems is vital.
Society is increasingly reliant on electronic, automated, remote, and networked
sensor systems to monitor interactions and inform automated or human-in-the-
loop decision systems; however, such data collection systems are not foolproof.

Varied sensor systems have been developed to measure a myriad of under-
ground environmental and space functionality factors, all in an effort to inform
decision making about underground operations and safety—for example in under-
ground railroad systems (Bennett et al., 2010) and water distribution systems
(Shinozuka et al., 2010). Factors such as air and water quality, noise level, traffic
load, temperature, structural integrity of support systems, loose bolts in liners,
corrosion of reinforced concrete, water seepage, traffic flow, control signals, and
changes caused by extreme events (e.g., earthquake, explosion, fire) are among
those that can be monitored. The ability to monitor such factors is vital to infra-
structure sustainability and resilience, but current monitoring efforts cannot be
applied widely enough to provide an adequate picture of the performance of a
complete infrastructure system.

Because operational data transmission systems are considered “permanent,”
there are incentives to invest in robust systems. Although sensor and support-
ing information technology infrastructure will be designed to require relatively
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limited maintenance to the best of current ability, they also must be reliable
and accurate, self-calibrating, small in size, reasonably priced, easy to operate
and maintain, and upgraded at routine intervals. Sensor systems are expected to
provide data around the clock for years and withstand dust, pollutants, moisture,
and stray currents, and in the most useful case, provide immediate notification of
failure. Sustainable systems require that failure of an individual sensor does not
take down the entire system. Power to operate sensors must be obtained through
replaceable power packs or remotely acquired when a measurement is taken (i.e.,
a passive sensor), or by “scavenging” energy from the sensor environment (e.g.,
local vibrations, fluid flow). Additionally, sensors need to be hardened against
vandalism or accidental damage. The longevity of many sensor systems, however,
is not known.

Data retrieval that allows real- or near real-time reception and data interpre-
tation is important for operational decision making. Many of the same challenges
that exist for transmitting construction data also exist for transmitting operational
data. Hard-wired data transmission systems that require dedicated lines are reli-
able but can be costly (especially in long tunnels), and they are not suitable
everywhere. The number of sensors employed is limited to how many sensors
can be wired. The use of wireless data transmission has recently increased, driven
by advances in wireless Internet protocol access, wireless local area networks
(LANS), and the proliferation of cellular-based mobile phone services. Wireless
data transmission avoids the cost of wiring, but data transmission deteriorates
significantly in underground and confined spaces, especially in long tunnels.
Wireless data transmission is vulnerable to security breaches that can compromise
the system operation (Stajano et al., 2010). Location-based information (e.g.,
global positioning system [GPS] data) can provide locations of system elements
needing repair, relay real-time information regarding conditions in underground
space, and map locations of automated sensing and maintenance devices, but GPS
and cellular signals are difficult to receive underground.

In addition to infrastructure operators, some underground infrastructure users
(e.g., rail passengers) may rely heavily on location-based services and are accus-
tomed to easy accessibility. Further development of location-based technolo-
gies that allow for seamless transition from aboveground to belowground may
encourage underground use by those who do not want to lose that functionality.
Further, real-time traveler information (e.g., arrival and departure information)
on flat screens in small businesses within or near mass transit systems, or via text
messaging and email alerts to mobile devices, could help to ease congestion in
and around transit stations (Zhang et al., 2011).

Many other opportunities remain to develop new sensors and integrated
systems for enhancing operation of underground transport systems. For example,
technologies that employ security camera images for structural evaluation may
prove beneficial. Selected trains or maintenance vehicles could be equipped
with high speed cameras or laser scanners for periodic documentation of tunnel
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conditions and compared using image reasoning algorithms to evaluate changes
in structures.

Linking Data and Asset Management and Analytical Capabilities

Continuous streams of numerical and visual data can inform day-to-day
operations, maintenance, and predictions of longer-term infrastructure perfor-
mance and operations programs. However, interpreting the large streams of
numerical and visual image data in real or near-real time can easily overwhelm
human operators. Important information requiring action may be missed. Meth-
ods and automated systems to interpret these data and report problems to an
operator would enhance optimal operation and maintenance of underground
systems. Enhanced data management technologies can aid understanding of the
performance of underground infrastructure as part of the larger urban system and
allow planners to anticipate interdependencies and interferences that affect func-
tionality and quality of service. Data management technologies such as Build-
ing Information Modeling (BIM) processes (e.g., Smith and Tardif, 2009) may
make it possible to evaluate in greater detail the impact of new construction on
existing systems installations, to evaluate the impact of existing systems on con-
structability of a new project, and to design sensing systems tailored for new and
rehabilitated systems as part of an integrated urban system of systems. However,
although these methods are extremely important, the technologies employed may
become dated, and budget limitations make necessary data updates and accessi-
bility challenging. Some data may need to remain secure. Private-public collabo-
ration may be necessary to link, analyze, manage, and access system-wide data.

Systematic, standardized documentation of case histories related to under-
ground infrastructure could help to expand fundamental understanding of excava-
tion and support processes. Indeed, case histories are an important way to learn
about the underground because they benchmark the state-of-practice, and provide
information that may validate or disprove assumptions and models. Archiving of
data and records associated with site characterization for infrastructure develop-
ment, design, operation and maintenance, rehabilitation, reuse, and decommis-
sioning would allow improved future planning and management in a manner that
promotes sustainability long after the data are collected.

Information Security

Preserving, maintaining, and protecting data integrity against neglect, van-
dalism, time, or technological obsolescence are serious issues that threaten sus-
tainable management. Capturing subsurface information is difficult enough;
properly cataloging and maintaining it over long periods (e.g., 50 to 100 years
and longer) is a significant challenge. Electronically archived data can become
obsolete within just a decade or two when technologies change and the media
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on which they are stored can no longer be accessed. On the other hand, paper
hardcopies of data have survived for nearly a century for some tunnel projects,
but only if properly cared for.

The security of data during transmission or storage in central computer sys-
tems is an increasingly serious concern. The data can be accessed, manipulated,
and corrupted by unauthorized parties to the detriment of safe or smooth opera-
tion of underground facilities. Because sensor data inform decisions affecting,
for example, life safety (e.g., traffic operations, ventilation), the well-being of
underground infrastructure occupants depends on the secure and proper function-
ing of the system. The concern becomes more serious when sensors are used in
automated feedback loops (such as traffic management or supervisory control
and data acquisition [SCADA] systems). Data sabotage can immediately impact
underground facility operations. The cause of the troubles may be hard to track
down.

As use of networked sensing and automated decision making becomes more
pervasive, there is a need to develop secure data networks and authentication
mechanisms to prevent malicious or accidental data corruption and manipulation.
The most hardened networks are still potentially vulnerable to malicious attacks,
and the National Research Council (NRC) has published multiple reports on
issues related to information technology security (e.g., NRC, 2010a,b). In 2007,
the NRC developed a strategy for cyber security research and promoted catego-
ries of research that included limiting impacts of security compromise (e.g., the
design of secure systems, evaluation of security), enabling accountability (e.g.,
attribution, remote authentication), promoting deployment of security designs
(e.g., “usable security”), deterrence (e.g., legal policies and measures), and specu-
lative, “out-of-the-box” approaches to security (NRC, 2007). Resilience needs to
be built into sensor systems, including human-in-loop decision making for critical
components to mitigate against corrupt data.

TECHNOLOGIES THAT PROMOTE SUSTAINABILITY AND
RESILIENCE

This section draws attention to some key issues related to the sustainability
and resilience impacts of underground facilities, and specifically to how tech-
nological developments could promote improvements in these areas. Many of
these issues already are considered in some form in the design and operation of
underground facilities, but they take on special importance when considered in
light of overall community sustainability and resilience. Other issues, such as the
understanding and control of highly interrelated systems of systems, represent
new areas of study with great future importance. The interconnections and inter-
dependencies between individual infrastructure systems and the overall function-
ing and well-being of the social community and systems need to be considered.
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Materials

Improving the possibility of sustainability necessitates consideration of the
economic use of materials. To be considered are the materials used, their resource
availability, the processes needed to create construction-ready products, the long-
term availability of the materials, the energy (and carbon footprint) implications
of use, and long-term environmental impacts. For example, even commonly used
materials such as sand and gravel may be in short supply because of a lack of
regional availability or to urban development and planning decisions that render
sand and gravel resources inaccessible. In terms of energy use (see next sec-
tion), concrete, a significant element in most forms of underground construction,
requires a high level of energy input for its creation (termed embodied energy).
Some commonly used construction materials have been proven to be detrimental
to the environment and public health (e.g., various types of volatile organic com-
pounds used in pipes that can contaminate groundwater systems, and asbestos
used in cement piping).

Excavated materials from some tunneling projects could prove to be a
resource for nearby construction projects. Millions of cubic yards of material
may need to be removed from an excavation. Some of this material could be a
source of sand, gravel, and rock. Some of this material, however, may end up
being classified as hazardous and therefore need special handling and disposal.
Still, a large volume of material may be suitable for other construction uses, or
may be part of the solution to other sustainability issues. Box 6.5 describes the
case of the reuse of excavated materials from the Boston Central Artery/Tunnel
project to help reclaim a solid waste facility and turn it into a park operated by
the National Park Service. Disposal or reuse of excavated materials is a serious
issue that warrants further attention.

More sustainable use of materials could mean choosing underground design
and construction options that use smaller quantities of materials or materials
with improved performance, or it could mean incorporating more waste or by-
product materials derived from other applications into design (e.g., geopolymers
made principally from waste flyash). The lifecycle costs and benefits, however,
need to be factored into decisions. For example, integrating primary (support for
construction) and permanent ground support systems may allow for the use of
less construction materials, but may affect the efficiency of construction opera-
tions. Maximizing the ability of the ground to be part of the support system, or
reusing excavated materials from within or near a project, would help to increase
efficiency in material use or reuse. New lining and underground construction
technologies are needed that reduce material use and improve long-term facility
performance. More informed decision making requires making available better
information about the sustainability aspects of construction materials (e.g., avail-
ability, embodied energy) to the the designers.
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BOX 6.5

Reuse of Excavated Materials from the Boston Central
Artery/Tunnel Project

Spectacle Island in Boston (Massachusetts) Harbor is the site of a munici-
pal solid waste facility in use until 1959. From 1959 until 1993, the landfill re-
mained an uncapped source of leaching into Boston Harbor. Uncontaminated
excavation material from Boston’s Central Artery/Tunnel (the Big Dig) project
was used to stabilize slopes on the island and fill and cap the landfill to convert
it to recreational use. Excavated material was transported in more than 4,400
barge loads to the island beginning in 1992 (Barnett and Chin, 1998) and was
used to cap the landfill with a 2-foot clay cap (MassDOT, 2012). The cap cre-
ated an impervious layer that would serve to keep precipitation from mixing
with the wastes beneath and leaching into the harbor. Excavated fill was mixed
with biosolids from several waste composting facilities in New England to cre-
ate topsoil that was subsequently vegetated to keep the cap in place (NEBRA,
2012). Approximately 2,400 trees and 26,000 shrubs were planted on the fill
(MassDOT, 2012). In 2006, a 114-acre park opened after 15 years of cleanup
activities. The park is operated by the National Park Service and houses a visi-
tor center, several miles of hiking trails, and a swimming beach (NPS, 2012).

