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NOTE 

Proceedings of a workshop on Developing and Adopting Seismic Design and Construction 
Standards for Lifelines was prepared in 1992. The publication of the proceedings, however, was 
delayed until a Plan for Developing and Adopting Seismic Design Guidelines and Standards for 
Lifelines (FEW\, 271, 5/96) was submitted by the Federal Emergency Management Agency to 
Congress in September 1995. 
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ABSTRACT 

The recommendations for developing and adopting seismic design and construction standards for 
lifelines presented in this report were prepared in response to Public Law 101-614, the National 
Earthquake Hazard Reduction Program (NEHRP) Reauthorization Act. The recommendations 
were based on inputs from experts in research and practice of lifeline earthquake engineering in 
private and public sectors; the Technical Council on Lifeline Earthquake Engineering of the 
American Society of Civil Engineers; utility organizations; and local, state, and federal 
government who participated in a workshop in Denver, Colorado, September 25-27, 1991. The 
workshop concluded that standards are needed to reduce the vulnerability of lifelines to 
earthquakes, and recommended the need to develop recommendations for standards, encourage 
and support the adoption of these recommendations by the standard organizations serving the 
lifeline community, and to work with the lifeline community to achieve their implementation. 

Parts of these recommendations were included in the "Plan for Developing and Adopting Seismic 
Design Guidelines and Standards for Lifelines," FEMA 271, 5/96, submitted by the Federal 
Emergency Management Agency to Congress in September 1995. 
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EXECUTIVE SUMMARY 

BACKGROUND AND OBJECTIVES 

These recommendations for developing and adopting seismic design and construction standards 
for lifelines have been prepared in response to Public Law 10 1-614, "The National Earthquake 
Hazards Reduction Program (NEHRP) Reauthorization Act." Such standards will describe the 
properties intended for lifeline systems, equipment, and materials. They will provide both the 
mechanism for communication between buyers and sellers of lifeline products and services and 
the basis for regulations protecting the public health, safety and welfare. Properly developed and 
effectively implemented lifeline seismic standards will significantly reduce the vulnerability of 
both new and existing lifeline systems to future earthquakes. 

The recommendations are based on inputs from private and public sector experts in research and 
practice of lifeline earthquake engineering. The participants in both the planning and the 
workshop held from September 25 to 27, 1991, in Denver, Colorado, represented the principal 
private and public sector organizations concerned with lifeline systems, such as the Technical 
Council on Lifeline Earthquake Engineering (TCLEE) of the American Society of Civil Engineers 
(ASCE); associations of utilities; and local, State and Federal governmental agencies. These 
experts concluded that standards are needed to reduce the vulnerability of lifelines to earthquakes, 
and that adequate knowledge bases exist or can be developed within this decade to produce the 
standards. Their guidance focuses on developing recommendations for standards, encouraging 
and supporting the adoption of these recommendations by the standards organizations serving the 
lifelines community, and working with the lifelines community to achieve their effective 
implementation. 

THE NEED FOR LIFELINE SEISMIC STANDARDS 
Lifelines are the public works and utilities systems that support most human activities: individual, 
family, economic, political, and cultural. Lifeline systems comprise electrical power, gas and 
liquid fuels, telecommunications, transportation, and water supply and sewers. Failures of 
lifelines can be directly hazardous to life: spills of flammable and/or toxic liquids, conflagrations, 
explosions and/or collapses of structures may result. Even more significant are indirect 
consequences of failures, such as impossible living conditions in homes without power or fuel, 
loss of transportation, and loss of employment and production without lifelines services. Indeed, 
the loss of lifeline services over wide areas for extended periods of time, such as loss of oil and 
natural gas supplies through major pipeline distribution systems for the northeastern United 
States as a result of a devastating earthquake in the central United States, would severely damage 
the economy, security, and international competitiveness of the Nation. 

At least 39 of the 50 states are subject to severe or moderate hazards of earthquakes. While earth­
quake occurrence is most frequent in California and Alaska, an earthquake can cause damage over 
a much larger area east of the Rocky Mountains, since in that region, ground motions attenuate 
much less with distance. An earthquake occurring east of the Rocky Mountains would affect an 
area ten times or more larger than an area of equal magnitude occurring in the West. 
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Experiences in recent earthquakes show that lifeline systems not designed and constructed for 
earthquake resistance are subject to failure when exposed to earthquake effects. In the San 
Francisco Bay area some 60 miles from the epicenter of the 1989 Lorna Prieta, California, 
earthquake, collapse of an elevated highway killed 42 persons and failure of San Francisco's 
water system hampered fire fighting. Fortunately, conflagration was avoided by unusually calm 
winds. Failure of the Oakland Bay Bridge disrupted economic activities for weeks, and still 
today surface transportation is inhibited by failures of elevated highway structures. These lifeline 
failures, it must be noted, occurred relatively far from an earthquake in our best-prepared State. 

While loss of life and property damage would be confined within an earthquake's felt area, 
economic losses, particularly those caused by the failure of lifeline systems, can be widely spread 
throughout the Nation as the result of the Nation's close interdependency of its commerce 
activities. Recent studies indicate that lifeline damages and losses of service can exceed $10 
billion for a Cape Anne, Massachusetts; New Madrid, Missouri; Charleston, South Carolina; San 
Francisco Bay area or Southern California earthquake. The insurance industry's Earthquake 
Project has estimated that losses from a single severe earthquake affecting a major metropolitan 
area could cause insured losses exceeding $50 billion that would threaten the viability of the 
insurance industry. 

Each type of lifeline has shown vulnerability to earthquakes. Further, lifeline systems are 
interdependent and interactive. The failure of one lifeline--electrical power, for example--would 
impact all of the other lifelines. 

While earthquakes are inevitable hazards, they are not inevitable disasters. Experiences in recent 
earthquakes have shown that lifelines properly designed to resist earthquakes perform well in 
spite of severe earthquake effects. For instance, the Bay Area Rapid Transit System, which 
received special attention to seismic safety during its design, was functional immediately after the 
Lorna Prieta earthquake. 

Currently, nationally recognized standards for the design and construction of lifeline systems for 
seismic safety exist only for highway bridges, nuclear power reactors, and dams. These are 
areas where Federal initiative has been undertaken to support the standards' development. 
Federal initiative is needed because benefits extend broadly to private and public sector organiza­
tions. No single company, trade association, profession or State can alone assume the costs of 
developing nationally applicable standards consistent among all the interdependent types of 
lifelines. In addition, while voluntary private sector participation is essential to success of the 
program, private organizations can justify participation only if that participation is likely to 
produce timely results important to their respective businesses. Therefore, it is incumbent upon 
the Federal Government to act in support of the development of nationally applicable seismic 
standards for lifelines. 
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At present, because of the lack of standards, most utilities, public works organizations, and 
regulatory agencies lack authoritative technical bases for their seismic safety requirements. 
Lifeline standards should include provisions for system performance, including functionality 
during and immediately after an earthquake, performance of elements (subsystems) required to 
obtain desired s.ystem performance, and properties required of equipment and materials. These 
provisions must be consistent with the seismic hazards of a locality (i.e., more resistant lifelines 
in areas of greater seismic hazard) if they are to provide consistent reliabilities. 

S lRATEGY I?OR DEVELOPMENT AND IMPLEMENTATION 

There are diverse private and public sector responsibilities for the performance of lifeline 
systems, and sleismic safety is but one of many requirements for successful performance of 
lifelines. The findings of the Denver workshop, therefore, call for work with and in support of 
existing organizations of the lifelines community to develop recommendations for seismic safety 
standards that are suitable for incorporation in existing lifeline standards. These standards, 
subsequently, can be used voluntarily by lifelines organizations or referenced in regulations of 
local, State or Federal agencies. 

It is recommended that the National Institute of Standards and Technology create an "umbrella" 
lifelines seismic standards group to monitor and coordinate the standards development process. 

STANDARDS DEVELOPMENT ACTIVITIES 

While standards development activities focus on development of recommendations for standards, 
the scope of the proposed work includes applied research to obtain critically needed knowledge 
and participation in the incorporation of the recommendations into lifelines standards. Two areas, 
however, are not included: standards for dams are treated by the Interagency Committee on Dam 
Safety, and standards for nuclear power facilities are provided by the Nuclear Regulatory 
Commission. 

For the majority of the lifelines considered, the recommended workplan for each lifeline follows a 
common outline: 

o Policy StatementIPhilosophy--Defines the earthquake hazards to be 
<considered and the desired system performance. Particular attention is given to 
the need for the lifeline service to be available during and immediately after the 
earthquake. Contingency response,repair, and restoration objectives are included. 

o System Performance Standard--Defines procedures for evaluating the 
seismic performance of the lifeline system to determine if the policy statement is 
satisfied. 
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o Element Standards--Includes standards for the design of new elements 
(subsystems) and for the evaluation of existing elements. Element standards 
provide data for evaluating the seismic performance of the lifeline system using 
the system performance standard. 

o Equipment and Materials Standards--Establishes seismic design criteria for 
new equipment and materials and condition assessment standards for existing 
equipment and materials. 

A specific lifeline typically has a long life and is continually maintained and improved. Lifeline 
standards, therefore, are recommended for both incremental upgrading of existing lifelines and 
new construction. 

Trial evaluation and design studies are suggested to explore the efficacy and economic 
consequences of proposed recommendations for standards. These studies will contribute to the 
improvement of the recommendations and provide understanding of the proposed system 
performance requirements. Construction cost estimates will indicate the economic implications of 
adopting each standard. 

Detailed recommendations for standards (prestandards) should be developed simultaneously for 
all lifeline types. Since lifelines are interdependent, there is little justification for adoption of 
seismic safety standards for one lifeline if its earthquake performance would be crippled by 
failure of other lifelines. 

Recommended priorities and funding levels for standards development and research activities are 
provided for each of the lifelines. In summary, the funding levels are as follows: electrical 
power, $5,040,000; gas and liquid fuel, $5,850,000; telecommunications, $6,800,000; 
transportation, $31,310,000; water and sewer, $5,700,000. The total funding level for all 
lifelines is $54,700,000. 

