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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

Vil
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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
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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

Copyright © National Academy of Sciences. All rights reserved.
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2 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

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.

Copyright © National Academy of Sciences. All rights reserved.
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tion methods, including tunneling, conducive to sustainable and resilient
underground development;

e 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

Copyright © National Academy of Sciences. All rights reserved.
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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.

Copyright © National Academy of Sciences. All rights reserved.
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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.
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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., IPCC, 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
easily 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
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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. )

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 Limited Access
independent, scale of Ground excavation, transport and
construction disposal
Sale of excavated materials or | Cost uncertainty: geological,
minerals contractual, institutional delays
Savings in specialized design
features
Operating Maintenance Equipment/materials access
Cost Insurance Personnel access
Energy Use 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 Trreversibility
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.
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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
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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;

» 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 .......cocceveeeeeenns 41,000 | 1,212,688 780,392
(DOE, 2006) | (PHMSA, 2005) (PHMSA, 2005)
Interstate ........ccceveveennen. 250,000
Intrastate ...........ccooeeeunenn. 75,000
Hazardous Liquid............. 160,868 160,868
(PHMSA, 2003)
Oil 177,200
Gathering .......ccccoeeveeeene. 35,000
(Pipeline 101, 2001)
Crude....oevveeeeeeee 65,942
(BTS, 2004)
Product .......ccevvevieeniennn 76,258
Water .....ooeovveeieecienne 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 ...ccveevveeeniecinns 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
System, example

wetland
functions and
dynamics

Other Natural,
ecosystems with long-term >' - Cultural Resource
system sustainability /\ Systems

’

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.

Copyright © National Academy of Sciences. All rights reserved.



Underground Engineering for Sustainable Urban Development

42 UNDERGROUND ENGINEERING FOR SUSTAINABLE URBAN DEVELOPMENT

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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Figure Simplified diagram developed at Sandia National Laboratories of CASoS engineering
application space as a simplified network. The diagram illustrates how CASoS engineering
considers the relationships of the CASoS, the goals of engineering (termed aspirations), and
elements that can influence the system (perturbations). Items in black represent existing ap-
plications for a specific CASoS and those in red represent those in development. SOURCE:
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.

\ J

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).

. “ T - 3
FIGURE 1 Collapse of multiple buildings resulting from excavation collapse. SOURCE:
AP Images.

L

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 Severinstae: Waidmarkt:

direction of view excavation pit for a
southwards track crossover and
later emergency exit
part of the building
collapsed into the site

extension partly | -

destroyed

1

i
| basement

. . —} excavation ground
22 m deep water

Secondary School

Water and soil infiltrates .
running tunnels

into the excavation, the
ground underneath the diaphragm walls
Archive oozes away

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.call§11.com.
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P
BOX 2.6
A Strategic Research Agenda for the European Construction
Sector

The European Construction Technology Platform (ECTP)? 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.
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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

°See 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.
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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

Copyright © National Academy of Sciences. All rights reserved.



Underground Engineering for Sustainable Urban Development

CONTRIBUTIONS TO SUSTAINABLE AND RESILIENT URBAN DEVELOPMENT 69

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
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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,
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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).

% = .

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.
& J

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 resident