Energy and Carbon

The cost, availability, security of supply, and climate impacts of energy use
have received worldwide attention in recent years, and scientists and engineers
have been working toward developing calculators of the energy embodied in a
variety of infrastructure and geotechnical systems (e.g., Chester and Horvath,
2010; Hammond et al., 2011; Soga, 2011). Without such calculators, it is difficult
to understand the true energy costs of underground infrastructure. The under-
ground offers multiple options for promoting energy efficiency and ameliorating
climate change that are described throughout the report, but there remain plan-
ning, design, construction, maintenance, and other sustainability challenges to be
better understood or integrated into practice to maximize the energy savings of
underground infrastructure. More efficient or alternative methods to excavation or
concrete production—both energy-consuming processes—may result in greater
energy efficiency during construction.

Underground space use requires significant quantities of energy for ventila-
tion, temperature control, lighting, fire detection, and other systems throughout
the life of underground facilities. Some advances allow greater efficiency, but
higher installation costs could deter their adoption. Development of technolo-
gies and space configurations that increase the efficiency of these systems will
benefit facility operators and society at large. Light fixtures that accept lower
energy demand lamps have been designed and are being specified for some new
tunnels and retrofits. Ventilation systems are designed to minimize smoke danger
associated with a large-scale fire and therefore have much higher installed-energy
demands than needed for everyday operation. Minimum requirements for peri-
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odic ventilation system testing result in regular spikes in energy use. However,
standards could be reviewed and changed to determine if less frequent or different
testing methods can assure safe operation and thus reduce energy consumption
over the life of the system. New technologies and processes that increase energy
efficiency, and development of new and smaller space configurations that reduce
the use of energy resources, will benefit facility operators and society at large.

Underground facilities can be constructed and used to conserve energy and
create systems that achieve ground heat exchange with subsurface geologic
materials in the urban underground. Important research on underground heat
transfer issues began in the 1970s and 1980s (e.g., Geery, 1982; Bloomquist,
1999). Ground-coupled heat exchange systems have since grown in popularity
in Europe (Sanner et al., 2003). However, they have not been used extensively in
urban communities, and their long-term efficiencies when used in close proxim-
ity with each other have not been evaluated. Investigation of thermal effects and
long-term impacts on both underground climate and underground space usage
is warranted.

The use of lower temperature geothermal resources can help to reduce net
emissions of greenhouse gases through the use of ground source heat pumps or
similar heat exchange systems for heating or cooling structures and potable and
nonpotable water for residential use. Such systems exchange heat from the earth
to a structure in the winter, and vice versa in the summer, and in some cases, can
be incorporated directly into the foundations of infrastructure. Although energy
savings can be significant (DOE, 2012), there are environmental implications
to be explored, including the selection of refrigerants (e.g., Forsén, 2005), and
the long-term effects of potential ground temperature changes on aquifers and
groundwater flow, chemistry, biota, and on underground infrastructure itself.
Other subsurface use may become restricted in some areas because of the pres-
ence of a “forest” of geothermal boreholes.

The issues of energy and resource production and energy-related waste
storage are not investigated in this report, but they are relevant in the context
of underground engineering and sustainable development. Extraction of con-
ventional energy and resources from below the surface could be made more
efficient with improved excavation and extraction rates, for example. Oil and
gas production from deep wells, coal mining, uranium mining, and more recently
gas production from deep shale formations are all part of the complex interaction
of the underground with our energy future. There is also interest in the use of
carbon sequestration and other waste disposal technologies at relatively shallow
depth. These technologies often generate intense public policy discussions about
actual or possible environmental impacts and the relative merits of pursuing dif-
ferent policies for energy conservation or energy production. Often missing are
the critical data and analyses in the public domain that properly assign benefits
and liabilities to the various options that can appropriately inform critical future
options regarding energy and climate.
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Nontraditional energy sources could be better and more efficiently exploited
with advances in underground engineering technologies. Geothermally active
regions can be exploited, for example, by drilling into hot rocks and using the
naturally high temperatures to produce steam and electric power (Duffield and
Sass, 2003). Known conventional geothermal resources have the potential to
produce approximately 9,000 MWe, and an additional mean power potential
of 30,000 MWe are estimated from undiscovered sources (USGS, 2008). An
estimated additional 518,000 MWe could potentially be generated from noncon-
ventional geothermal methods including engineered geothermal systems (EGS)
(USGS, 2008). Issues such as corrosion from the highly corrosive groundwater
in geothermal fields have to be addressed. Similarly, long-term operation and
maintenance issues are not well understood for EGS systems, especially given the
high pressures and flow rates expected of EGS wells. Reliable high-temperature
submersible pumps suitable for EGS development, for example, have been identi-
fied as a technology gap (DOE, 2008). Another major impediment to geothermal
resource use is proximity of resources to where the power is needed.
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Institutional, Educational, Research, and
Workforce Capacity

ddressing sustainability demands a certain level of societal commitment

and capacity to do the necessary work. This chapter examines issues

related to society’s capacity to use underground engineering as part of
the means to enhance urban sustainability. The committee’s task included explor-
ing advantages of underground development, identifying research to capitalize
on underground engineering opportunities, suggesting a research track direction
to enhance needed human capacity, and exploring the drivers for underground
development that enhance sustainability. In deliberating its charge, the commit-
tee came to realize that current models for education, research, and practice in
fields relevant to underground engineering are more likely to encourage ad hoc
and independent activity rather than the interdisciplinary efforts that promote
sustainability. Market forces in the United States often encourage needed work-
force capacity growth and urban and infrastructure development, but advances
are often driven by the need to solve a particular engineering challenge in a par-
ticular setting without necessarily considering the broader societal benefits and
impacts. Current institutional systems are not designed to develop the kinds of
capacity needed for sustainable development. A new framework is needed that
will enhance societal capacity and the types of research, education, training, and
practices needed for sustainable urban planning and infrastructure development.

Societal capacity is greater than workforce capacity and includes:

» Sufficient availability of appropriately trained and experienced engineers,
planners, architects, technicians, and other professionals to teach, research, plan,
design, construct, operate, and maintain effective and resilient underground
facilities;

187
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* An adequate government, university, and industry commitment to develop
the research capacity needed to keep the United States at the forefront of sci-
ence and technology developments related to urban underground construction
and space use (including the mechanical and electrical systems that are part of
underground infrastructure);

» Sufficiently well-informed citizens and decision makers who appreciate
the long-term implications of underground space use on the quality of life in
urban areas; and

* Adequate institutional planning, policy, educational, and research struc-
tures that support cross-disciplinary and cross-sector initiatives to optimize sus-
tainability and resilience through the use of underground facilities.

The preceding chapters describe realized and potential contributions of
underground infrastructure and engineering to a sustainable urban society, and
many areas of research and action items are identified throughout. The commit-
tee was not asked to prioritize these items because to do so would require an
assessment of greater complexity than this committee could have achieved given
the scale of its assignment. Instead, the committee identifies common themes
related to changes in approaches to urban planning and underground engineering
education, research, and practice necessary to promote urban sustainability. In
this chapter, the committee presents a series of observations, conclusions, action
items, and research necessary to support the most productive use of underground
engineering for sustainable urban development. The conclusions are largely
focused on the institutional frameworks that would support societal capacity,
without which sustainability goals are less likely to be obtained.

COORDINATED FORMAL PLANNING

Observation: There is little strategic coordination of underground infrastructure
development in the United States.

Conclusion 1. Coordinated formal administrative support and manage-
ment of underground infrastructure as part of an integrated, multi-dimen-
sional, above- and belowground system of urban systems is vital to urban
sustainability.

Potential actions:

a. Recognize responsibilities related to formal support for underground
infrastructure as part of the total urban system through coordinated planning
and operations, fostered technological development, and local and regional rule
making.

b. Develop and encourage use of a system for consistent data collection,
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archiving, and access to be used by all facility owners and operators to aid deci-
sion making.

Research:

a. Explore within the federal government the most appropriate technical and
administrative approaches to facilitate coordinated management of the under-
ground as part of a total urban system. Recognize and coordinate with ongoing
research in this area, for example, that conducted by the National Research
Council (NRC) Transportation Research Board related to road projects.

b. Conduct a technology scan of how countries and cities around the world
collect, manage, make available, and use three-dimensional geological and buried
structure information.

Urban infrastructure generally, and underground infrastructure more specifi-
cally, is owned, constructed, operated, and maintained by many different private-
and public-sector organizations to serve an even larger number of stakeholders.
These different groups may each have their own unique missions, be driven by
different goals, and have different financial vehicles, all of which may be diver-
gent. Contractors hired to construct or operate underground infrastructure may
not have long-term commitment to the infrastructure or the region. There may be
little opportunity for owners and operators to understand the interdependencies
between their respective infrastructure systems.

Consideration of the spatial and functional interdependencies of surface and
underground infrastructure during all phases of infrastructure life cycle is vital
to urban sustainability. However, cultural and political conventions in the United
States tend to recognize, systematically plan, and organize only the real estate
and air rights on or above the surface, effectively ignoring the valuable and non-
renewable real estate beneath our feet (with the exception of resource extraction).
Further, since the 1980s, the United States has lacked a coordinated multi-agency
federal thrust to keep U.S. research and technology at the forefront in under-
ground development. Infrastructure development, in general, and underground
infrastructure development, in particular, suffer in the United States from being
organized by sectors and without any mission agency or other organization within
the federal establishment dedicated to coordination across sectors. This coordina-
tion could lead to a better management of research investments and reduced risk
for federal investments (particularly of large infrastructure projects), and could
also be coordinated with investments by states and municipalities. Integrated,
holistic, and three-dimensional planning is necessary.

All levels of government in many regions of the country are facing economic
difficulties that may be the economic norm for years to come. The intergovern-
mental financial assistance system that has made many underground systems
possible may not be able to invest in underground infrastructure as has been done
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in the past. Development of an institutional framework that catalyzes sustain-
able growth patterns through strategic targeted investments becomes even more
important under such economic circumstances. Information management, infor-
mation technologies, and communication will be key in facilitating the complex
but efficient research and the design, construction, operation, and management
of underground infrastructure.

Observation: Market forces in the United States encourage workforce capacity
growth and urban and infrastructure development, but often in an ad hoc manner
that may not be consistent with urban sustainability.

Conclusion 2. Development of underground space as part of sustainable
urbanization requires expanded and coordinated communication with stake-
holders to better incorporate site-specific conditions, greater flexibility, and
long-term community needs into infrastructure system design and optimal
lifecycle management.

Potential actions:

a. Establish a federally led interdisciplinary network or organization of
organizations and institutions to guide sustainable patterns in underground infra-
structure development and encourage interdisciplinary research and communica-
tion of findings among all disciplines and stakeholders. Stakeholders include, for
example, designers, long-term planners, architects, safety specialists, and an array
of engineering, geologic, geophysical, environmental, and contracting specialists
from industry, government, and academia.

b. Develop mechanisms for integrated and holistic three-dimensional
research and planning that include information management and communication
technologies to facilitate complex research, design, construction, operation, and
management of underground infrastructure.

Research:

a. Explore models for designing sustainability into engineered systems of
urban systems that recognize interdependencies, vulnerabilities, complexity, and
adaptability. Coordinate ongoing research in the United States and elsewhere
on, for example, complex adaptive systems and human factors engineering (e.g.,
incorporating behavioral science, human performance and capacity, personnel
and training, and human biology and physiology into engineered systems).

b. Develop conceptual models of the complex interactions among multiple
systems (e.g., mechanical, human, and environmental) to improve understanding,
reduce risk, and effectively manage infrastructure amid changing technologies,
societal conditions, and expectations.
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c. Research the behavior of those operating, maintaining, and using under-
ground infrastructure during normal and worst-case operation scenarios to
optimize the human-technical interfaces in a manner consistent with long-term
values.