MANAGEMENT AND COORDINATION 

Consistent with National Institute of Standards and Technology's role as NEHRP principal 
agency for research and development to improve building codes and standards and practices for 
structures and lifelines, it is recommended that NIST have the lead responsibility in the 
development of lifeline seismic standards. In . regard to Federal agency participation and 
coordination in the standards development activities, it is recommended that the Interagency 
Committee on Seismic Safety in Construction (ICSSC) be the primary focal point. 

As mentioned previously, it is recommended that the National Institute of Standards and 
Technology create an "umbrella" lifelines seismic standards group to monitor and coordinate the 
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standards development process. 

IMPLEMENTATION 

The recommendations for standards should be implemented primarily through existing voluntary 
consensus standards for lifeline systems, elements, equipment, and materials. When available, 
lifeline seismic standards should be referenced or adopted in the specifications of owners and the 
regulations of State and local governments. Federal use of the recommendations for standards 
would follow the President's Office of Management and Budget Circular A-119, Federal Partici­
pation in the Development and Use of Voluntary Standards, that states that voluntary standards 
should be adopted and used by Federal agencies unless they are specifically prohibited by law 
from doing so. 

To expedite Federal implementation of lifeline seismic standards, it is recommended that an 
executive order be drafted to provide requirements for Federal agencies to adopt and use seismic 
standards for Federal and Federally assisted or regulated new and existing lifelines. 
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CHAPTER I: INTRODUCTION 

1-1. THE CONSEQUENCES OF EARTHQUAKES 

Among natural hazards, earthquakes can be the most devastating. The sudden release, without 
warning, of strains accumulated in a fault system, causes a tremendous amount of energy to be 
dissipated in all directions through the propagation of seismic waves. As a result, several 
phenomena can be observed: A major earthquake may cause changes in elevation and surface 
ruptures (see Figure 1) over a large geographic area. Strong ground shaking may precipitate 
landslides and lhe liquefaction of loosely compacted and saturated sandy deposits. This 
temporary loss of soil bearing strength would cause tilting, excessive settlement, or lateral spread 
of structures' foundations (see Figures 2, 3, and 4). 

In addition to the effect that seismic waves have upon the ground, they also have an effect on 
structures as well. Structures resting on the ground are excited into vibration as a function of 
their frequency response to seismic waves. Low buildings and short and stiff bridges, which 
have higher response frequencies, will respond to the incoming seismic waves first, followed by 
tall buildings and long lifeline systems that have lower response frequencies. When the ground 
and the structure vibrate at or close to the same frequency, this resonance can cause local 
amplification of ground shaking and lead to severe damage or total collapse of inadequately 
designed and constructed structures (see Figure 5). 

1-2. LIFELINE VULNERABILITY TO EARTHQUAKE DAMAGE 

Lifelines are the public works and utilities systems that support most human activities: individual, 
family, economic, political, and cultural. Lifeline systems comprise electrical power, gas and 
liquid fuels, telecommunications, transportation, and water supply and sewers. Failures of 
lifelines as the outcome of an earthquake can be directly hazardous to life: spills of flammable 
and/or toxic liquids, conflagrations, explosions and/or collapses of structures may result. Even 
more significant are indirect consequences of failures, such as impossible living conditions in 
homes without power or fuel, loss of transportation, and loss of employment and production 
without lifelines services. Indeed, the loss of lifeline services over wide areas for extended 
periods of time would severely damage the economy, the security and the international 
competitiveness of the Nation. For example, a devastating earthquake in the central United States 
could damage major transmission pipelines, resulting in energy shortages in the northeastern 
States and the Midwest. 

At least 39 of the 50 States are subject to severe or moderate hazards of earthquakes. Major 
historical earthquakes include Cape Anne, Massachusetts, 1755; New Madrid, Missouri, 1811 
and 1812; Charleston, South Carolina, 1886; San Francisco, California, 1906; Prince William 
Sound, Alaska, 1964; Seattle, Washington, 1965; San Fernando, California, 1971; and Lorna 
Prieta, California, 1989 (see Figure 6). While earthquake occurrence is most frequent in 
California and Alaska, an earthquake can cause damage over a much larger area east of the Rocky 
Mountains, since in that region, ground motions attenuate much less with distance. An 
earthquake occurring east of the Rocky Mountains would affect an area ten times or more larger 
than an earthquake of equal magnitude occurring in the West (see Figure 7). 

Experiences in recent earthquakes show that lifeline systems not designed and constructed for 
earthquake resistance are subject to failure when exposed to earthquake effects. In the San 
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Francisco Bay area some 60 miles from the epicenter of the 1989 Lorna Prieta, California, 
earthquake, collapse of an elevated highway killed 42 persons (see Figure 8), and failure of San 
Francisco's water system hampered fIre fighting. Fortunately, conflagration was avoided by 
unusually calm winds and the implementation of a portable water supply system designed to fIght 
fires during earthquakes. Failure of the Oakland Bay Bridge in that same area disrupted 
economic activities for weeks, and even today, surface transportation there is inhibited by failures 
of elevated highway structures. What is even more important to note, however, is that these 
lifeline failures occurred relatively far from the earthquake epicenter in our best-prepared State. 

Assessments of earthquake hazards indicate that one or more severe earthquakes can be expected 
to strike U.S. metropolitan areas in the next decade [1]. Until actions are taken to improve the 
design and construction of lifelines, lifeline failures can be expected to contribute substantially to 
losses estimated at tens of thousands of lives and tens of billions of dollars for a single severe 
earthquake [2,3,4]. 

While loss of life and property damage would be confIned within an earthquake's felt area, 
economic losses, particularly those caused by the failure of lifeline systems, can be widely spread 
throughout the Nation as the result of the Nation's close interdependency of its commerce 
activities. Recent studies indicate that lifeline damages, loss of services, and related indirect 
economic losses can exceed $10 billion for a Cape Anne, Massachusetts; New Madrid, Missouri; 
Charleston, South Carolina; San Francisco Bay area or Southern California earthquake [5]. The 
insurance industry's Earthquake Project has estimated that losses from a single severe earthquake 
affecting a major metropolitan area could cause insured losses exceeding $50 billion that would 
threaten the viability of the insurance industry [6]. 

Each type of lifeline has shown vulnerability to earthquakes. For instance, electrical power 
substations suffer severe damage (see Figure 9); oil or gas tanks lose their contents (see Figure 
10); telecommunications switching equipment collapses (see Figure 11); bridges collapse (see 
Figure 12); and water pipes rupture (see Figure 13). Further, lifeline systems are interdependent 
and interactive. The failure of one lifeline-electrical power, for example-would impact all of 
the other lifelines. 

While earthquakes are inevitable hazards, they are not inevitable disasters. Experiences in recent 
earthquakes have shown that lifelines properly designed to resist earthquakes perform well in 
spite of severe earthquake effects. For instance, the Bay Area Rapid Transit System, which 
received special attention to seismic safety during its design, was functional immediately after the 
Lorna Prieta earthquake. 

Currently, nationally recognized standards for the design and construction of lifeline systems for 
seismic safety exist only for highway bridges, nuclear power reactors, and dams. These are 
areas where Federal initiative has been undertaken to support the standards' development. Federal 
initiative is needed not only because benefIts extend broadly to private and public sector organiza­
tions, but also because no single company, trade association, profession, or State can alone 
assume the costs of developing nationally applicable standards consistent among all the 
interdependent types of lifelines. In addition, while voluntary private sector participation is 
essential to success of the program, private organizations can justify their participation only if that 
participation is likely to produce timely results important to their respective businesses. 
Therefore, it is incumbent upon the Federal Government to act in support of the development of 
nationally applicable seismic standards for lifelines. 

At present, because of the lack of standards, most utilities, public works organizations, and 
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regulatory agencies lack authoritative technical bases for their seismic safety requirements. 
Lifeline standards should include provisions for system performance, including functionality 
during and immediately after an earthquake, performance of elements (subsystems) required to 
obtain desired system performance, and properties required of equipment and materials. These 
provisions must be consistent with the seismic hazards of a locality (i.e., more resistant lifelines 
in areas of greater seismic hazard) if they are to provide consistent reliabilities. 

A plan for developing and adopting seismic design and construction standards for lifelines is 
being prepared in response to Public Law 101-614, The National Earthquake Hazards Reduction 
Program Reauthorization Act. The standards will describe the properties intended for lifeline 
systems, products, and services; provide the mechanism for communication between buyers and 
sellers of lifeline products and services; and also provide the basis for regulations protecting 
public health, safety and welfare. As in the case of buildings, properly developed and effectively 
implemented lifeline seismic standards will significantly reduce the vulnerability of both new and 
existing lifeline systems to future earthquakes. 

The plan will be based on input from private and public sector experts in research and practice of 
lifeline earthquake engineering. The participants in the planning represent the principal private 
and public sector organizations concerned with lifeline systems, such as the Technical Council on 
Lifeline Earthquake Engineering of the American Society of Civil Engineers, associations of 
utilities, and local, State and Federal governmental agencies. These experts determined that 
standards are needed to reduce the vulnerability of lifelines to earthquakes, and that adequate 
knowledge bases exist or can be developed within this decade to produce the standards. 

1-3. LIFELINES IN THE NATIONAL EARTHQUAKE HAZARDS 
REDUCTION PROGRAM 

On November 16, 1990, the President signed into law Public Law 101-614, The National 
Earthquake Hazards Reduction Program Reauthorization Act, which amended the 1977 
Earthquake Hazards Reduction Act that established the National Earthquake Hazards Reduction 
Program (NEHRP). The purpose of the Act is to reduce the risks to life and property in the 
United States from future earthquakes through the establishment and maintenance of an effective 
earthquake hazards reduction program. The NEHRP's objectives are: 

• The education of the public, including State and local officials, as to earthquake 
phenomena; the identification of locations and structures that are especially 
susceptible to earthquake damage; the pinpointing of ways to reduce the adverse 
consequences of an earthquake; and related matters. 

• The development of technologically and economically feasible design and 
construction methods and procedures to make new and existing structures in areas 
of seismic risk earthquake resistant, giving priority to the development of such 
methods and procedures for power- generating plants, dams, hospitals, schools, 
public utilities and other lifelines, public safety structures, high-occupancy 
buildings, and other structures that are especially needed in time of disaster. 

• lhe implementation, to the greatest extent practicable, in all areas of high or 
moderate seismic risk, of a system (including personnel, technology, and proce­
dures) for predicting damaging earthquakes and for identifying, evaluating, and 
accurately characterizing seismic hazards. 
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• The development, publication, and promotion, in conjunction with State and local 
officials and professional organizations, of model building codes and other means 
to encourage consideration of information about seismic risk in making decisions 
about land-use policy and construction activity. 

• The development, in areas of seismic risk, of improved understanding of, and 
capability with respect to, earthquake-related issues, including methods of mitigat­
ing the risks from earthquakes, planning to prevent such risks, disseminating 
warnings of earthquakes, organizing emergency services, and planning for recon­
struction and redevelopment after an earthquake. 

• The development of the means of increasing the use of existing scientific and 
engineering knowledge to mitigate earthquake hazards. 

• The development of strategies that will ensure the availability of affordable 
earthquake insurance. 

A major accomplishment of NEHRP, with respect to the second objective is the development of 
the NEHRP Recommended Provisions for Development of Seismic Regulations for New 
Buildings [7]. The recommended provisions have led to the incorporation of up-to-date seismic 
design and construction provisions in nationally recognized voluntary consensus standards for 
new buildings and the three model building codes that provide the bases for the building 
regulations of State and local governments. In addition, these provisions have provided an 
effective means to implement research results in building practices. Meanwhile, the knowledge 
needs revealed in developing the recommended provisions have been responded to by the 
research community. The plan for seismic safety standards for lifelines will be based on this 
successful experience in cooperative private and public sector activities for building standards in 
NEHRP. 

Moreover, Section 8(b) of the 1990 National Earthquake Hazards Reduction Program 
Reauthorization Act, Public Law 101-614, states: 

LIFELINES. - The Director of the Agency [Federal Emergency Management 
Agency], in consultation with the Director of the National Institute of 
Standards and Technology, shall submit to the Congress, not later than June 
30, 1992, a plan, including precise timetables and budget estimates, for 
developing and adopting, in consultation with appropriate private sector 
organizations, design and construction standards for lifelines. The plan shall 
include recommendations of ways Federal regulatory authority could be used to 
expedite the implementation of such standards. 

In response to this mandate, Federal Emergency Management Agency (FEMA) is supporting the 
National Institute of Standards and Technology's working with the private sector in the 
development of the plan. 

1-4. BACKGROUND FOR DEVELOPMENT OF LIFELINE SEISMIC 
STANDARDS 

Recent earthquakes in California have demonstrated the vulnerability of lifelines. Modem 
highway bridges collapsed (see Figure 8), and water supply and electricity (see Figure 9) were 
lost in the affected areas. In 1974, the American Society of Civil Engineers (ASCE) established 
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its Technical Council on Lifeline Earthquake Engineering (TCLEE) to elevate the state of the art 
of lifeline earthquake engineering. Under the NEHRP, the National Science Foundation (NSF) 
has sponsored substantial research efforts on lifelines. Since NSF's establishment of the 
National Center for Earthquake Engineering Research (NCEER) in 1986, NCEER has devoted a 
major segment of its program to lifelines research. 

Because of limited resources, the NEHRP has focused on buildings its initial efforts for 
development of seismic safety practices. Seismic standards for lifelines have received limited and 
fragmentary attention. The Federal Highway Administration has supported development of 
seismic design standards for highway bridges, which have been incorporated in the national 
standards of the American Association of State Highway and Transportation Officials 
(AASHTO), and the Interagency Committee on Dam Safety has recommended practices for the 
seismic safety of dams. TCLEE has produced Advisory Notes on Lifeline Earthquake 
Engineering [8] and Guidelines for the Seismic Design of Oil and Gas Pipeline Systems [9], but 
these are not definitive design and construction standards. 

In 1985, FEMA asked the National Institute of Building Sciences (NIBS), the parent organization 
of the Building Seismic Safety Council (BSSC), to prepare a plan to reduce seismic hazards to 
new and existing lifelines [10]. Under the direction of a BSSC Action Plan Committee, 
specialists in all lifeline categories and in legal/regulatory, political, social, economic, and seismic 
risk aspects of lifeline hazard mitigation were invited to prepare issue papers. Forty-two issue 
papers were circulated among peers and were the basis of discussions by the 65 participants at a 
workshop held November 5 to 7, 1986, in Denver, Colorado. The major product of the 
workshop was an action plan titled Abatement of Seismic Hazards to Lifelines: An Action Plan 
[11] . 

The plan recommended actions in four areas: (1) public policy, legal and financial strategies; (2) 
information transfer and dissemination; (3) emergency planning; and (4) scientific and 
engineering knowledge. Most of the recommended activities concerned the enhancement of 
scientific and engineering knowledge (e.g., improve geotechnical knowledge; increase 
knowledge of performance of specific components; develop improved equipment and material for 
use in seismic resistant construction; develop design criteria, codes and standards of practice for 
design, construction, and retrofitting of seismic resistant lifeline facilities; etc.). However, the 
action plan did not focus on systematic development and adoption of seismic design and 
construction standards for all types of lifelines, new and existing. 

In 1989 a NIBS Ad Hoc Panel on Lifelines recommended that FEMA undertake a nationally 
coordinated program to mitigate the effects of earthquakes and other natural hazards on lifelines 
[12]. Recommended activities included: awareness and education, vulnerability assessment, 
design criteria and standards, regulatory policy, and continuing guidance. 

As indicated by the NIBS Ad Hoc Panel on Lifelines, "design criteria and standards for lifeline 
hazard mitigation provide consistent minimum recommended levels of facility engineering design 
and construction practice. They identify natural hazard abatement techniques and practices for 
those responsible for all phases of lifeline design, construction, and operation and serve as the 
basis for model code provisions, which can be considered by local, state, and federal regulatory 
bodies for adoption into ordinances and regulations." 
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1-5. PLANNING FOR THE DEVELOPMENT OF LIFELINE SEISMIC 
STANDARDS 

The process for the development of the plan was established with the advice of a Steering Group 
organized by FEMA. The Group, chaired by Ronald T. Eguchi, then Chairman, ASCE 
Technical Council on Lifeline Earthquake Engineering (ASCEffCLEE), included representatives 
from FEMA, NIST, Department of Energy, Interagency Committee on Seismic Safety in 
Construction (ICSSC), National Center for Earthquake Engineering Research (NCEER), and 
members from other private sector organizations. 

During a March 27 to 28, 1991, meeting the Steering Group approved a process for the lifelines 
standards development planning. Lifelines experts were engaged as "plan authors" to prepare 
draft plans for the development of design and construction standards for the various lifeline 
types. Additional experts for each lifeline type served as plan reviewers. Private and public 
sector lifelines organizations were invited to a workshop to critique the draft plans and to 
recommend their integration in the plan. Individual Steering Group members, plan authors, 
expert reviewers, and workshop participants are listed in Appendix A. 

Initial drafts were completed by the plan authors in August 1991 and submitted to the expert 
reviewers for comments. Based on comments received, second drafts were prepared and 
discussed at the workshop held in Denver, Colorado, from September 25 to 27, 1991. General 
priorities for recommended activities were established at the workshop. The findings of the 
workshop, which comprise the private sectors' recommendations for the planning, are contained 
in this report. 

A draft plan will be submitted to the Office of Management and Budget for review prior to its 
submission to the U.S. Congress. 
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Figure 1. Major crack system adjacent to Summit Road about 0.8 km southeast of Highway 17. 
View is to the northwest of a wide zone of mostly extensional cracks. Maximum net 
displacement on these cracks is 92 cm (resolved into 58 cm of extension, 42 cm of left slip, and 
59 cm of vertical displacement). Most scarps in this system face uphill (to the left in this photo). 
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Figure 2a. Four··story building which suffered total collapse of its lower stories (location #3). 

Figure 2b. Example of four-story building with multiple garages in the first story (location #1). 
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Figure 3a. Tilting and settlement of apartment buildings in Niigata, Japan, because of 
liquefaction of the underlying soil during the 1964 Niigata earthquake. Photograph: Courtesy of 
G. W. Housner. 

Figure 3b. Close-up view of one of the apartment buildings affected by liquefaction during the 
Niigata earthquake. Photograph: Courtesy of G. W. Housner. 
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Figure 4a. Diagram of lateral spread before and after failure. Liquefaction occurs in the cross­
hatched zone. lbe surface layer moves laterally down the mild slope, breaking up into blocks 
bounded by fissures. The blocks also may tilt and settle differentially with respect to one 
another. Source: Y oud (1984b). 

Figure 4b. Budding pulled apart by lateral spreading during the 1964 Niigata earthquake. 
Source: Kawasumi (1968). 
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Figure 5. A 21-story steel frame building that has collapsed onto an adjacent 14-story building in 
Mexico City, 1985. 
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Figure 8a. Aerial photo looking east to the southern limit of the collapsed portion of Cypress 
Structure between Bents 62-64. 

Figure 8b. View of the west side of Cypress Structure looking north between Bents 86-92. 
These were all Type 1 bents, which demonstrates the uniformity of the collapse mechanism. 
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Figure 9a. The electrical power equipment collapsed during the San Fernando Earthquake of 
1971. Using research results, improved methods of seismic analysis and design have been 
developed for electrical equipment that should prevent such disastrous damage from future strong 
ground shaking. Because such equipment is built of special materials and must satisfy special 
electrical requirements, optimum methods of seismic design are very difficult to develop. 

Figure 9b. Dead Tank Circuit Breaker. Figure 9c. Older vintage live tank circuit breaker at 
Metcalf Substation after the Lorna Prieta Earthquake. 
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Figure 10. Damage to oil storage tanks during the 1968 Tokachi-Oki, Japan, earthquake led to 
the release and ignition of petroleum products, resulting in destructive fires. 