An institutional framework that catalyzes sustainable development and ade-
quately revitalizes the U.S. educational and research capacity to address sustain-
able urban underground space is needed. Required technical human capital could
be developed within this framework by bringing federal, state, and local agen-
cies, the engineering and construction industries, and university educators and
researchers under the same umbrella. Underground space development could then
be addressed in a holistic manner through integrated educational and research
programs that extend beyond traditional undergraduate, graduate, and continuing
engineering education and training. This involves significant changes in the basic
structure of several professional degree programs in the United States including
planning, architecture, engineering, public administration, and social and eco-
nomic policy—a difficult undertaking. The nation needs planners that understand
underground space and economists that better understand how underground infra-
structure supports lifeline service provision and a robust economic urban envi-
ronment. The NRC Transportation Research Board and the National Earthquake
Hazard Reduction Program might be studied to determine what elements of those
organizational models might be incorporated into an institutional framework as
discussed here. It is particularly important that engineers understand social and
economic factors that contribute to urban sustainability, but it is just as important
that other stakeholders involved in urban planning and underground development
have realistic expectations of engineering.

Shared information on the relationships among individual systems and over-
all system performance is vital, and an ontology that is accepted across sectors
and institutional cultures is needed for coordination and collaboration (see Box
7.1). Data and models used to understand the direct, indirect, and social costs
of decisions related to individual infrastructure elements over the life cycle of
the system can be the basis for better decision making related to, for example,
performance versus needed investments for repair, rehabilitation, or replacement.

Observation: Complex ownership models for underground infrastructure confuse
responsibility for routine inspections, maintenance, repairs, guidelines, budgets,
and liability.

Conclusion 3. There is a need to understand the ownership and control
models of underground space and to develop guidelines for funding and per-
forming essential periodic inspections, maintenance, and repair of individual
infrastructure elements.
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Research:

a. Analyze multidisciplinary and holistic approaches to view the complex
web of ownership, control, and responsibilities associated with maintenance and
safety of underground infrastructure.

b. Examine multidisciplinary approaches to aid transition to more modern
systems management.

Understanding ownership, liability, and responsibility for underground space
becomes more important if infrastructure management is to support improved
sustainability across the full complexity of interlinked underground systems.
Safety related to failure of, for example, underground utilities also needs to be
addressed. With the increasing appreciation of Supervisory Control and Data
Acquisition (SCADA) systems and their vulnerabilities, anticipatory strategies
need to be developed to investigate events and either direct threats to urban
society, or those that are the result of cascading failures. Past underinvestment in
infrastructure construction and rehabilitation increases current and future vulner-
ability as a result of inadequate inspections, unrepaired deterioration, inadequate
system capacity, and lack of adaptation to new demands and challenges.

TECHNOLOGICAL LEADERSHIP

Observation: The United States was a world leader in many areas of underground
science and technology when there was federal and industry investment in under-
ground engineering research and development.

Conclusion 4. Maintaining global competitiveness in underground engineer-
ing education, technology development, and practice supports urban sustain-
ability, resilience, and the standard of living of the United States.

Potential Action: Allocate resources for broader interdisciplinary education
and technology development in underground design and construction.

Research: Expand U.S. research that advances and revolutionizes, for exam-
ple, materials technologies, robotic construction technologies, laser guidance
systems, geographic information systems, and enhanced computer analysis and
visualization systems that improve the ability to model, design, plan, and reduce
risk associated with complex underground systems (see Chapter 6 for more
detail).

It can be argued that achieving and maintaining a technological leadership
position in underground engineering is not necessary for the United States to reap
all the benefits from effective urban underground facilities. The United States
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BOX 7.1
Managing and Sharing Data

Poorly delineated interdependencies may represent emerging risks, par-
ticularly in relation to extreme events. For example, performance maintenance,
protection from attack, long- or short-term costs, quality of service, or equity of
access and supply need to be investigated in terms of space (area affected,
geographical linkage to secondary impacts, etc.) and time (temporal evolution
of impacts and recovery) in order to optimize design or operation. Different
modeling tools will necessarily serve different sets of stakeholders, but the
information developed by them will be most useful if their formats are compat-
ible and if they have common spatial and temporal registrations. System data
and models often need high security but the means need to be developed to
share the relevant and necessary information for studies of interdependency
with a targeted user community. Uncertainties about data pedigree often exist
in many infrastructure databases, and protocols that can provide information
on data quality, resolution, uncertainty, and trustworthiness for example are
important. Likewise, the management and curation of massive real-time data
flows from performance sensing arrays and smart systems will become more
important, as will tools for data mining, protocols for metadata generation, and
tools to support rapid data interpretation including visualization.
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does benefit from technologies developed elsewhere, but it is not in the coun-
try’s best interest to rely as strongly on imported technologies and expertise as is
currently done. Many underground critical facilities are specifically designed to
provide enhanced security and resilience in the face of potential extreme events or
risks. Further, although outside the scope of this report, underground engineering
is an important contributor to national defense and energy capacity. Reduced U.S.
technological capacity in underground engineering can negatively contribute to
economic growth and the global competitiveness of U.S. firms.

The United States has been a world leader in many areas of science and
technology for underground construction (see Box 7.2) in the past. Partnerships
with researchers at academic institutions in the past 40 years contributed to a
continuous flow of ideas, enhanced understanding, and a high-quality graduating
workforce that provided leadership for U.S. industry. However, that leadership is
retiring, and few replacements have been trained. The majority of underground
construction innovation (e.g., slurry walls, tieback anchors, micropiles, deep
soil mixing, jet grouting, slurry and earth-pressure-balance tunneling machines,
cured-in-place pipe relining systems, and many more) now comes from outside
the United States.

Today in the United States, industry and research institutions continue to
collaborate some on technology development, and research institutions often
receive industry support for students and research. Much engineering, construc-
tion, and equipment manufacturing workforce knowledge, expertise, and training
necessary for underground development occur through mentoring, on-the-job and



194 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

BOX 7.2
Once a World Leader

The United States has been a world leader in underground technologies
in the past. For example, the first fully underground hydroelectric power plant
was constructed at Snoqualmie Falls, Washington, in 1898 (PSE, 2009). Major
developments in hard rock tunnel boring machines came about in the 1960s
as a result of the decision of Chicago planners and the Metropolitan Water
Reclamation District of Greater Chicago to build deep interceptor tunnels in the
competent dolomite rock to eliminate sewage and storm water overflow into
Lake Michigan (e.g., Hapgood, 2004). These projects engaged university re-
searchers and resulted in knowledge growth. In the 1970s, there was intensive
effort to improve underground construction technology as agencies recognized
the growing need for underground space use in urban areas, particularly in
conjunction with subway (with funding from the Urban Mass Transit Admin-
istration [UMTA]) and combined sewer and water projects (mandated by the
U.S. Environmental Protection Agency [EPA]). These projects resulted in U.S.
leadership in ground support technologies (e.g., rock bolting and tunnel lining)
and tunnel boring machine design, invention, and manufacturing. With support
from federal agencies including the National Science Foundation’s Research
Applied to National Needs (RANN) program, UMTA, the Department of De-
fense, EPA, and the Department of Energy, the United States made significant
advances in underground construction technologies in the 1970s and 1980s.
Additionally, innovations in the pipeline construction and utility industries cre-
ated radical new possibilities for pipeline and utility installations through new
concepts in trenchless excavation and the adaptation of directional oil well
drilling technologies to cable and pipeline installations in the 1980s and 1990s.
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project-specific problem solving, extensive use of overseas construction firms
on projects, and collaboration with international engineers on temporary assign-
ments. To remain competitive, firms such as Parsons Brinkerhoff have career
development programs to make up for the smaller number of colleges and univer-
sities that provide hands-on underground engineering knowledge. Industry groups
such as the North American Society for Trenchless Technology (see http://nastt.
org/training) also provide courses for professionals on targeted topics. However,
this training is not viewed—even by those with extensive industry experience
on the committee—as a broad education, and there is minimal contribution from
higher education institutions to these efforts.

There are advantages but also important limitations associated with industry-
based training. Economic competiveness within industry means that knowledge
gained by a specific firm tends to remain with that firm and may even leave the
United States if the firm returns overseas at project completion. Commercial
constraints may prevent industry from embracing the challenges associated with
an integrated and holistic approach to urban development, as well as those asso-
ciated with infrastructure sustainability and long-term performance. In contrast,
advancements made at multidisciplinary research institutes are more likely to
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BOX 7.3

Multidisciplinary Research Aiding Domestic
Competitiveness

From 1977 to 1995, at a time when the United States was a world leader
in underground engineering technologies and innovation, the research orga-
nization with perhaps the broadest mission related to underground construc-
tion was the state-funded Underground Space Center at the University of
Minnesota. The center assembled a multi-disciplinary team to look broadly at
issues affecting underground space use, including public policy, planning, ar-
chitectural design, geotechnical engineering, and underground heat transfer,
and it became a model for several other centers around the world that guide
underground space use in their respective countries. These include centers
at the University of Delft in the Netherlands, Tongji University, Chongging
University and Nanjing Engineering Institute and other universities in China,
and the Urban Underground Space Center of Japan. While University of
Minnesota center was successful in terms of research activity and maintain-
ing its broad mandate, the lack of a stable base funding for its mission left
it vulnerable to a university- and state-funding recession that resulted in its
closure in 1995.
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be of greater societal benefit while also resulting in a more educated domestic
workforce (see Box 7.3). This is even more important as the country prepares to
address projected urban, demographic, and climate-related challenges.

AN EDUCATIONAL FRAMEWORK

Observation: Lack of funding continuity that allows meaningful investment in
equipment and faculty has resulted in a substantial reduction in the number
of U.S. university programs dedicated to integrated underground engineering
research and education.

Conclusion 5. There is a critical shortage in educational, training, and
research opportunities for engineers who wish to learn and practice under-
ground engineering in the United States.

Potential actions:

a. Develop national multidisciplinary, multi-institutional, cross-sector
research centers that focus on different areas in underground engineering and
sustainable urban infrastructure to produce the next generation of leaders in
underground engineering.

b. Integrate graduate underground engineering studies with research pro-
grams or a critical mass of coordinated faculty activity to anchor research to
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existing programs. Create opportunities to specialize in particular aspects of
underground engineering, but with a multidisciplinary approach.

c. Develop university consortia to aggregate faculty expertise; strengthen
industry-university faculty relationships.

d. Teach better facility planning and management with a multidisciplinary
approach through traditional, distance, or hybrid-style education formats. Train-
eeships (e.g., NSF’s Integrative Graduate Education and Research Traineeships)
could help to fund programs.

e. Expose undergraduates to multiple disciplines, issues, challenges, and
opportunities associated with sustainable underground space use and engineering.

f. Develop continuing education opportunities for professionals.

g. Develop appropriate credentialing for inspectors, technicians, and opera-
tors of complex underground facilities.