Figure 11 a. Oakland CO friction clip 
failure. 
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Figure 12a. Aerial photo looking north at pier E-9 on October 19, 1989, showing the collapsed 
upper and lower 15.1 m deck spans. 

PIER E-9 

San Francisco 
<J= 

Oakland 
==C> 

PIER E-9 

Figure 12b. Schematic detail of Pier E-9looking north. Evidence indicates that the 88.4 m truss 
segment on the east side of the pier moved eastward, simultaneously unseating both upper and 
lower deck segments. 
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Figure 13. This, water hydrant was shattered by the high water pressures generated during the 
1971 San Fernando, California, earthquake. The pressures were presumably the result of 
underground deformations of pipes caused by soil strains. Such damage to the water supply 
system makes a community vulnerable to uncontrolled fires. 
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STRATEGY MEETING 
Steering Group defines plan 
development process and 
identifies candidate plan 
authors and expert reviewers 
(March 1991) 

" 
NIST establishes contracts 
with plan authors (May 1991) 

" 

Plan authors complete initial 
drafts for review by experts 
(August 1991) 

" 
WORKSHOP 

Discussion of second draft 
plans and establ.ishment of 
pr.orities for recommended 
activities (September 25-27, 
1991 ) 

,r 
Integrated draft plan review 
by Steering Group and plan 
authors (Dec. 1991) 

'r 

Final draft plan submitted for 
review by Office of Manage-
ment and Budget (Feb. 1992) 

.. 
Published plan submitted to 
U S Congress (June 1992) 

Figure 14. Workshop planning. 
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CHAPTER II: ELECTRICAL POWER LIFELINES 

ANSHEL J. SCHIFF 

11-1. INTRODUCTION 

The purpose of this chapter is to layout a procedure for developing earthquake design standards 
for electrical power systems that will limit seismic damage and enhance their postearthquake 
response and recovery . 

The chapter is divided into five sections. Section 11-1, "Introduction," discusses the relation of 
power systems to other lifelines, identifies the primary functions of a power system, and 
identifies the elements and components that make up power systems and that standards are to 
address. Section 11-2, "State Of The Art," discusses seismic hazards and the seismic 
vulnerability of power systems, current seismic design practices, and understanding of how 
power systems respond to earthquakes. Section 11-3, "Standards Development," identifies the 
parts of power system standards and tasks needed for the development of the standards. Section 
11-4, "References," lists the references cited in the body of the chapter. Section 11-5 contains two 
appendices that contain supporting information for the chapter. 

In this chapter, two terms are usually used in a special way. Individual items of equipment or 
small groups of closely integrated equipment items, such as transformers or circuit breakers, are 
referred to as components. The components and some functions of the power system have been 
collected into one of six groupings referred to as power system elements, or elements. For 
example, the Transmission and Distribution Substation Element includes all substations in a given 
power system. In addition to the six elements, two procedural functions are discussed. 

In many respects power systems are the lifeline to most other lifelines and critical facilities. The 
fact that there is little or no effective local storage of electrical energy means that when commercial 
power is disrupted, equipment, systems, and facilities immediately come to a halt. Even critical 
facilities, such as hospitals, which have emergency backup power, will be significantly impaired 
if they must operate on their emergency power. Thus, power systems play a very important role 
in the postearthquake environment. 

Of all the lifelines, power systems have most consistently experienced damage from small and 
moderate earthquakes. Damage has been concentrated in a few classes of very important 
equipment. The design and construction of power facilities and equipment that have experienced 
the most damage (high-voltage substations) are not guided by seismic standards or codes, 
although large California utilities have developed procedures to address earthquake hazards. The 
performance of most power system components and overall system performance has been good 
in response to small and moderate earthquakes. However, the pattern of damage suggests that 
power system response to a large or a great earthquake centered in an urban area would cause 
long-duration power outages over a large area. To avoid this situation, seismic standards must be 
established and maintained. 



RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

11-1.1 Power System Functions, Elements, And Components 

Power systems can be viewed from several different perspectives: functions, system elements, or 
individual components. Each is discussed below. 

• Power System Functions--These include the following: 

Power generation 
Bulk: power transmission 
Power distribution 
System operation, control, and protection 
Maintenance 
System design and construction 

• Power System Elements--Power systems can be divided into six physical 
elements for organizing power system operations and evaluating seismic impacts on 
the system. In this report the term element is used exclusively to refer to one of the 
six parts of power systems defined below. Each element is composed of components, 
some of which are distributed throughout the system and may be physically located 
with and integrated into other elements. A description of power system elements and 
the major components of each is given in Appendix A, "Electrical Power System 
Elements And Components." 

Physical power system elements include the following: 

Power-generating facilities 

Transmission and distribution substations 

Transmission and distribution lines 

Communication (power utility), monitoring, protection, and control facilities 
(With the exception of the energy control center, most components of this element 
are distributed throughout the system.) 

Maintenance support facilities (These include maintenance centers and facilities for 
the storage of spare equipment and parts.) 

Technical support facilities (These include facilities that house design and 
installation plans and drawings and the engineering staff.) 

Disaster planning and response (These include special provisions in response 
plans that address seismic issues and the operation of special facilities, such as 
emergency operations centers and alternate energy control centers. Also note that 
a distinction is made between emergency response and disaster response. The 
latter would be applicable to great earthquakes.) 

Postearthquake evaluation (This would include procedures to ensure that the 
performance of disaster response plans, equipment, facilities, and system 
response would be evaluated after significant earthquakes.) 
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11-1.2 Power System Elements, Components, And Functions For Which Seismic 
Standards Should Be Applied 

Seismic standards should be applied to the following: 

• Power-generating facilities 

Power -generating plants 
Commercial equipment (off-the-shelf) 

• Transmission and distribution substations 

Substations and switchyards 
Substation and switchyard equipment 

• Transmission and distribution lines 

Transmission line towers 
Distribution system equipment 

• Communication (power utility), monitoring, protection, and control facilities 

Energy control center 
Emergency power backup equipment 
Communication systems and equipment 
Buildings 
Emergency operations center 
Alternate energy control centers 

• Maintenance support facilities (service facility and spare parts storage) 

• Technical support facilities (buildings engineering documentation) 

• Disaster planning and response 

Seismic components for emergency response plans 
Recovery plans 

11-1.3 Power System Facilities For Which Seismic Standards Are Not Being 
Consid.ered 

• Nudear Steam Generators--Those parts of a nuclear-power-generating station 
that are regulated by the Nuclear Regulatory Commission (NRC) would not be subject 
to the proposed standards. However, step-up transformers, switchyards, and turbine 
generators associated with nuclear-power-generating stations that are not under NRC 
purview would be covered by the proposed standards developed for non-nuclear 
plants. 

• Dams--Dams used for hydroelectric generation would not be covered by standards to 
be developed. However, power generating units and associated switchyards would 
be covered by the proposed standards. 
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• Tanks--Standards for water tanks will reference those developed in the water and 
sewer systems, and fuel storage tanks will reference those developed in the gas and 
liquid fuel systems. It is noteworthy that tank seismic performance has been poor and 
that improved performance is needed through conservative codes that are strictly 
enforced. 

It is not the intent to duplicate relevant existing standards, but to identify them and incorporate 
them by reference into the standards documents. Where existing standards do not address 
seismic issues, they should be supplemented. In the case of building codes, the policy statement 
for severe earthquakes bars collapse but allows damage. However, some power system 
buildings must remain operational and must not be evacuated. Current building codes do not 
adequately address the issue of functionality. The issue of the functionality of buildings is not 
limited to power systems and should be addressed in a general section that applies to all lifelines 
as appropriate. 

11-2. STATE OF THE ART 

11-2.1 Vulnerability 

11-2.1.1 Limitations In Assessing Power System Vulnerability 

The assessment of power system vulnerability is based primarily on observed power system 
damage in U.S. earthquakes, and to a lesser degree on observations from foreign earthquakes. 
Observations in the United States have been limited to California, so there is a potential of bias as 
to the character and extent of damage that might be expected from earthquakes of similar 
magnitude in other parts of the country. The following factors should be taken into account in 
extrapolating power systems vulnerability assessments: 

• There is no data from a great or major earthquake centered in a modem metropolitan 
area. The evaluation of system performance is based primarily on moderate California 
earthquakes. 

• Seismic design practices in California have been evolving since the 1920s. Since the 
1933 Long Beach earthquake (Schiff 1991a), an impetus has been given to the seismic 
design of California power facilities. This has been a slow process, and changes in 
design take a long time to be reflected in most facilities. However, the vast majority 
of facilities subjected to the earthquakes that have occurred since 1970 have had 
significantly higher seismic specifications (particularly of equipment anchorage) than 
most of those types of facilities outside California. Wind and ice design loads may 
control design in some regions; however, these requirements typically do not improve 
the seismic performance of high-voltage power equipment, the primary source of 
power system earthquake damage. 

• An earthquake occurring in most regions outside of California would affect a larger 
area than an earthquake of the same magnitude occurring within California because of 
the lower attenuation of seismic waves outside California. As a result, a larger 
number of substations might be affected by an earthquake, and the redundancy in the 
power network might be overwhelmed. 

• Extensive liquefaction was observed after the 1811 to 1812 New Madrid earthquakes 
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and is expected in other eastern events. Liquefaction may cause more damage to 
power-generating facilities than has been observed in California. 

• California and many other seismically active regions of the world do not have 
coal-tilred generating stations, so the seismic performance of these facilities is 
untested. Coal-fired plants are larger than equivalent-capacity, gas- or oil-fired units, 
and they have heavy, coal-storage silos located high in the boiler support structure. 
Some coal-handling equipment is poorly designed to withstand earthquake excitations. 

• Some power systems outside California have higher operating voltages. The seismic 
vulnerability of substation equipment (especially porcelain members) increases with its 
operating voltage. The highest operating voltage in California is 500 kV, while in 
other regions of the country 765 kV equipment is used. The seismic vulnerability of 
the 765 kV equipment is not known, but it is probably higher than the 500 kV 
equipment. 

11-2.1.2 Basis For Evaluating Power System Vulnerability 

There has been significant damage to power system components in many earthquakes; therefore, 
the vulnerability of power system components is based on earthquake experience rather than on 
analysis. Appendix B, "Summary Of Earthquake Power System Damage," briefly summarizes 
power system damage in recent earthquakes. 

Earthquakes have also shown that substation equipment operated at 115 kV and below performed 
well when anchored. Also, a broad range of small-size, commercial equipment (units that are 
shipped assembled experience shipping loads that are often more severe than earthquakes) used in 
substations and power plants performed well adequately anchored. Examples of well-anchored 
equipment that have performed well are pumps, motors, motor control centers, switchboards, 
and motor-operated valves. Cable trays have also performed well when standard industrial 
practices were used in their design and construction. 

11-2.1.3 Impact Of Seismic Hazards On Power Systems 

Knowledge of the effects of earthquakes on power systems has been gained from observing 
earthquakes that have occurred in many parts of the world. The significance that any effect has 
for a particular region depends on the characteristics that prevail there. Each of the following 
sections will discuss one of the major effects of earthquakes, with an emphasis on those effects 
that are most important to power systems. 

• Ground Vibration--When an earthquake occurs, seismic energy radiates away 
from the causal fault in the form of seismic waves. These waves cause transitory 
strains in the ground. Objects embedded in the ground, such as conduit and piping, 
will be subjected to these strains. The effect of these strains on buried electrical 
facilities are usually not significant. 

When seismic waves reach the ground surface, they will induce vibration in the 
structures and equipment resting on the ground. In general, the severity of the 
ground's shaking decreases as the distance from the source increases; however, local 
soil conditions and topography can signific,mtly change the character of the ground 
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motion. As the depth and softness of the soil at a site increase, the low frequency 
content of the ground motion is amplified and the high frequency content tends to be 
attenuated. Vibration levels at bedrock may be amplified by a factor of three or more 
at the surface. The effect of induced vibration is the major cause of power system 
damage. 

• Soil Liquefaction--Under certain conditions, when soils experience vibrations, 
their shear strength decreases and soil liquefaction occurs. Liquefied soil has been 
observed to flow on 1 percent grades, and surface-supported structures have settled 
few meters below grade. In some cases, buried tanks have floated to the surface. 
While significant vertical ground deformations are frequently associated with soil 
liquefaction, extensive horizontal spreading has been observed. Liquefaction can 
severely impact buried facilities and structures supported on unstable soil. Most bulk 
power transmission uses aerial lines so that liquefaction would primarily affect 
isolated locations, such as transmission tower foundations, substations, or power­
generating stations. In the few cases where power facilities were directly affected by 
liquefaction, its consequences were minor. In newer communities, power distribution 
systems are frequently buried and thus are more vulnerable to the effects of 
liquefaction. The impact of liquefaction on the distribution system will be local power 
disruptions, and the effect on other structures in the area will probably be more 
severe. 

• Earthquake-Induced Landslides--There are many regions in which earthquake­
induced shaking triggers landslides. The topography and soil conditions are the 
primary control variables, but should the earthquake occur during a rainy season when 
soils are saturated, the situation can be aggravated. Slides can cause excessive 
deformations in the ground, and the motion of the soil may sweep away structures and 
equipment in its path. Landslides have not had a significant impact on power systems 
in the United States. 

• Subsidence--Under certain conditions, an earthquake may cause extensive settling 
of the ground. In past earthquakes this has caused flooding and differential 
settlement. This can cause severe damage to buried utilities, such as water, gas, and 
oil lines, but its impact on power systems has not been significant. 

• Ground Faulting--Faults are fracture planes where there is relative motion between 
the rock on each side of the fracture. In areas with multiple fractures the area is 
referred to as a fault zone. Anything spanning the fault, such as buried pipe or cable 
or a structure, can experience severe deformations and loads. Depending on the 
earthquake, the motion across faults can be both horizontal and/or vertical. Offsets 
across faults can be quite large. The largest fault associated with the 1906 San 
Francisco earthquake was 6.1 m. In some earthquakes, particularly in the eastern 
United States where there are deep alluvial deposits, the faulting may not extend to the 
ground surface so faulting is not observed. Faulting has not had a significant impact 
on power systems. 

• Earthquake-Induced Water Waves--Earthquakes occurring off shore that have 
vertical components or cause large subterranean landslides can generate large, long­
period waves, called tsunamis. Typically, these waves are barely perceptible in deep 
water; however, with certain types of shoreline topographies they can generate 
massive waves when encountering a land mass. These water waves travel great 
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distances at speeds of about 500 miles per hour with little attenuation. As a result, 
waves generated thousands of miles away can create havoc when they reach the 
distant shore. For example, in 1964, Crescent City, California, was devastated by 
water waves generated in the Alaska earthquake. In addition, water levels have been 
observed to rise over 4.6 m and can extend inland more than a kilometer. Tsunamis 
have not had a significant impact on power systems; however, many power­
generating stations are on shore lines and may be vulnerable. 

II - 2 .1.4 Methods For Vulnerability Evaluation 

Three approaches to the seismic evaluation of power systems are discussed below. They are (1) 
studies of high .. seismic-risk areas, (2) computer-based network analysis and estimates of 
equipment fragility, and (3) scenario hypothesis. Not considered here were the early evaluations 
done by utilities that focused on power system component vulnerabilities rather than system 
evaluation. 

• Studiies Of High-Seismic-Risk Areas--Studies of regions with moderate to 
high seismic risk have yielded several estimates of power system damage and 
disruption. Studies have been conducted in Los Angeles, San Francisco (NOAA 
1972), Salt Lake City, Seattle, and the New Madrid areas. Details of the 
methodologies used in these studies are not well documented. They are based on 
extrapolations from aggregated data from past earthquakes, but they do not consider 
any of the details known to be major contributors to power system vulnerability (high­
voltage substation equipment and installation practices) or network configurations. A 
series of meeting proceedings includes several papers that address evaluation and 
current practices, but they share the above shortcomings (Benfer 1973; Duke 1977; 
ASCE 1983; Smith 1981; ASCE 1987; FEMA 1987a; FEMA 1987b). 

• Computer-Based Network Analysis And Estimates Of Equipment 
Fragility--Several computer-based approaches to power system vulnerability have 
been based on network analysis and estimates of equipment fragility (Schiff 1979). 
Most of these studies are severely flawed in that the fragility used to characterize 
power facilities are aggregated so that vulnerabilities have little or no meaning. The 
models used to characterize the networks consider connectivity rather than power 
flows. The reconfiguration of the networks to accommodate unusual power flows in 
not done. A recent effort to evaluate seismic performance of power systems on a 
regional basis is severely limited. It characterizes power networks without 
considering operating voltages or power circuits but only power line right of ways. 
The analysis has little bearing on actual system performance (ATC 1991). Because 
these models aggregate power system facilities and equipment, the results cannot be 
used to identify vulnerable equipment or evaluate the impact of mitigation measures. 
One methodology did take into account the above factors, but its implementation was 
very data intensive (Schiff 1976). 

• Scenario Hypotheses--Methods currently used by utilities to evaluate their power 
systems are typically based on a scenario approach, that is, specific seismic events are 
hypmhesized. Substations are evaluated by reviewing specific equipment items based 
on engineering judgment and observations of damage from past earthquakes, and 
vulnerable items are assumed to be damaged. The "damaged" system is then reviewed 
by operating personnel to determine the impact of the damage on system operations. 
While these methods are informal, vulnerabilities of specific equipment at specific 
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sites are identified, and the results can be used in several ways. Direct losses can be 
estimated. Critical points in the system can be identified, and this information serves 
to establish mitigation measures and upgrading priorities. 

11-2.1.5 Overall Evaluation Of Power System Vulnerability 

One can say that power system seismic performance, as measured by power disruption, has been 
very good for the small and moderate earthquakes experienced to date. Thus, network 
redundancy has been adequate to overcome the extensive damage to isolated high-voltage 
substations. In the case of the Loma Prieta earthquake, where several substations were damaged, 
the character of the damage and the use of emergency procedures allowed most service to be 
restored in less than one day. 

Damage to power distribution systems has also occurred, but this only caused localized 
disruption. Its occurrence is not well documented. 

The extrapolation of power system performance to large and great earthquakes must be tempered 
by the caveats discussed in the Section 11-2.1.1, "Limitations In Assessing Power System 
Vulnerability." 

11-2.1.6 Seismic Evaluation Of Power System Elements 

Section 11-1.1, "Power System Functions, Elements, And Components," defines six elements 
that can be used to categorize the physical parts of power systems. The first five of these 
elements are equipment intensive, and their performance in past earthquakes has been 
documented (Schiff 1991e) and is reviewed below. In addition, the performance of major 
components that make up each element is briefly reviewed. Appendix A, "Electrical Power 
System Elements And Components," briefly describes each of these elements, major components 
within each element, and their function within the power system. It is primarily on the basis of 
past performance of power system component that the scope of standards is determined. 

11-2.1.6.1 Power-Generating Facilities 

In general, the overall seismic performance of power-generating stations has been good, although 
as noted earlier, coal-fired plants and large oil- and gas-fired plants (500 MW and above) have 
had limited exposure. The Moss Landing Generating Station (oil- or gas-fired) experienced 
significant shaking during the Loma Prieta earthquake and survived with limited damage, 
although the unit operating at the time of the earthquake was put out of service. 

Power station performance of facilities outside the United States, primarily in Chile and Japan, 
has also been good. However, a small generating station in Managua, Nicaragua, was severely 
damaged in 1972 (EERI 1973). 

While overall generating-station performance has been good, equipment and facilities have been 
damaged, and some components, such as water and liquid fuel storage tanks, have performed 
poorly. Damage can be grouped into five categories of equipment or facilities: turbines, steam 
generators, commercially produced equipment, engineered equipment, and structures. The black 
start capability, that is the ability of a generating station to start with the loss of all offsite power 
and all systems in the station down and cold, is also discussed below. 

• Turbines--Most turbine problems are associated with longitudinal motion of the 
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turbine rotor relative to the turbine housing or the loss of station and emergency 
power during turbine shutdown. 