Good engineering depends on strong analytical skills, creativity, ingenu-
ity, professionalism, and leadership (NAE, 2004) as well as on accumulated
knowledge based on old and new successes in underground works. Undergradu-
ate programs that contribute to the kinds of knowledge discussed in this report
include but are not limited to mechanical, electrical, civil, structural, geotechni-
cal and geological engineering, planning, architecture, public policy, fire safety,
and information technology. However, traditional programs in these areas do
not prepare students for an integrated approach to practice. Some interdisciplin-
ary programs in underground engineering at the graduate level conform to the
American Society of Civil Engineer’s Policy 465 to support a Master of Science
(MS) degree (or equivalent) as prerequisite for professional practice (ASCE,
2007). Some examples of programs include the MS in infrastructure engineering
at the University of California at Berkeley, the MS in sustainable and resilient
infrastructure systems at the University of Illinois at Urbana-Champaign, and the
infrastructure focus of the civil engineering program for the MS in Engineering
at Louisiana Tech University (Brierley and Hawks, 2010). Graduate education at
some schools includes specifically identified foci (e.g., the certificate in tunneling
at the University of Texas at Austin) or specialization within a more generally
named graduate degree program. Cooperative education and internships for all
forms of education are especially important in underground engineering, which
is less codified than, for example, engineering for structural building design.

Education and training has been integrated in some underground engineer-
ing programs including, for example, the tunneling and underground engineering
group at the University of Illinois (1970s and 1980s), the Underground Space
Center at the University of Minnesota (1977-1995), and the Trenchless Tech-
nology Center at Louisiana Tech University. Such research groups significantly
influenced general practice and specific applications, but the size of the programs
paled in comparison with the scale warranted by the level of national investments
in underground space use and infrastructure.
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Today, there is little expectation of the funding continuity that allows mean-
ingful investment in equipment and faculty needed to support enduring and inte-
grated research programs and the type of integrated graduate studies suggested
here. This relates to the lack of continuous government focus on infrastructure
issues in general, and underground infrastructure in particular. Relatively few
university faculty in the United States engage in tunneling research, and many of
those focus on tunnel performance in seismic and other extreme situations rather
than on improving tunnel design and construction performance. The number of
U.S. university programs dedicated to mining engineering has also reduced sub-
stantially since the 1960s: fewer than 20 exist today.

The decline of research in underground construction and tunneling in uni-
versities in the United States mirrors the fragmentation of U.S. government-
sponsored activities in underground development research. An underground
engineering workforce that supports sustainability cannot be created by simply
merging educational programs of similar skill sets. This is true for several disci-
plines that are at the core of underground engineering such as geotechnical and
mining engineering. Geotechnical engineering, for example, is often treated as
a subdiscipline within civil engineering and hence competes for resources with
structural, transportation, environmental, and other engineering disciplines. The
number of geotechnical engineering faculty at a university may be only 1 or 2,
and seldom more than 5 or 6 in even large civil engineering faculties of 30-40
professors.

Mining engineering education and training has suffered in part as a result of
a reduction in U.S. mining activity in favor of overseas mine development. The
loss of mining engineering programs, faculty, and students, given their similar
core knowledge as their civil engineering colleagues, compounds the human
capacity issues for underground engineering. Specialized knowledge areas such
as tunneling have been put under pressure by state-mandated reductions in credit
hour requirements for undergraduate degrees, the lack of interest by U.S. students
in pursuing advanced degrees, and the limited or sporadic nature of funding
opportunities for research in these fields.

IMPROVING PERFORMANCE

Observation: The complexity of urban infrastructure systems and uncertainties
associated with system design and performance increase with greater and more
varied demands on both above- and belowground infrastructure.

Conclusion 6. Engineers and urban planners could better improve whole
lifecycle facility performance and overall urban sustainability with docu-
mented and validated risk-informed approaches to project planning and
design that balance lifecycle project needs in terms of service delivery, ini-
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tial costs, resilience against extreme events, and effective maintenance and
operations.

Research:

a. Advance existing and develop new technologies for modeling uncertainty
during all phases of infrastructure life cycle. These include invasive and nonin-
vasive technologies for geologic site characterization (including existing and
legacy infrastructure and materials); analytical and computational design meth-
ods; excavation, ground support, and monitoring technologies; and technologies
for asset management including related to the management of data and security
(see Chapters 6 and 7 for more details).

b. Develop strategies to investigate potential hazards, impending problems,
and cascading evolution of problems, especially given current underinvestment
in infrastructure system rehabilitation.

c. Engineers and planners could use extreme events to understand complex
systems behaviors and interdependencies and to validate computational models
of system performance.

Sustainability and resilience have only been considered in broad terms for
a decade or two, and there are more questions than answers regarding what
sustainability and resilience strategies are most effective. However limited our
current knowledge is, however, it is necessary to act on the best knowledge we
have while rapidly improving our grasp of the complex system interactions,
and while developing metrics to assess progress. In this regard, the educational
framework discussed above can create a new generation of professionals able to
integrate technical disciplines with the emerging understanding of sustainability
and resilience and integrate risk-informed approaches to design, construction,
and management.

Large and complex underground facilities and networks represent major
financial investments, provide critical functions and services for urban living, and
must not degrade health and safety. For most cities, however, major underground
projects are not a normal undertaking and hence present major challenges to
policy makers and the professionals from the planning, architecture, engineer-
ing, financial, insurance, building code, and health and safety sectors that will
be involved with such projects. Trusted information about alternatives, costs,
benefits, and risks that can be used by all from those contributing disciplines is
needed as are the means to improve that information as additional knowledge
and experience is gained. Interdisciplinary research, education, and training that
allow development of practical methods to determine, for example, the remaining
useful life of utilities and services are needed. Consideration of topics such as
how best to reuse or reconfigure underground space as technologies change are
also part of performance and total lifecycle planning.
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ADVANCING TECHNOLOGY FOR SUSTAINABILITY

Observation: Aging underground infrastructure may be susceptible to deteriora-
tion and issues associated with changing technologies, changing climate, and
societal needs.

Conclusion 7. Underground space development requires a long-term com-
mitment to technological advancements in an environment that is friendly
to improved planning, innovation, and implementation.

Potential actions:

a. Design infrastructure that allows ease of access for inspections, main-
tenance, repairs, upgrades, and reconfigurations in response to new needs or
technologies that allow such work to be completed at lower costs.

b. Consider resource needs, availabilities, and access when making admin-
istrative and technical decisions concerning development. These include energy
resources (e.g., oil, gas, and other energy resources), industrial minerals, high-
value or critical strategic minerals (e.g., gold, uranium, rare earth elements), and
construction materials (e.g., gravel, sand, building stone).

c. Use appropriate models that demonstrate multiple potential scenarios and
allow better infrastructural system planning based on local conditions.

Research:

a. Academia and system stakeholders could collaboratively develop long-
term performance simulation models for complex systems and validate the results
over time to understand dynamic responses and emerging system behaviors.

b. Explore how technologies and innovations from other industries (e.g.,
exploration tools, in situ analytical techniques, measurement-while-drilling sys-
tems, laser scanning, fusion of multi-sensor data) and civilian application of
military research could be applied to underground engineering.

c. Conduct long-term research on the effects of the underground infrastruc-
ture on the natural and built environments to increase the capacity of decision
making for society’s best long-term interests.

d. Research comprehensively and on a common risk-cost-reward basis the
long-term effects on sustainability of underground storage or disposal of urban
wastes (e.g., municipal, sewage, or energy-related products).

Improved technologies can enhance the ability to select the most sustainable
approach to underground space use by making such use cheaper or better. For
example, the development of better planning, design, and construction technolo-
gies can reduce construction costs, minimize deterioration, increase resilience,
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and address geologic, hydrologic, environmental, thermal, and social issues that
exist or may arise over time. Technologies have improved in the past decades,
but, interestingly, many of the general areas in which improvements are regularly
cited as being needed have not changed. For example, in 1989, the National
Research Council identified the ways in which geotechnology impacts the U.S.
economy, the environment, and national security (NRC, 1989). Multiple research
themes deserving special attention were identified that could contribute to infra-
structure development and rehabilitation including:

» influences of construction on nearby structures;

 trenchless construction technologies for installing and rehabilitating util-
ity pipe networks (see Box 7.4);

* development and use of new materials such as plastic pipe, polymers, and
geosynthetic materials to address infrastructure system needs;

* maintenance and renewal of aging infrastructure systems, including
remote sensing systems to locate and assess infrastructure system quality; and

* an interdisciplinary approach to solving the diverse needs of complex
infrastructure systems.

Research in many of these areas has improved U.S. capacity to develop under-
ground systems, but research in these same areas is still warranted today, espe-
cially given national interest in sustainability and resilience. Chapter 6 provides
a detailed discussion on needed technology innovations associated with site
characterization, and underground infrastructure design, construction, operation,
monitoring, and maintenance that could contribute to sustainable development.

Some specific technology development challenges and opportunities for
research that would aid a more holistic approach to integrated urban system
design and operation are highlighted in previous chapters and in Boxes 7.4 and
7.5.

LIFECYCLE APPROACHES

Observation: Few data exist regarding the environmental and social impacts and
lifecycle sustainability of urban development that can inform technology and
administrative decisions related to long-term (decades to centuries) infrastruc-
ture operation, maintenance, and reduced costs.

Conclusion 8. Comprehensive and scientific retrospective studies of the
direct and indirect costs and impacts of various types of underground proj-
ects are needed to evaluate usefulness and economic, environmental, and
social impacts so that future planning can maximize sustainability.
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BOX 7.4
Specific Challenges for Pipe and Cable Systems

* Piping systems in the United States have expected service lives of 50
to 100 years, and cables have expected service lives of 10 to 15 years (EPA,
2008). Many systems in the United States have exceeded their expected
service lives and may fail in coming years if not renovated or replaced.

» The development of new pipe and cable materials that perform better
over longer life cycles, as well as of new smart underground infrastructure
networks that monitor their own performance and condition are needed.
Smart systems could allow improved prediction of needed repairs before
costly failures occur. The result could be more intelligent infrastructure main-
tenance planning and integrated decision making. For example, needed
repairs in an area could be coordinated, minimizing combined repair costs
and closure of public rights of way.

» Three-dimensional position and performance information is important,
especially given the premium now placed on new techniques to rehabilitate
conduits and increase capacity of existing pipe in situ rather than creating
new alignments.

« Utilidors that combine utility systems into compact and maintainable
configurations may be effectively justified through development of workable
scenarios for secure multi-utility facilities, lifecycle cost-benefit analyses, and
effective transitioning strategies combined with demonstration projects.

* Future design standards need to include consideration of the role of
individual system elements in the larger urban system over their life cycles.
Standards also need to anticipate, for example, the effects of climate change
in a region (e.g., drainage systems may require greater capacity to accom-
modate increased intensity, duration, and frequency of storms).

* Planning and design will need to accommodate multi-hazard ap-
proaches to risk-based management over the life cycle of systems and will
need to consider long-term robustness, resilience, and sustainability during
design and operation. For example, the impacts on groundwater resources
and structural adequacy, buoyancy, water tightness, and corrosion will require
increased attention in areas affected by changing groundwater levels (espe-

cially if coupled with saltwater intrusion).
_ J

Research:

a. Conduct comprehensive and scientific investigations to retrospectively
identify the lifecycle performance of various types of underground infrastructure
and to identify the aspects of project planning, design, construction, and opera-
tion that contribute most to project costs and performance. For example, track
financial (both direct and indirect), environmental (e.g., air and water quality),
and social impacts over an extended period (e.g., decades) following a project
such as Boston’s Central Artery alignment.

b. Develop common metrics for assessing sustainable development more
generally, and for assessing specific economic, environmental, and social impacts.

c. Develop quantitative methods to compare the value of underground space
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BOX 7.5
Mapping and Data Capture and Assessment Technologies

Urban underground space can be better managed with less labor-in-
tensive means to map accurate positions of all underground utilities, perform
essential lifeline service inspections, and manage the resulting massive da-
tabases. Reliable documentation of all things underground in an accessible
and searchable database system would improve the ability of planners to
maximize underground space use while minimizing construction and main-
tenance costs. The technologies also could lead to better long-term sys-
tems approaches to planning, construction, operations, and maintenance.
The means also could be developed to dynamically link ground information
models with feedback from construction or monitoring equipment to enable
real-time characterization, response prediction, and decision making related
to processes throughout infrastructure life cycles. However, underground data
collection and transmission related to wired system robustness and wireless
system transmission capabilities and energy requirements still present chal-
lenges. Sensors and network systems are needed that can be placed under-
ground in widely distributed and self-organizing networks, that allow long-term
operation (including calibration and location registration and configuration),
and that can be operated remotely. Coordinated technology developments
could be considered in areas such as low-power sensing and systems, power
scavenging and harvesting, or the development of wireless signal transmis-
sion systems in the underground.
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on a par with other urban resources (e.g., linked to market value of surface
property) and in consideration of the impacts on future underground use (e.g.,
infrastructure may need to be placed in increasingly difficult ground conditions).

d. Compile data about sustainability aspects of various construction methods
and materials (e.g., the availability of materials and energy embodied in produc-
tion of materials).

Lifecycle analysis is a strategic tool that can inform decisions related to
operations, maintenance, costs, and environmental impacts that affect sustain-
ability. Understanding whether, for example, urban underground development
precludes good stewardship of underground water resources in a region may
require quantifying the amount of evapotranspiration, groundwater recharge,
flow patterns, and pollution, among other factors, enabled because of different
construction techniques or the preservation of natural landscapes. Retrospective
analyses inform strategic prospective lifecycle cost analyses that, ideally, become
part of local and regional planning processes. Decision makers that understand
the true costs of infrastructure options over time are likely better poised to make
decisions that support sustainability. Design decisions that affect sustainabil-
ity include, for example, those that integrate initial (during construction) and
permanent ground support systems that require less construction materials, use
materials with improved performance, or incorporate more waste or by-product
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materials from other applications (e.g., concrete made from coal fly ash-based
geopolymers).

Capturing all costs, such as diminished air quality or those associated with
disruption and business losses during street closures, in a comparison of proj-
ect alternatives remains a challenge and a topic for future research. Although
costs may differ significantly among similar projects, discrepancies observed
in the cost of a lane-kilometer of roadway in various countries, for example,
suggest that investigating the detailed reasons for lower costs in some countries
as compared to others would be worthwhile. Understanding such relationships
would assist development of a realistic management framework that objectively
distributes total costs over infrastructure life cycle. An entire infrastructure man-
agement framework could be informed that includes planning, documenting
existing conditions, establishing land use requirements (both above and below
ground), and issuance of permits for approved underground use (as directed by
informed policy).

USER SAFETY AND COMFORT

Observation: Underground infrastructure can safely enhance the lives of mil-
lions, but few federal-level safety regulations exist to guide operational safety at
a time when underground system complexity is increasing.

Conclusion 9. Greater user acceptance and occupancy of underground
infrastructure and facilities are likely if underground spaces are planned
with more consideration of utility, ease of access, wayfinding, safety, and
aesthetics.

Potential actions:

a. Develop and adopt performance-based safety mechanisms and codes that
not only account for today’s underground occupancies (e.g., mixed use, multi
level) and risks, but also allow for expansion and change of use. The International
Code Council technical requirements, applicable National Fire Protection Asso-
ciation standards, and other related standards and guidelines could be expanded
and made applicable to underground facilities.

b. Incorporate human factor and complex systems engineering concepts
to guide threat recognition and technical and operational decision making for
normal operations and for operations during times of stress (e.g., in response to
extreme events).

c. Incorporate behavioral science, training, biology and physiology, human
performance and capacity into safety codes and design.
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Research:

a. Research the state of practice and best practices related to safety sys-
tems (e.g., hazard detection, notification, ventilation, fire suppression, emergency
egress, and system integration). Develop appropriate minimum safety system
requirements to incorporate into national-level guidelines and standards.

b. Compare international underground safety codes and guidelines with
those applicable in the United States to identify inadequacies and guide future
practice, recognizing existing efforts in this area (e.g., by the Federal Highway
Administration).

Public acceptance and use of underground space will increase if underground
infrastructure is more convenient and comfortable to use. One design challenge
is long-range planning that incorporates strong connectivity within underground
systems and with surface systems. This means creating usable reasonably con-
nected underground systems that limit pedestrian travel time and lengthy vertical
movement by stairs, escalators, or elevators. However, existing building codes
may not be flexible enough to accommodate the types of design that increase
convenience.

Building codes exist to protect the health and safety of those constructing,
operating, or using infrastructure, but their slowly evolving nature leaves little
room to benefit from evolving technologies. Further, existing safety codes, regu-
lations, and standards designed to address known risks above ground are often
inadequate for large-scale, sustainable development of the underground. Large-
scale public use will require development of new and updated safety regulations
that specifically address risk of the underground and activities (occupancies)
therein.

Allowing variation in design based on better understanding of how to create
safe but interesting and enjoyable underground space without greatly increasing
costs and space requirements remains a challenge. Incorporating more human
factors engineering into underground and urban system design and operation may
improve the underground for safety, productivity, and aesthetics. Research into
new materials and their behaviors, combined with risk assessments and manage-
ment activities that incorporate, for example, provisions for emergency evacua-
tions, rescue, and recovery would benefit the underground environment during
normal operations, as well as during and following stressful events. Identifying
and countering negative perceptions can be as important as safety and technical
challenges and require their own research focus.
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FINAL THOUGHTS

Observation: Underground space is a valuable but decidedly nonrenewable
resource.

Conclusion 10. Underground space can enhance urban sustainability only if
the underground is thoroughly understood and if underground use and reuse
and the protection of the natural and built environments are incorporated
into long-term total urban infrastructure system planning.

Potential actions:

a. Institute planning of all underground space as part of an evolving urban
system to be carefully engineered or preserved for optimal long-term use and
regional sustainability.

b. Establish reasonably intensive groundwater, soil, and infrastructure moni-
toring practices to track the health of the underground urban environment accord-
ing to the general geologic conditions and use. Use data generated from a range
of environments and situations to inform urban planning in other areas.

It is easy to look at a photograph of a city and envision a three-dimensional
model of its surface structures, skyscrapers, and raised highways. This report
challenges many urban planners, designers, engineers, researchers, contractors,
and infrastructure operators to include the subsurface in this three-dimensional
model, and to coherently link infrastructure between the surface and subsurface.
Just as there is only so much surface area in a given city, there is only so much
usable underground volume beneath the surface. However, unlike infrastructure
on the surface, underground infrastructure cannot be easily removed or rebuilt
when its useful life ends. Once subsurface geologic materials are removed and
infrastructure elements or waste are put in their place, the subsurface cannot be
restored to its original state and possibly may not be used for other purposes. For
this reason, urban sustainability is dependent on thorough understanding of the
underground and how best to plan for the use, reuse, and protection of under-
ground resources—whether referring to natural energy or material resources, or
to the underground space itself.

People have exploited underground space and resources for thousands of
years to advance and protect survival, economic prospects, mythological culture,
and spiritual growth. These endeavors involved high risks offset by the belief that
the benefits of the underground exceeded the dangers—Ilong before there was
detailed understanding of the underground environment or sophisticated tools
with which to explore it. However, early successes and failures in the under-
ground helped build the substantial knowledge base that exists today throughout
the world. The challenge now is to create a comparable legacy to sustain the
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nation’s natural resources, economic efficiency, and social solidarity for the long
term. This means expanding our knowledge base in ways that align our technical
tools, collective perceptions, public policies, regulations, and procedures so that
we can reduce risks to negligible levels, create needed services and spaces that
function reliably and lift our spirits, and ultimately provide an integral and bal-
anced support system for livable and sustainable urban areas.
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Committee and Staff Biographies

Paul H. Gilbert (NAE) retired as senior vice president, principal professional
associate, and principal project manager of Parsons, Brinckerhoff, Quade, and
Douglas, Inc., senior vice president of Parsons Brinckerhoff International Inc.,
and director of Parsons Brinckerhoff, Inc. A member of the National Academy
of Engineering, his expertise is in project management of the design and con-
struction of large complex facilities, including major subterranean constructed
works. Mr. Gilbert was the project director of the Parsons Brinckerhoff/Mor-
rison Knudsen team for design, construction management, and construction of
the conventional facilities of the Department of Energy’s superconducting super
collider, which included 72 miles of tunnels. He has served as principal-in-charge
for major engineering projects such as the Stanford Linear Accelerator, Positron-
Electron Project, the Basalt Waste Isolation Project at Hanford, Washington, the
Downtown Seattle Transit Subway Project, the Long Beach Naval Fuel Pier, and
the Boston and San Francisco Effluent Outfall Tunnels. He is the author of Par-
sons Brinckerhoft’s Project Management Manual and has also published various
technical papers and articles. Apart from Parsons Brinckerhoff, as an appointed
member of the University of California President’s Council, Mr. Gilbert Chaired
the Council’s Project Management Oversight Panel providing project manage-
ment oversight, support and mentoring over a 10 year period for large value
projects executed at the Los Alamos National Laboratory, Lawrence Livermore
National Laboratory and Lawrence Berkeley National Laboratory, including the
National Ignition Facility at Livermore. He is also the Chair of the Associated
Universities Inc. Project Management Oversight Committee for the construc-
tion of the ~$600M North American contribution to the Atacama Large Mil-
limeter/submillimeter Radio Astronomy Array being constructed in Chile, South
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America, at a site located in the Atacama Desert at 16,500 ft elevation. Mr. Gil-
bert is a Licensed Professional Engineer in 17 states and is a member of a variety
of professional organizations, including the American Society of Civil Engineers,
The Moles, and the Society of American Military Engineers. He has won multiple
awards in civil engineering and construction management, including American
Society of Civil Engineers fellow, its Rickey Medal, and Construction Manage-
ment Award. Mr. Gilbert received his B.S. and M.S. degrees from the University
of California, Berkeley in civil engineering and structural mechanics, respectively
and is a Distinguished Engineering Alumnus.

Samuel T. Ariaratnam is a Professor in the Del E. Webb School of Construction
in the School of Sustainable Engineering and The Built Environment (SSEBE)
at Arizona State University. His teaching and research interests are in the areas
of Urban Infrastructure Management & Rehabilitation, with a particular focus
on trenchless engineering applications of horizontal directional drilling, trench-
less pipe replacement, and underground utility asset management. Prior to join-
ing ASU, Dr. Ariaratnam served for five years in the Department of Civil and
Environmental Engineering at the University of Alberta. He has also served as a
visiting assistant professor at the U.S. Air Force Academy in Colorado Springs,
and, while still a graduate student, was employed at the U.S. Army Corps of
Engineers Construction Research Laboratories where he performed research in
military construction and strategic planning. He has published over 200 techni-
cal papers in refereed journals and conferences, has co-authored five textbooks,
and is a co-holder of three patents. Dr. Ariaratnam serves as the Chairman of
the International Society for Trenchless Technology and is active in a number of
professional societies. He has received multiple awards including the prestigious
ASCE John O. Bickel Award; the Young Civil Engineer Achievement Award from
the University of Illinois, and an award of recognition from Halliburton Energy
Services for contributions to underground technology. In 2006, he was named to
the Phoenix Business Journal’s Forty under 40 list. Recently, Trenchless Technol-
ogy Magazine named him as the 2012 Trenchless Person of the Year. Dr. Ariarat-
nam holds a B.A.Sc. from the University of Waterloo (Canada) and an M.S. and
Ph.D. in civil engineering from the University of Illinois at Urbana-Champaign.