Longitudinal motions can exceed the capacity of turbine thrust bearings resulting 
in their being wiped. This will require early maintenance, but the turbine can 
usually continue to operate for some time. If the relative motion is larger, moving 
and fixed blades will come in contact and major damage will result, causing very 
long repair times. Frequently, the power house is a steel frame structure and is 
relatively flexible when compared to the turbine pedestal. In addition, the 
construction joint between the turbine pedestal and the operating floor may have 
been inadequate to prevent impacting, which can cause damage to the turbine (see 
Figure 1). 

Turbine bearings have also been damaged due to the loss of offsite power (often 
as a result of damage to the switchyard) and the simultaneous failure of station 
power (station generator, batteries, and/or emergency generator). When the 
switchyard is damaged, the generator trips and the turbine coasts to a stop. 
Vvithout station power, lubricating oil pumps do not operate and the bearings can 
fail. Also, without station power, the turning gear does not operate and the 
hlrbine rotor shaft sags and takes a permanent set as the turbine cools. 

• Steam Generators--Disruptive damage to steam generators has been associated 
with broken boiler tubing. Other damage has been associated with the relative 
motion between the suspended boiler and its support structure. The tube damage 
is associated with inadequate internal bracing. Damage due to the relative motion 
between the boiler and its support structure is primarily due to inadequate 
horizontal bracing between the boiler and the support structure. While these 
features are part of the basic design, the external features are more amenable to 
repair. There has been very little damage to major steam piping, although 
snubbers have been damaged. It is noteworthy that these facilities use very few 
piping restraints and snubbers as compared to nuclear generating plants. Most 
piping damage is to small pipes with inadequate flexibility connected to large 
pipes. 

• Commercially Produced Equipment--The term commercially produced 
equipment means equipment that is produced to a standard design used by a 
manufacturer (off-the-shelf). Examples would be pumps, motors, motor control 
centers, and low- and medium-voltage switchgear. This type of equipment has 
generally performed very well in earthquakes. Most problems have been 
associated with inadequate anchorage. The anchorage on some equipment, such 
as pumps and motors, which have relatively high service loads, performs well in 
earthquakes since normal operating loads exceed earthquake loads. This 
equipment, which is shipped assembled, usually performs well if it is anchored 
since the shipping loads can exceed earthquake loads. 

• Engineered Equipment--The term engineered equipment means equipment 
that is designed on a plant-specific basis. Examples of this would be coal­
handling equipment, cable trays, piping systems, duct work, and large blowers 
and fans. In general, this type of equipment has performed well. Standard 
industrial practice has yielded very good seismic performance of cable trays and 
piping. Coal-handling equipment has not had much seismic exposure, but a 
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review of some facilities suggests that some design details would be subjected to 
earthquake damage. Damage to engineered equipment often is associated with 
relative deflections between different structures that the equipment spans. As 
noted earlier, large unanchored tanks have not performed well. Bases of these 
tanks can lift, and poor or corroded welds at the sketch plate can fail (see Figure 
2), or piping with inadequate slack can fail. Rapid loss of liquid contents can 
cause the tank to implode (see Figure 3). Failure of fuel-oil tanks creates a fIre 
hazard, and berms that surround tanks to contain spills may not have adequate 
capacity for multiple-tank failures. This can result in a spill in an adjacent body of 
water. Leaks can also affect the operation of the entire plant due to fIre hazard 
(Schiff 1978). 

• Structures--Structural damage to power plants has been very limited. Isolated 
members have buckled and some connections have failed, but the operation of the 
plant was not affected and damaged members were easily repaired. Good 
performance is probably related to steel-frame construction that provides a high 
degree of damage tolerance. Damage is common to seismic stops on the boiler 
support structure (see Figure 4) and large steam pipe restraints (see Figure 5). The 
seismic stops are used to limit the lateral motion of the suspended boiler. The 
stops may be severely deformed or totally ripped from the structure, but they are 
easy to repair. One problem is that the thermal growth of the suspended boiler 
may cause seismic stops to become misaligned. Piping restraints have been 
damaged but the piping itself has not been damaged. Damaged pipe restraints are 
easily replaced. 

• Black-Start Capabilities--Some power plants are designed to be able to start 
when the generating unit is in a cold condition and without off-site power (black­
start capability). This capability is important in restoring service after extensive 
system disruption. Units designed with black-start capabilities have had some 
critical circuits not connected to emergency power. As a result, the units could not 
be started until off-site power was restored to the plant. 

11-2.1.6.2 Transmission And Distribution Substations 

Substations usually consist of a control house, bus (conductors used to carry power between 
equipment and throughout the substation), bus support structures, circuit breakers, power 
transformers, disconnect switches, capacitive-coupling voltage transformers, current 
transformers, lightning arrestors, wave traps, and other equipment. The control house contains 
protective relays, control circuits, control panels, status indicator boards, cable trays, 
communications equipment, station batteries, and other equipment. Manned substations will also 
have operation stations and control panels for personnel. 

The vast majority of power system earthquake damage has been to porcelain members on high­
voltage substation equipment. Equipment operating at voltages of 115 kV and below performed 
very well when adequately anchored. Equipment operating at 220 kV and above experienced 
damage; the higher the operating voltage, the more vulnerable the equipment, due to the size of 
porcelain members. The highest-voltage equipment in the United States to be subjected to 
signifIcant ground motions is 500 kV, although there is equipment operating as high as 765 kV 
outside California. In Canada, equipment operating at 735 kV was damaged by an earthquake 
(Pierre 1989). 
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Several types of failures associated with porcelain have been observed. Leaking or broken 
bushings and broken post insulators are common. Lack of slack in busses connecting equipment 
can load and damage bushings and post insulators as a result of earthquake-induced relative 
motions. Flexible equipment supports have allowed large relative displacements, which tends to 
aggravate the lack of slack. Inertial loads can also cause failures. Some equipment designs 
appear to be inherently vulnerable, for example, live-tank circuit breakers, while other equipment 
that serves the same function and operates at the same voltage can be quite rugged, for example, 
dead-tank circuit breakers. Lightning arrestors are frequently damaged, but they can be 
temporarily bypassed without disrupting system operations. Current transformers and capacitive­
coupling voltage transformers have been damaged, and their loss of function can disrupt system 
protection. 

In addition to porcelain damage, inadequately anchored transformers have fallen from their 
elevated supports and have been severely damaged (see Figure 6). Large transformer radiators 
supported from a manifold tend to develop oil leaks. 

One of the main difficulties when substation equipment is damaged is that there are limited 
numbers of spare parts or spare replacement equipment. Also, repair and replacement of 
damaged equipment are a time-consuming task. 

The equipment items listed below are organized in the order of the frequency with which they are 
damaged and the: importance of their damage to system operation. The types of damage to the 
equipment and the factors that may have contributed to it: are briefly discussed. 

• Circuit Breakers--Circuit breakers are probably the most vulnerable equipment 
item in a switchyard, and they have exhibited several failure modes, most closely 
related to their design and details of their installation. 

Live-tank circuit breakers are designed with the tank that holds the interrupting 
mechanism at line voltage. As a result, the interrupter head is supported on a 
porcelain column. There are several designs, each of which has several failure 
modes. The most severe failure is associated with failure of the porcelain 
interrupterihead support column. This results in the collapse of the interrupter 
head and the potential of damage to adjacent equipment connected to the circuit 
breaker (see Figure 7). These units have failed at ground accelerations as low as 
O.05g. Circuit breakers of this design are commonly used at higher operating 
voltages. Until recently, live-tank circuit breakers cost about two thirds to one 
half that of dead-tank circuit breakers. 
Dead-tank circuit breakers consist of a tank that contains the interrupting unit. 
They derive their name from the fact that the tank that holds the operating 
mechanism is at ground potential. The tank is supported on a steel support 
structure near the ground. Two porcelain bushings provide electrical connections 
between the bus and the interrupter in the tank. The tank is usually filled with an 
insulating gas. The seismic performance of these units has been very good. 

A bulk oil circuit breaker (OCB) consists of a large tank filled with oil that has two 
bushings where the circuit enters and leaves the tank. OCBs are usually 
distinguished from dead-tank breakers, even though they are a type of dead-tank 
breaker. Their seismic performance is good, although friction clips used to 
anchor the circuit breaker frequently fail. Those are rarely found at the highest 
operating voltages. 
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Most substations are designed with extra circuit breakers, so that loss of a single 
circuit breaker has no effect. When earthquake damage occurs, several of the 
vulnerable circuit breakers at the site frequently fail so that there can be lengthy 
delays to repair the damaged units or move in replacement units from other sites. 
Even when spare parts are available, repairing a damaged circuit breaker that has 
lost its support column will require several days to a week. Under extreme 
conditions, where many circuit breakers are damaged, the circuit breakers can be 
bypassed and protection provided by circuit breakers at another substation. This 
provides poorer protection, and there is the potential of damaging other 
equipment, such as transformers, if there are system problems, which might occur 
in an aftershock. 

• Transformers--Transformers have experienced several types of failures; many 
are associated with inadequate installation practices. The major problem is that 
older units are inadequately anchored to their foundation pads and move, causing 
damage to lightning arrestors or bushings (see Figure 8). While many regions no 
longer rail-mount transformers, many old rail-mounted units can still be found. 
Most new installations place the transformer on a concrete pad. However, in 
many regions of the country the transformer is still not anchored. As a result of 
transformer movement, bushings, lighting arrestors, control cable connections 
(see Figure 9), and bus connections can be damaged. If transformers fall from 
their platforms, they can damage radiators and cause internal damage to 
themselves. Inertial loads can crack bushings or cause them to shift and leak (see 
Figure 10). 

Minor radiator leaks are frequently observed, but major leaks, while uncommon, 
have put units out of service. This appears to be associated with units in which 
several radiator sections are mounted to a manifold. Leaks occur at locations 
where the manifold is connected to the transformer tank. Older transformers may 
use PCB as a dielectric material, and their failure may result in leakage of materials 
that present a special cleanup problem. There have been several cases where 
transformer bushings have leaked, and in the Sendai, Japan, earthquake, bushings 
on each of five three-phase transformers failed. 

Transformers can also suffer internal damage due to shifting of the core and 
motion of cable harnesses. 