Nancy Rutledge Connery has worked to advance civil infrastructure systems
for nearly 30 years. Her career began as a transit analyst in the New York City
Mayor’s Office of Management and Budget at the outset of the transit system’s
historic reconstruction. Later, in her home state of Washington, she developed the
Public Works Trust Fund, a nationally recognized program, which has provided
over $2.5 billion in low interest loans for local renewal projects since 1986. She
also worked as an investment banker with Seattle Northwest Securities. In 1985,
she was named Executive Director of the National Council on Public Works
Improvement, a joint Presidential/Congressional study commission, where she
produced a series of well-regarded reports and frequent testimony on the state
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of the nation’s infrastructure. In 2000, U.S. Senate Majority Leader appointed
Connery to the Amtrak Reform Council, a financial oversight board. She has
served on various National Academies’ technical boards, the Executive Com-
mittee of the Institute for Civil Infrastructure Systems at New York University,
and the Advisory Board of the Taubman Center for State and Local Government
at Harvard Kennedy School. She has published, lectured and consulted widely
throughout the world and is currently researching “next generation” infrastructure
design. She holds a B.A. in political science from Pacific Lutheran University in
Tacoma, Washington, and M.P.A. from John F. Kennedy School of Government,
Harvard University.

Gary English is Deputy Chief of the Seattle Fire Department and Assistant Fire
Marshal for the City of Seattle, Washington. He serves as the department’s com-
mand staff assigned to ensure code and standard compliance with minimum fire
and life safety requirements of major projects including the Sound Transit Light
Rail Link combined bus/rail tunnel complex and associated stations, and Alaska
Way Viaduct replacement, a stacked road tunnel to be completed by 2015. These
projects include the installation of a multitude of fire and life safety systems such
as point extraction ventilation, sprinkler systems, fire alarms, mass notification
systems, emergency exiting, and intelligent traffic systems. In addition to such
projects, Chief English is heavily involved with standard building fire and life
safety systems with specialization in high-rise structures, smoke management,
fire alarm, and elevator use. Chief English is a member of the International Fire
Fighters Association, has served on National Fire Protection Association tech-
nical committees for road tunnels (NFPA 502), passenger rail tunnels (NFPA
130), and standpipe systems (NFPA 14), has received special training in national
incident management systems at the command staff level, and has presented
internationally on Underground Command and Safety.

Conrad W. Felice is the Technical Director of Tunnel Service and Vice President
at HNTB Corporation and an Adjunct Professor at the University of Florida in
the Department of Civil and Coastal Engineering. He has held CEO/President
and Vice President level positions in multinational corporations and served in the
Air Force for 27 years, retiring the rank of Lieutenant Colonel. He is a registered
Professional Engineer in twelve US states, Puerto Rico and two provinces in
Canada. Dr. Felice’s underground and tunneling experience includes the program
management of the Department of Defense underground technology development
program and the technical direction for laboratory testing and analysis in sup-
port of the U.S. underground nuclear testing program at the Nevada Test Site.
Commercial projects have included the physical vulnerability of underground
systems to explosive and fire loads, the stability of historic road and rail tunnels,
geotechnical analysis and support requirements for transit and water conveyance
tunnels, seismic analysis and upgrade of underground systems, and the design
and construction of large diameter pipelines underground in urban and mountain-
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ous environments. Dr. Felice has been recognized as an invited member to the
National Academy of Engineering Symposium on Frontiers of Engineering and
was also selected as a member of the American Society of Civil Engineers Recon-
naissance Team visits to the affected earthquake damaged area of the Sichuan,
China basin. He is the past Chair of the Transportation Research Board Commit-
tee on Modeling for the Design, Construction and Management of Geosystems
and is serving on the Transportation Research Board Committee on Tunnels and
Underground Structures as well is an active member in the International Tunnel-
ing Association working group on research. Dr. Felice earned his B.S. from Ohio
University, an M.S. from the Air Force Institute of Technology and a Ph.D. in
Civil Engineering from the University of Utah.

Youssef Hashash is a Professor in the department of Civil and Environmental
Engineering at the University of Illinois which he joined in 1998. His research
interests include deep excavations, earthquake engineering, numerical modeling,
and soil-structure interaction. He is also involved in the use of visualization and
virtual reality techniques in geotechnical engineering applications. Dr. Hashash
worked as a staff engineer for the Parsons Brinckerhoff/Morrison Knudsen team
in Dallas, Texas on the Superconducting Super Collider Project construction
and was part of the Geotechnical and Underground Engineering group at Par-
sons Brinckerhoff in San Francisco, California. He has been involved in many
tunnel and deep excavation projects around the United States and Canada. Dr.
Hashash is a member of the American Society of Civil Engineers (ASCE), the
Earthquake Engineering Research Institute, the American Underground Associa-
tion, the International Tunneling Association, and serves on the Earth Retaining
Structures Committee of the Geo-Institute of ASCE, and Performance of Struc-
tures during construction of SEI. In 2002 Dr. Hashash was named a Beckman
Fellow at the Center of Advanced Studies at the University of Illinois. He is a
2001-2003 American Bridge Faculty scholar (UIUC). In 2000, Dr. Hashash is
a recipient of the Presidential Early Career Award for Scientists and Engineers
(PECASE) and the Walter L. Huber Civil Engineering Research Prize and Arthur
Casagrande Professional Development Awards from the Geo-Institute of ASCE.
He was twice a National Center for Supercomputing Application Fellow (UIUC).
He received the James Crose Medal (ASCE, 1994) and Thomas Middlebrooks
Awards (ASCE, 1997) for journal publications. Dr. Hashash earned his B.S.,
M.S., and Ph.D. degrees in Civil Engineering from the Massachusetts Institute
of Technology.

Chris Hendrickson (NAE) is the Duquesne Light Company University Professor
of Engineering, Co-Director of the Green Design Institute at Carnegie Mellon
University, and Editor-in-chief of the American Society of Civil Engineering
(ASCE) Journal of Transportation Engineering. He was elected to the National
Academy of Engineering in 2011 “for leadership and contributions in transporta-
tion and green design engineering.” His research, teaching, and consulting are
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in the general area of engineering planning and management, including design
for the environment, project management, transportation systems, finance, and
computer applications. Current research projects include lifecycle assessment
methods (especially based on economic input/output tables such as eiolca.net),
assessment of alternative construction materials, economic and environmental
implications of Ecommerce, product takeback planning, and infrastructure for
alternative fuels. He has co-authored three textbooks, Environmental Life Cycle
Assessment of Goods and Services: An Input-Output Approach (Resources for
the Future, 2005), Project Management for Construction (Prentice-Hall, 1989)
and Transportation Investment and Pricing Principles (John Wiley & Sons, 1984)
and two monographs, Knowledge Based Process Planning for Construction and
Manufacturing (Academic Press, 1989) and Concurrent Computer Integrated
Building Design (Prentice-Hall, 1994). In addition, he has published numerous
articles in the professional literature. Prof. Hendrickson is a Distinguished Mem-
ber of the ASCE, an Emeritus Member of the Transportation Research Board,
and a Fellow of the American Association for the Advancement of Science. He
has been the recipient of the 2002 ASCE Turner Lecture Award, the 2002 Fenves
Systems Research Award, the 1994 Frank M. Masters Transportation Engineering
Award, Outstanding Professor of the Year Award of the ASCE Pittsburgh Section
(1990), the ASCE Walter L. Huber Civil Engineering Research Award (1989),
the Benjamin Richard Teare Teaching Award (1987), and a Rhodes Scholarship
(1973). Dr. Hendrickson earned his B.S. in General Engineering and M.S. in Civil
Engineering, both from Stanford University. He earned a B.Phil. in Economics
from Oxford University, and his Ph.D. in Civil Engineering from the Massachu-
setts Institute of Technology.

Priscilla P. Nelson is a Professor of civil engineering at the New Jersey Institute
of Technology (NJIT). She served as NJIT’s provost and senior vice president
of academic affairs from 2005 — 2009 and then rejoined the faculty as an active
professor and researcher. Prior to her tenure at NJIT, she held many positions
at the National Science Foundation (NSF), concluding service there as senior
advisor to the director of the National Science Foundation. Prior to her appoint-
ment to NSF, Dr. Nelson was professor of civil engineering at The University
of Texas at Austin. Dr. Nelson has a national and international reputation in
geological and rock engineering and the application of underground construc-
tion. She is former president of the Geo-Institute of the American Society of
Civil Engineers (ASCE), a lifetime member, Fellow and first president of the
American Rock Mechanics Association, a Fellow of American Association of
the Advancement of Science, a Distinguished Member of ASCE, and she served
on the Executive Committee of the American Geological Institute. In addition to
these activities, she has many other professional affiliations including: Tau Beta
Phi, the Moles, Underground Construction Association (SME), Association of
Engineering Geologists, International Tunneling Association, Dispute Review
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Board Foundation, and the American Society for Engineering Education. She has
served as a member of and liaison to many National Research Council boards and
committees. Dr. Nelson has been a part of several major construction projects,
including field engineering responsibilities during construction of the Trans-
Alaska Pipeline System, and serving as a consultant to the U.S. Department of
Energy and the State of Texas for the Superconducting Super Collider project.
She was appointed a member of the Nuclear Waste Technical Review Board by
President Clinton in 1997 and again in 2000. She has authored over 125 techni-
cal publications, and received many awards, including the Kenneth Andrew Roe
Award, American Association of Engineering Societies in 2008 and the Henry
L. Michel Award for Industry Advancement of Research, American Society of
Civil Engineers, 2011. Dr. Nelson received her Ph.D. from Cornell University in
geotechnical engineering.

Raymond L. Sterling is a Professor Emeritus at Louisiana Tech University. From
1995 to 2009 he was the Contractors’ Educational Trust Fund Professor of Civil
Engineering and Director of the Trenchless Technology Center at Louisiana Tech
University. Previously, from 1977 to 1995, he was the founding director of the
Underground Space Center at the University of Minnesota. He is a Past Chairman
of the International Society for Trenchless Technology and the North American
Society for Trenchless Technology, a Past Chairman of the U.S. National Com-
mittee on Tunneling Technology, and a Past Animateur for the International
Tunnelling Association’s Working Group on Direct and Indirect Advantages
of Underground Structures. In 2003, he received the Stephen D. Bechtel Pipe-
line Engineering Award from the American Society of Civil Engineers. He was
selected as the Person of the Year by the Trenchless Technology Magazine in
2001 and as Most Valuable Professional by the Gulf Coast Trenchless Association
in 1999. In 2009, he received the Gold Medal from the International Society for
Trenchless Technology for outstanding contributions to the field. He has authored
approximately 200 books, technical papers and reports on a wide range of topics
related to underground space use, underground construction, geomechanics and
trenchless technology, and for the past 10 years has served as a Senior Editor of
the international journal Tunnelling and Underground Space Technology. He is
registered engineer in the United States and is a Fellow of the American Society
of Civil Engineers. Dr. Sterling received a B.Eng degree in civil and structural
engineering from the University of Sheffield. He received his M.S. and Ph.D.
degrees from the University of Minnesota.

George J. Tamaro (NAE) is a retired partner at Mueser Rutledge Consulting
Engineers. His technical interests are primarily in structural and geotechnical
engineering. His work involves a broad range of analytical, design, and construc-
tion problems related to deep foundations and underground structures, and he is
also involved in the design and construction of containment facilities and the
control of dam seepage using special barrier systems. Mr. Tamaro holds several
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patents in applications of slurry wall and slurry trench technology. Mr. Tamaro
has an interest in the preparation and training of young engineers who will some-
day be consultant engineers. He is particularly concerned with the development
of engineers capable of analyzing, designing, and installing safe, economically
constructed facilities. He is a member of NAE, recognized for his expertise in
the design and construction of slurry walls and deep foundations worldwide. Mr.
Tamaro earned a B.S. degree in civil engineering from Manhattan College, and
M.S. degrees in civil engineering from Lehigh University and in architectural
technology from Columbia University and was awarded an honorary D. Eng.
From Manhattan College.

Fulvio Tonon is Assistant Professor, Department of Civil, Architectural and
Environmental Engineering at the University of Texas at Austin. He joined the
faculty of the University of Texas at Austin in 2005 after spending three years
as an assistant professor of geological engineering at the University of Utah,
and two years as a senior tunnel engineer with Parsons Brinckerhoff. He directs
the International Tunneling Consortium, which encourages academic research
in response to industrial needs, after its official launch in fall 2007. He also
developed an On-line Certificate in Tunneling, which aims at providing working
knowledge in design or construction management of tunneling projects to UT
graduate students and the industry; the program has received provisional endorse-
ment by the International Tunneling Association (ITA). Dr. Tonon has established
from scratch a rock mechanics laboratory for the characterization of intact rock
and fractures as well as index tests for estimating the penetration and abrasion
rate of tunnel boring machines. In 2006, Dr. Tonon won the Award for Applied
Rock Mechanics from the American Rock Mechanics Association for his paper
“Stresses in anisotropic rock masses: an engineering perspective building on geo-
logical knowledge”. His research emphasizes rock mechanics and engineering,
underground excavations and uncertainty modeling with generalized theories of
probability. He has published two books on tunneling, one book on uncertainty
bounds in civil engineering, 55 papers in peer-reviewed journals and 44 papers
in conference proceedings. He has more than 15 years of professional experience
working on projects in the Americas, Europe, and Africa. Design experience
includes: cut-and-cover and bored tunnels in rock, soft ground and mixed face
conditions, with or without the use of Tunnel Boring Machines; foundations
and special foundations; rock and soil slope stabilizations; precast concrete and
steel-concrete composite bridges; hydraulic infrastructures for dams, purification
plants and rivers; renovations of ancient masonry buildings; and reinforced con-
crete buildings. Dr. Fulvio Tonon earned his Laurea in civil engineering from the
University of Padova, Italy, and his Ph.D. in civil engineering from the University
of Colorado at Boulder.






Open Session Meeting Agendas

MEETING 1

Committee on Underground Engineering for Sustainable Development
National Research Council of the National Academies
Meeting, June 1, 2010
AGENDA

The Keck Center of the National Academies,
500 Fifth Street, NW, Washington, D.C.

9:30 a.m. Welcome, Introductions, Paul Gilbert, NAE, Committee Chair

9:35 Discussion: The Definition of “Sustainability”
10:00 Features, Functions, and Characteristics of Underground Spaces:
Large Occupancy Underground Environments in Europe, Asia and
the U.S.

Mpr. Kevin Peterson, Architect, Peterson Design
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11:00 Attributed 3D Geologic Models in the UK and their Application to
Planning and the Sustainable Development of Underground Space
Dr. Helen Reeves, British Geological Survey

12:00 pm  Working Lunch in meeting room
Continuation of Discussion

1:00 Sustainability Issues for Underground Space in Urban Areas
Dr. Ray Sterling, Louisiana Technical University (by phone)
(Note: Paper included in briefing materials; please be prepared to discuss)

2:00 Break
2:20 Lifecycle Costs and Benefits Issues with Urban Underground
Facilities

Dr. Harvey Parker, Harvey Parker and Associates, Inc.

3:20 Materials Issues for Underground Construction
Dr. Edward Garboczi, National Institute for Standards and Technology

4:00 pm Adjourn Open Session

Remainder of meeting held in closed session.

MEETING 2

Committee on Underground Engineering for Sustainable Development
National Research Council of the National Academies
July 27, 2010
AGENDA

Arnold and Mabel Beckman Center of the National Academies
100 Academy Drive, Irvine, CA

Objective: Gather information through panel discussions on issues associated
with 3D planning and zoning and with operations and maintenance of under-

ground infrastructure.

12:45 p.m.  Welcome and Introductions, Paul Gilbert (NAE), Committee Chair
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Format of panel discussions:

The panel discussions will each last approximately 2 hours. Each speaker will
have approximately 15 minutes to speak followed by 5 minutes of questions and
answers directed at that speaker. Following the last speaker, the table will be open
for roundtable discussion. All present are invited to participate in discussion.

12:50 p.m. Panel 1—Three-Dimensional Urban Planning
Moderator: Priscilla Nelson, PhD, Committee Member

Panelists:

Richard Little, Director, Keston Institute for Public Finance and Infrastructure
Policy, University of Southern California

Gordon Feller, Director, Internet Business Solutions Group, Cisco Systems

Benedict Schwegler, Jr., PhD, Vice President and Chief Scientist, Walt Disney
Imagineering Research and Development

2:45 Break

3:00 Panel 2—Operating and Managing Underground Space
Moderator: Samuel Ariaratnam, PhD, Committee Member

Panelists:

F. G. Wyman Jones, Manager and Supervising Engineer, Los Angeles County
Metropolitan Transit Authority

Henry A. Russell, Vice President, Parsons Brinkerhoff, Inc., Boston

Razmik Manoukian, Los Angeles Department of Water and Power

5:00 Reception for committee and guests on the Dining Terrace

5:30 Working dinner for committee and guests in the Executive Dining Room
Discussion over dinner regarding the day’s panel sessions

7:00 pm.  Adjourn

Remainder of meting held in closed session.






C

Interdisciplinary Underground
Engineering Practice

of urban planning, underground development, and maintenance and dis-

cusses the multidisciplinary effort required to manage underground infra-
structure in an integrated way throughout infrastructure lifecycle. Contracting
practices are also discussed.

This appendix focuses on an integrated systems approach to the practices

THE INTERDISCIPLINARY UNDERGROUND ENGINEERING TEAM

Underground engineering is a multidisciplinary endeavor given the chal-
lenges associated with creating healthy, safe, productive, and pleasant space in
complex geologic environments and in inhospitable and dangerous conditions. A
range of considerations—from social, political, and economic, to physical con-
dition of the ground, to environmental preservation, to those related to human
factors—play into decisions to be made by the necessarily interdisciplinary
teams that plan, construct, operate and maintain. Some specialties tapped dur-
ing planning and construction are described in this appendix to demonstrate the
complexity of engineering underground infrastructure with sustainable develop-
ment in mind. The sections are broken into distinct phases or specialty areas, but
successful project completion depends on an integrated approach and constant
interaction among team members.

Early Planning for Sustainability

During early underground infrastructure planning for a representative proj-
ect, urban and regional planners consider opportunities to optimize the surface
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environment through underground use. Specialized site and facility planning
specialists consider the interrelationship between the surface and underground in
detail. Architects, architectural engineers, and underground civil engineering spe-
cialists develop and illustrate workable design solutions for specific underground
spaces that reflect geologic and groundwater conditions and any hazards present
at and near the site of the proposed facility. Geotechnical engineers provide site
definition investigations and studies that establish the basis for these designs (see
below). To appreciate what the finished facility may look like and how well it will
serve the intended purposes, interior designers will consider how to transform
the underground space by planning surfaces, lighting, colors, finishes, textures,
signs, and subliminal indicators that contribute to a sense of comfort and safety
in the underground and its public access points.

Cost Estimating, Schedule Management, and Interface Management

A component of project “success” is completion within cost budgets and
time schedules. Cost and schedule management specialists develop workable
schedules and correlated cost estimates for the underground work that reflect
reported site conditions and constraints, equipment selection to perform the work,
and any mitigations designated by the various government offices with jurisdic-
tion. As the project advances to construction, the leads on the interdisciplinary
team, define major discrete work elements and implement control systems that
assist in the management of project scope, costs, and schedules beginning with a
project work breakdown structure (WBS). They coordinate cost estimates, time
schedules, and data that form baseline working budgets for each task and work
package. A critical path schedule is developed to aid work management. The
assembled information becomes a regularly updated project control system that
reflects progress and identifies occurrences of indications of problems or delays
as early as possible. Underground project cost estimating specialists conduct risk
and contingency analyses, analyze processes and scheduling, and recommend the
most cost effective equipment for specific jobs. They rely on the work of under-
ground systems engineering specialists who develop a project risk register! used
in project planning, risk assessment, and risk mitigation.

Systems engineering specialists, besides developing risk registers, employ
interface management techniques that integrate project management areas and
technical disciplines. As a project develops, construction contract packages are
defined for different parts of the project, and interfaces between the separate

! A risk register is a tool created shortly after a project concept is defined, and is used to manage
risk in underground construction and operation throughout project development. It helps to identify
risks and their impacts, from which mitigating and contingency actions can be determined. Many risks
listed in the register (e.g., discipline-specific uncertainties such as the availability of specific electronic
devices) are reduced as work progresses and mitigation activities are performed.
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contracting packages coming from different contractors must be identified and
actively managed. Other systems engineering assignments may include configu-
ration management (assuring system function and performance are consistent
with design) and change control management. A small, well-lead group of expe-
rienced procurement practitioners will prepare and proof contract documents and
oversee procurement processes for the several underground contracts to be bid
and built.

Site Characterization and Environmental Protection

Engineers with training in many disciplines are necessary to characterize the
underground, re-engineer existing infrastructure, and create the environment nec-
essary to support the proposed underground infrastructure. The expertise of civil
engineers trained in the design, construction, and maintenance of public works
is augmented with expertise of those with graduate training in areas such as geo-
technical and geological engineering, rock and soil mechanics, and geophysics.

Geotechnical engineers classify the engineering behavior of earth materi-
als through field and laboratory testing. Geological engineers interpret how
the geology and geologic origins of an area might influence planning, mining,
construction, and operation of the infrastructure. Understanding the soil and
rock mechanical properties at and near a job site is necessary for smart and safe
design and construction of proposed underground structures. Rock mechanics
engineers describe expected in situ strengths, stresses, strains, elasticity, and other
rock mass properties where work will occur. Soil mechanics engineers similarly
describe the nature and behavior of the less consolidated materials—soils—in the
area. In the early design and development of the project, these various special-
ists prepare a geotechnical baseline report (GBR),” take part in specifying and
selecting tunnel boring machines (TBMs), and, as designs develop, work with
the design and specification drafting team. Geophysical engineers noninvasively
measure physical properties of an area using equipment and analytical techniques
to infer geology, geologic structure, groundwater conditions, to identify geologic
anomalies where they exist, and the presence of manmade artifacts or potentially
dangerous gases. This aids production of three-dimensional models of soil and
rock characteristics. Gaseous ground mitigation specialists will design measures
to mitigate and control each type of gas.

Groundwater Protection and Control

Environmental engineers and planners identify potential impacts to the envi-
ronment associated with underground infrastructure construction and work with

2A GBR is used to define the baseline conditions on which contractors will base their bids and select
their means, methods, and equipment (FHWA, 2011a).