Frequently, transformer-mounted lightning arrestors fail. Failed lightning 
arrestors can damage transformer bushings when they fall. 

The loss of a transformer prevents power from being transferred between different 
voltages. There is no way to bypass a transformer as can be done with other 
substation equipment. Their loss will typically impair the system. 

• Capacitive-Coupling Voltage Transformer (CCVT)--These devices 
usually consist of a porcelain column mounted on top of a metal box. They are 
used to convert transmission and distribution voltages to lower voltages to feed 
metering and control devices. The information that these devices provide is very 
important for the control and protection of the power system. 
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Units operating at voltages of 220 kV and above have frequently failed at the base 
of the porcelain column. Factors that may contribute to their failure are inadequate 
slack in electrical connections, dynamic response in the bus making electrical 
connections, and inertial loads. For pedestal-mounted units, the dynamic 
amplification of the support structure may amplify the motions and loads on the 
CCVT. 

Damaged CCVTs must be bypassed, which requires personnel and time. Their 
loss will significantly downgrade system protection. 

• Current Transformer--Current transformers measure the current in a circuit 
and are used for system control and protection. Current transformers consist of a 
bushing on top of a box that usually has its own support structure. Circuit 
breakers may have a current transformer incorporated into their design. 

Three types of damage have been common. The porcelain column can fail (see 
Figure 11), seals at the base of the porcelain column can fail allowing oil to leak, 
and bus connection hardware fails. Oil leaks may require extensive cleanup. 

Damaged current transformers can be removed from the system; however, the 
quality of system protection will typically be significantly degraded. Working 
around damaged units takes personnel and time. 

• Disconnect Switch--Disconnect switches are used to open a de-energized line 
or to isolate or bypass an equipment item, such as a circuit breaker. There are 
several types of disconnect switches. Disconnect switches use post insulators in 
their fabrication. 

Three types of failures have been observed. The post insulator used to fabricate a 
unit can fail (see Figure 12), the metal mechanism that causes the switch to open 
can fail, and units can become misaligned so that they will not open or close. 

Damaged disconnect switches can be bypassed if a connection is needed or 
disassembled if they are to remain open. Working around damaged units takes 
personnel, and time and flexibility, to modify the system. 

• Lightning Arrestor--Lightning or surge arrestors limit the voltage on a circuit. 
In external appearance they are similar to post insulators. They can be supported 

on their own ground-mount support column or are frequently supported on 
transformers. 
Failure of lightning arrestors has been quite common and usually occurs at the 
sand ring, the lower portion of the porcelain used to bond it to its metal mounting 
flange. Factors contributing to their failure may be dynamic amplification of their 
support structures or lack of slack in power connections. 

lhe loss of lightning arrestors will not have a significant effect on the system. It 
will have to be bypassed if it is damaged, and it will reduce protection. Also, it 
may strike and damage other equipment when it fails. 

• 'Vave Trap--A wave trap is an inductor in the form of a large hollow coil. It 
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prevents high-frequency carrier signals superimposed on transmission lines from 
reaching equipment in the substation. 

The failure of wave traps is usually associated with the failure of post insulators 
used in their fabrication. Factors that can contribute to failure are inadequate 
conductor slack to adjacent equipment or increased inertial loads associated with 
the dynamics of the support structure. 

The loss of a wave trap will reduce a signal path used for system protection. In 
general, its loss will reduce system protection. 

• Bus And Bus Supports--The conductors used to make power connections 
within a substation are referred to as buses. Buses are usually made of aluminum 
pipe (rigid buses) or flexible aluminum cable (flexible buses). 

Several types of failures have been associated with the different types of buses. 
Both rigid and flexible buses supported on column structures have had post 
insulators fail, dropping the bus to the ground. Buses are frequently not provided 
with adequate slack so that seismically induced relative motion between equipment 
and bus support structures causes failures. Also, the dynamic response of the 
vertical drops or the dynamic response of the main lines may load equipment 
bushings connected to buses and cause failures. 

Buses are needed in the substation. While there may be some redundancy, and a 
few isolated failures can be worked around, significant damage will be very 
disruptive. With personnel, materials, and time, work-arounds are possible. 

• Substation Control Structure And Its Contents--In general, control 
house structures have performed well seismically since they are typically small 
simple structures. While they conform to building codes, in much of the country 
the codes have inadequate seismic provisions. Older, unreinforced masonry 
structures, built before the adoption of current seismic provisions, have been 
damaged, some very severely (see Figure 13). There have been cases where 
unmanned control houses were severely damaged, but the equipment inside 
continued to function. (Had the control house been manned, it would have been 
evacuated.) Collapse of the control house could severely damage vital equipment 
and put the entire substation out of service. 

Problems are common with several items frequently found in substation control 
structures. Station batteries fall from their racks, or their cases crack from 
impacts within the rack due to inadequate anchorage and restraint. Some types of 
protective relays can be actuated by earthquake-induced vibrations. This may 
cause some unwanted actions and temporary disruption at a substation, but no 
damage to systems is known to have occurred as a result of spurious relay 
actions. After an earthquake, relays may have to be reset to resume operations. 
Flags on relays often vibrate to indicate a change in state when the associated relay 
may not have operated. There has been severe damage in reactivating a substation 
when indicator warnings were assumed to be from spurious seismic action. There 
have also been problems with ceiling panels and light fixtures mounted in 
suspended "T" bar ceiling falling, or the entire ceiling can come down (see Figure 
14). This is a hazard both to personnel and to equipment in the control room and 
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can disrupt operations during the critical period after an earthquake. 

11- 2.1. 6.3 Transmission And Distribution Lines 

• Transmission Lines--Transmission lines have been very resistant to 
earthquake damage; their main vulnerabilities are foundation failure of 
transmission towers or the loss of a tower due to a landslide. Both occurrences 
are relatively rare. It appears that the natural frequencies of lines and towers are 
removed from the high-energy content of earthquakes, and the design for wind, 
ice and broken wire loads is adequate for earthquakes. 

• Distribution Lines--Distribution lines are also seismically robust. Their main 
vulnerability in the United States is from bum-down when earthquake induced 
vibrations cause adjacent lines to come in contact. This is usually limited to lines 
in the 4 kV to 16 kV range. If they are energized, they will arc and may bum 
through the line causing it to fall. Burned-down lines can be a significant source 
of fires, and they have generated large numbers of calls by the public to the 
emergency response system. There are other potential causes of distribution line 
failure, such as collapse of adjacent structures and fallen trees, but these are 
beyond the control of the utility. While repair can be labor intensive, only limited 
numbers of customers are affected by any given downed line, and spare parts are 
usually not needed to effect a repair. 

More severe problems are caused by inadequate anchorage of relatively small 
pole- and platform-mounted transformers (see Figure 15) used to step down 
power to service voltages. As many as 800 units fell to the ground in the 1952 
Kern County, California, earthquake. There may be secondary damage or injury 
when they fall. Failure will cause local disruption; however, large numbers of 
failures can cause significant disruption. Repairs will require spares and are labor 
intensive. 

11-2.1.6.4 Communication (Power Utility), Monitoring, Protection, And 
Control Facilities And Operations 

This element deals with the overall operation of a power system and the main components needed 
to execute these functions. 

• System Monitoring--Components of the monitoring system are distributed 
throughout the system and are sometimes included in other power system 
elements. For example, a current transformer or capacitive-coupling voltage 
transformer are usually included in the transmission and distribution substation 
element. Their function is related to system monitoring and control. 

• System Control--System control includes many components that are 
distributed throughout the system and the energy control center. 

• Communication Systems--The disruption of utility communications has been 
caused by the loss of power and the lack of emergency power, inadequate 
anchorage of equipment and cable trays, loss of radio repeaters, and traffic 
overload on radio and telephone systems. There have been problems in 
performing a total system evaluation because of the large diversity of 
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communication media and the fact that many systems have evolved as independent 
subsystems. There can also be hidden interdependencies. 
Communications gear has experienced some problems, primarily because of the 
way this equipment is installed. Communications racks often take the form used 
by the telephone industry; that is, they are 0.48 m wide, 0.20 m or fewer deep at 
the base, and relatively tall. Because of their narrow base, base anchorage is 
subjected to large overturning moments and prying, and the method of 
construction frequently yields a relatively flexible rack. The equipment in the rack 
can be very heavy. There have been examples of circuit cards corning out of the 
rack, deflections in the rack damaging cable connections, and racks falling over. 

Communications are needed for power dispatching (control of power plant 
output), switching (to clear and isolate circuits so that they can be repaired, and to 
reconfigure the system to better use available power), and the dispatch of service 
crews. 

11-2.1.6.5 Maintenance Support Facilities 

• Service Centers--The documentation of the earthquake response of service 
facilities is relatively poor. Their failure usually does not impact system 
perfonnance directly and would only come into play for larger earthquakes that 
start to overwhelm system redundancy so that damage has caused disruption. In 
that case service facilities and crews are needed to repair damage. Experience 
does indicate that earthquakes have affected these facilities. 

Service crews are usually dispatched from the service centers using a base station 
to communicate to mobile radios in vehicles. Radio repeaters used to dispatch 
repair crews have been disrupted due to damage or lost of power. The loss of 
communications impairs the control of repair crews. 

For example, in one earthquake there was a loss of commercial power, and the 
lack of emergency power had severely disrupted the operation of a service center. 
With the loss of power, there were no lights, inventory control computers were 
down, the base station radio for dispatching service vehicles was down (a mobile 
unit in a vehicle was used, but it did not have the range of the base station), and 
air conditioning was down so that telephone and microwave equipment became 
hot. For unexplained reasons, all telephones, including the utility owned system 
at the service center, were out for several hours after the earthquake. In this case, 
damage had to be reported using the overloaded and impaired radio system. Loss 
of commercial power to repeaters also impaired the service crew dispatching 
system. 