224 APPENDIX C

design engineers to identify appropriate construction plan, operation and mitiga-
tion measures. An environmental impact report or statement is completed before
the design of any project begins in earnest, and mitigation action plans—as
needed—will be part of submitted planned contract bid packages. Project delivery
that includes mitigation measures is a means to assure environmental protection.

Groundwater hydrology engineers address challenges associated with pro-
tecting groundwater as a resource, and with engineering in consideration of
groundwater as a component of the soil and rock. The control of groundwater,
commonly encountered during underground construction, is a complicated and
potentially costly physical challenge. It is important that groundwater conditions
at infrastructure works shafts and surface penetrations are mapped and analyzed,
and that groundwater preservation and management solutions are developed and
coordinated with all team members. Groundwater conditions can influence a
series of fundamental decisions related to construction and operation, including
choice of ground excavation methods, support systems, and of water barriers
that may be required to protect groundwater resources and maintain a “dry”
underground facility.

Facility Construction

Once construction begins, structural engineers lead units charged with the
design of specific project sections or elements (normally what becomes a con-
struction contract package). These engineers know how appropriate connections
between the different structural components are made, and may have to incor-
porate seismic design and waterproofing concepts into underground structures to
make structures safe for given circumstances. Seismic engineers evaluate for and
prepare site-specific seismic designs criteria to assure compliance with existing
codes and safety. Geotechnical engineers, TBM specialists, and mining engineers
may be enlisted as part of the team to allow safe excavation of materials from
within the earth.

Building underground facilities, as with many aboveground facilities, requires
the expertise of underground works construction engineers who understand prob-
lems associated with crowded work sites and difficult logistical considerations.
Work sequences can become disordered by small events that result in delays
and added costs. A seasoned construction engineer performs full constructability
reviews to anticipate such problems as the designs develop.

Mechanical, Electrical, and Communication Systems

Trained mechanical engineers design, construct, and operate, multiple
mechanical systems needed in underground projects, including water manage-
ment (e.g., sumps and piping, valves, pumps and motors, and controls), and
heating, air conditioning, and ventilation systems. Mechanical equipment needs
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to be selected consistent with existing codes and standards, with energy efficiency
in mind, and in consideration of the underground environment and sustainable
use. Underground safety is enhanced through application of computational fluid
dynamics techniques to determine how fluid and gasses flow in and around
underground spaces. Noise mitigation and the safety and comfort of occupants
of the underground are also of concern to mechanical engineers. Electrical and
communications systems engineers design power transmission, distribution and
communications systems, and the surveillance and security sensors, systems,
and control rooms from which these systems are operated. Electrical systems
are essential to the work of many other engineers on a given project, and to safe
infrastructure operation.

Fire Protection and Life Safety

Assuring the safety of people underground requires accommodating the
physical needs of survival. Ventilation experts design systems to provide fresh
air and remove excess carbon dioxide and other gases that build up in enclosed
spaces. Fire safety specialists understand how underground fire may start, spread,
be contained, and extinguished, and they understand how smoke, heat, or haz-
ardous materials may travel through underground passageways and pose threats.
They also understand how many emergency evacuation routes are needed and
where they can be placed, and under what circumstances shelter-in-place facilities
might be appropriate. Each underground project is under the jurisdiction of fire
marshals who guide infrastructure design to satisfy fire and life safety require-
ments, however safety and sustainability are often dependent, especially in the
underground, on moving beyond regulatory compliance.

Although not generally considered a primary purpose in the United States,
underground infrastructure may be called upon to shelter people against natural
or manmade hazards. Shelter design engineers or weapons effects experts may be
asked to integrate the requirements of such use into facility design.

UNDERGROUND CONSTRUCTION CONTRACTING PRACTICES

Underground construction contracting, as with all types of construction
contracting, ranges from small and simple to large and complex. Project con-
tracting differs depending on the scope, work site location, sources of funding,
if the project will be built by union employees or “open shop”, and applicable
laws, ordinances, and regulations. Contract provisions unique to underground
construction practices, however, have been developed according to site geology
and groundwater conditions, site uncertainties and risks, special project insur-
ance provisions, and payment terms corresponding to risks shared by the owner
and contractor. Such provisions have been formalized with support of the under-
ground construction industry and successive blue ribbon committees comprised
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of experts from federal agencies, the engineering and construction industry,
academe, and the legal services and insurance industries. The National Research
Council’s U.S. National Committee on Tunneling Technology (USNCTT) pro-
duced reports from 1974 through 1995 covering contracting and technical issues
intended to improve the performance of underground construction (NRC, 1974;
1977; 1978; 1984; 1989; and 1995).

Summaries of Key USNCTT Issues

The body of work from the USNCTT improved contracting and management
practices for underground construction in the United States. Their reports are still
important resources today, remaining relevant in the face of derivative laws of the
National Environmental Policy Act of 19693 that cover water, air, noise, endan-
gered species, remediation, as well as the introduction of much new technology.
The value of the work of the USNCTT in improving contracting practices and
management for underground facilities is illustrated in the following summaries
of issues addressed in their reports. The American Society of Civil Engineers
(ASCE 1997, 2007), the Underground Construction Association* and the Inter-
national Tunneling Association (e.g., ITA, 1988) more recently have addressed
improvements to construction contracting for underground works. Below are
descriptions of key reports.

e Better Contracting for Underground Construction (NRC, 1974) pro-
vides recommendations pertaining to:

*  Full disclosure to all bidders of all subsurface information, profes-
sional interpretations, and design considerations through a special report
of geotechnical site conditions and facility designs, with careful distinc-
tion given to what was factual data and what were interpretations or
opinions. The report spoke out against the use of disclaimers by owners
pertaining to underground geotechnical data provided.

*  Provisions for a changed-conditions clause within contracts to
include differing-site-conditions thus identifying for the owner where
it might assume the risk concerning unknowns in subsurface physical
conditions.

*  Provisions for contingencies for special groundwater problems.

*  Encouragement of the use of cost-reimbursement contracts for
major underground construction with particular terms and conditions.

*  Provisions for bidder pre-qualifications.

*  Provisions for use of value engineering.

3See www.epa.gov/lawsregs/laws/nepa.html.
4See http://uca.smenet.org/.
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*  Provision for the use of bid pricing to provide for timely payment
for up-front mobilization and other expenses for the contractor, and
alternative bidding for private work but not for public works (contrary
to then-existing public laws).

*  Provisions covering cost escalations during the contract period.

*  Provisions to substantially reduce the time and cost of submitting,
negotiating and obtaining payment of contract price adjustments for
approved changes.

» Disclosure of the engineer’s estimate for the cost of the construc-
tion as-bid with the opening of bids; and, disclosure with the invitation
for bids, providing notice given a limit on the total funding available
for the contract.

*  Provisions for wrap-up project insurance.

*  Provisions for use of the arbitration process, a process developed
by the American Arbitration Association (AAA) to settle disputes under
the contract, short of litigation.

These recommendations left open the use of disclaimers by an owner when
providing site geotechnical data and information for prospective underground
construction bidders and construction managers. This proved to be a significant
opportunity for disputes and litigation centered on this issue, which the commit-
tee was soon to address.

e Recommended Procedures for Settlement of Underground Construction
Disputes (NRC, 1977) detailed the processes for employing the AAA procedures
that included in contracts:

*  Provisions to employ AAA’s underground construction disputes
settlement rules to settle disputes equitably and cost effectively through
the use of both mediation and arbitration.

*  Provisions for either party, if in their interest, to call for the matter
in dispute to go to arbitration, with the knowledge that the arbitration
report would be entered into evidence should the matter ultimately go
to litigation.

The use of the mitigation or arbitration process brought into focus the need for
experienced underground construction experts who could objectively hear the
arguments for and against a disputed issue and find a suitable resolution based on
the contract, technical considerations, the law and precedence and also be versed
in the process. If mitigation was employed, a single party acceptable to both could
handle the process and matter. However if the matter was taken to arbitration,
the process typically would entail a panel of three persons. This process initially
worked, but was costly, time consuming, and the number of people qualified for
the processes was limited.
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This led to the advent and use of construction-industry organized and popu-
lated, Dispute Review Boards (DRB), (called Disputes Resolution Boards in
some states) based on the form of the arbitration process, but entirely staffed
with senior and semi-retired experienced underground construction personnel,
first used in 1975. Their proceedings were found to take less time, cost less, to
be more amicable, and more equitable in their outcome. Thereafter the Disputes
Resolution Board Foundation was formed to provide a central source of infor-
mation and optional form-contract terms for use across the United States and
throughout the world.

* Better Management of Major Underground Construction Projects (NRC,
1978) observed that underground projects are among the most complicated
because they typically take place in urban areas, geotechnical considerations
assume greater importance than in other types of construction, and underground
work requires special equipment, techniques and skills to perform. The success
of underground projects is therefore particularly sensitive to the management
practice employed. The report provides recommendations to address and avoid
management problems of projects through the use of examples. The report iden-
tifies that the most important cause of management problems is delay in taking
decisive action. A list of goals and objectives to improve the management of
underground projects is provided and detailed.

* Geotechnical Site Investigations for Underground Projects (NRC, 1984)
which provided an entirely new strategy for improving contractor/owner relation-
ships and outcomes related to underground projects. This was a strategy for fair
risk sharing, particularly of those associated with unknown ground conditions.
Complete disclosure of all factual geotechnical information to all bidders, and
the preparation of a special report that documents the designer’s reasoning and
interpretations that resulted in the selection of construction methods, lining types,
anticipated ground behavior and other information was recommended.

Central to this new contracting strategy was an appendix to the report entitled
Geotechnical Design Report (NRC, 1984). With the use and purpose remaining
the same, practitioners in the industry found it more convenient to rename it
“Geotechnical Design Summary Report” (GDSR). In 1997, the ASCE through its
Underground Technology Research Council, Technical Committee of Contracting
Practices expanded and added clarity and form of the GDSR document, revising
the title to Geotechnical Baseline Report (GBR) (ASCE, 1997). ASCE and oth-
ers have continued to improve the GBR in application (e.g., Smith, R.E., 2001;
van Staveren and Knoeff, 2004; ASCE, 2007; and Rozek and Loganathan, 2008).
There is a continuing need to update the content of the GBR and to anticipate
the geotechnical and design requirements for use of new technology in ground
improvement tools and materials, new mining tools and capabilities, etc. coming
into the construction processes. Ongoing research is indicated.
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In 1989 the USNCTT addressed the anticipated construction of the Supercon-
ducting Super Collider (SCC; 72 miles of tunnels, 42 shafts, 4 large underground
rooms, etc.). Recommended contracting practices for this project, addressed
effective use of rigorous risk recognition, risk assessments and minimizing,
and allocation of risks on the basis of what party can best manage the risk or
consequences.

The SSC project team was to identify then mitigate, minimize, control, or
eliminate project risks to the performance of the underground work. These rec-
ommendations were applied by the project team at every step with the outcome
that with over $400 million in construction completed or in work under firm fixed
price construction contracts, the project was $100 million under the project’s
target cost for that scope when the government terminated the project in 1993 (P.
Gilbert, personal communication).

*  Safety in the Underground Construction and Operation of the Explor-
atory Studies Facility at Yucca Mountain (NRC, 1995) issued its last report on the
topic of safety. It is interesting that the always significant issue of underground
work safety was addressed in this last USNCTT publication.

The beneficial contributions made to U.S. underground construction prac-
tices cannot be overstated. Revisiting the need for a body that could provide
unifying guidance related to the full array of underground infrastructure issues
for the lifecycle of said infrastructure may be appropriate, especially with respect
to how underground engineering practice may ultimately contribute to urban
sustainability.
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