• Spare Parts Storage Facilities--Many spare parts are stored with no 
consideration of earthquakes. Some large oil-filled bushings must be stored in a 
near vertical position, which is achieved by leaning them against a wall without 
adequate restraint. Some bushings are stored by stacking them in their original 
shipping crates, which deteriorate and are easily damaged. The loss of spare 
bushings can be particularly disruptive since they are one of the more vulnerable 
items. Smaller parts stored on shelves have been dumped to the floor. While this 
has caused some damage, it also delays the availability of the inventory for use in 
restoration. 

II-16 



ELECTRICAL POWER LIFELINES 

The failure of a computer-based, work-·order system and the bypassing of the 
system to expedite restoration can lead to a loss of inventory control so that the 
number and location of spares are not known. For example, spares had been 
shipped and were sitting at a site where they were not needed. Their location was 
not discovered until some time after they were needed at another site. 

II -2.2 Current Practice 

Buildings associated with power systems generally are subject to local building codes. This 
includes power plants, the structure that contains the energy control center, substation control 
houses, service center buildings, and buildings for the technical support staff. Within California, 
these codes have included seismic requirements for some time, and are constantly updated. 
However, older structures may be deficient. Outside California, most building codes have not 
had seismic requirements-- attitudes are now beginning to change. As noted earlier, building 
codes establish minimum criteria for life-safety. For a major earthquake, severe damage can be 
expected and the: buildings may not be functional, which may be required for continued power 
system operation. 

In general, most power system facilities other than buildings are not governed by seismic codes 
or standards. An exception is IEEE 693, "Recommended Practices for the Seismic Design of 
Substations," a standard that is used by the Western Area Power Administration (W AP A) but 
otherwise is seldom if ever used. Large power utilities have manuals of practice that cover the 
design and construction of power facilities; however, outside California, most utilities have few if 
any seismic requirements. Many utilities have formally adopted a .2g horizontal static force 
requirement for substation equipment, which, if it is used in procurement specification, is 
typically not seriously considered. The use of this requirement for equipment anchorage, 
particularly for critical high voltage substation equipment is very limited. The.2g static 
requirement provides little protection to high-voltage substation equipment even if it is rigorously 
applied. In the last two years utilities outside of California have given more consideration to 
earthquakes, but the effort has been very fragmented. 

In general, California utilities have instituted practices to improve seismic performance. Seismic 
practices that are in more general use will be noted below. For most utilities outside California, 
the earthquake hazard is not a salient issue, and little has been done to improve the seismic 
response of their facilities. 

Two recent papers review power system practices (Schiff 1991e; Yokel 1990). 

11-2.2.1 plower-Generation Facilities 

The Uniform Building Code (UBC) is often used for the design of power-generating plants. 
However, outside California its seismic requirements are generally not used. Piping within the 
plant is governed by ASME Pressure Vessel and Piping Code. Liquid storage tanks are also 
governed by sei smic elements in codes. There are is.olated cases of stringent seismic design 
criteria being applied outside California, but typically these facilities are owned by California 
utilities. 

11-2.2.2 Transmission And Distribution Substations 

While IEEE 693 establishes recommended practices for the seismic design of substations, it is not 
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used by California utilities, and its use by utilities other than W APA is not known and is unlikely. 
Substations have control houses for operating personnel, protective relays, communications 

equipment, station batteries, and other important equipment. Most of these structures, 
particularly large substations that tend to be old, were probably built before building codes had 
stringent seismic elements (even in California). Many are unreinforced masonry and very 
vulnerable to collapse. In most of the country, seismic portions of the building codes may still 
not be applicable, and many facilities are located where there is little or no code enforcement. 
Major California utilities have developed manuals of practice that consider seismic criteria, and 
they have been upgraded as earthquake experiences have identified inadequacies. Over the years, 
the major California utilities have performed several seismic reviews of their systems and 
instituted some retrofits to address vulnerabilities. Recently, significant retrofitting has been 
initiated. Noteworthy are substation control houses, which in most regions of the country would 
be grandfathered and not be subject to review. 

11-2.2.3 Transmission And Distribution Lines 

Wind and ice loads and broken wire conditions govern the design of these facilities. Seismic 
design codes or standards are not used for transmission or distribution towers or line-support 
structures. 

11-2.2.4 Communication, Monitoring, Protection, And Control Facilities And 
Operations 

This critical power system function and related components are generally given no seismic 
protection. Even in California these facilities may not be given the attention they deserve. In 
recent years, California utilities have given special consideration to their energy control centers, 
and alternative energy control centers have been or are being developed. There are no seismic 
standards for these facilities. General communication standards within the industry are lacking, 
making exchange of equipment between utilities difficult. 

11-2.2.5 Maintenance Support Facilities 

While buildings used for these functions are governed by codes, no consideration, in general, is 
given to providing seismic protection to spare parts, methods of storage, computer systems, or 
communication systems. Limitations of building codes for operability have been discussed 
above. 

11-2.2.6 Technical Support Facilities 

Previous comments about the building codes also apply here. Often buildings are rented by the 
utility. In one earthquake, the building owners denied access to the structures until they could be 
thoroughly inspected to reduce their own liability exposure. As a result, engineering drawings 
for damaged facilities were unavailable. 

11-2.2.7 Emergency Planning And Response 

Most utilities have emergency response plans that are used on a regular basis for the smaller 
emergencies that commonly befall utilities, such as wind and ice storms. Most of the plans and 
procedures are not suited for a major earthquake. Major California utilities do address the special 
issues posed by earthquakes in their emergency response plans. For example, these utilities have 
or are in the process of developing emergency operation centers. 
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11-2.2.8 Postearthquake Evaluation 

Two organizations have focused on postearthquake evaluation of power system facilities: the 
Earthquake Investigations Committee, Technical Council on Lifelines Earthquake Engineering 
(TCLEE), ASCE, and the Electric Power Research Institute (EPRI). TCLEE works with the 
Earthquake Engineering Research Institute (EERI) and the National Research Council, National 
Academy of Sciences, in conducting postearthquake investigations. If these organizations do not 
investigate for some reason, TCLEE may institute its own investigation. Results of these 
investigations are usually published by EERI in Reconnaissance Reports. EERI earthquake 
investigation activities are supported through a National Science Foundation grant, and TCLEE 
has limited funds available through ASCE. Investigators work on a pro bono basis with 
expenses sometimes partially covered by EERI and/or TCLEE. TCLEE has just published a 
detailed manual for conducting postearthquake investigations for all lifelines including power 
systems (Schiff 1991c). 

EPRI also investigates power system facilities and industrial facilities after damaging 
earthquakes. While the focus of their investigations is on equipment found in nuclear generating 
plants, they also look at damage to other power facilities. Some of their results may also be 
published in EERI Reconnaissance Reports and in EPRI reports. Access to EPRI reports is 
restricted to EPR[ member utilities. Detailed damage and success data are often collected in their 
investigation. Their investigators are usually under contract to EPRI. 

It should be noted that for more damaging earthquakes, the affected utility usually does not have 
the personnel to do a timely postearthquake investigation because personnel are needed to restore 
service. California utilities are in the process of developing joint investigation teams so that 
experienced outside resources can be quickly brought in to perform an investigation. 

There is a growing problem of gaining access to facilities to perform a postearthquake 
investigation. This involves two liability issues. First, is the concern for the investigators since 
there is often much activity involving heavy construction equipment at a damaged substation. 
Second, is the concern that litigation will result from disruption of service, and disclosure may 
increase a utility'S liability exposure. 

Under the provisions of Public Law 101-614, the U.S. Geological Survey (USGS) has been 
given primary responsibility for coordinating postearthquake investigation activities. The 
National Science Foundation (NSF), Federal Emergency Management Agency (FEMA) , and 
National Institute of Standards and Technology (NIST) are given supporting roles. A report that 
identifies the role each organization plays relative to postearthquake investigations is being 
prepared (Schiff 1991d). Two other organizations have also been identified to participate in this 
process. The Agency for International Development (A.I.D.) will be involved in foreign 
earthquakes and the Centers for Disease Control (CDC) in medical issues. 

11-2.3 Existing Knowledge 

TCLEE has conducted a series of specialty conferences and symposia addressing seismic issues 
related to power systems. Proceedings have been published. 

Also, TCLEE has published Advisory Notes on Lifeline Earthquake Engineering. This material 
is descriptive in character and not in a standard or code format. These notes review earthquake 
damage and give some general guidance for improving seismic response of power systems. 
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Detailed suggestions are given for the anchorage of a few types of equipment. In addition, 
TCLEE has published Annotated Bibliography on Lifeline Earthquake Engineering (ASCE 
1980), which lists reports that deal with power system seismic damage, analysis, and design. 
The vast literature dealing with nuclear power plants was not included. 

A series of earthquake reconnaissance reports documents power system damage. While these 
reports clearly show that power systems are very vulnerable to earthquake damage, most do not 
contain details on the type of equipment that was damaged, failure modes, or factors that may 
have contributed to the failures. An EPRI study that is in progress is reviewing past California 
earthquakes to evaluate the above types of information. 

There is a vast literature on seismic design and analysis procedures associated with nuclear 
generating plant equipment and facilities. Little of this material is relevant to non-nuclear 
facilities, although this effort significantly improved methods of analysis and identified many 
basic seismic issues. 

The Electric Power and Communications Committee, TCLEE, ASCE, is developing a seismic 
design guide for power systems. 

EPRI is developing a manual of good seismic practices for substations. 

11-3. STANDARDS DEVELOPMENT 

11-3.1 Introduction 

This section discusses issues associated with each of the six parts of power systems. Each part 
of the standard will contain a brief statement of scope, identify activities involved for its 
development, suggest priorities and a schedule for activities, estimate the cost of development, 
and identify research needs and associated research schedules and cost estimates. Possible 
organizations to develop pre standards and/or develop standards will be identified. 

Three types of activities are envisioned in the development of standards. The first type of activity 
is fundamental research that may be needed to gain a better understanding of a topic or to develop 
tools needed for the application of a standard. A second activity is the development of 
pre standards or draft standards. This would be carried out by specialists who have the expertise 
to address seismic issues, to expedite the development of standards, and to overcome the 
resistance to initiate standards activities. Finally, standards are developed by an appropriate 
standards organization in which the process of developing a consensus standard is executed. 

11-3.2 Features And Issues Related To Electrical Power Systems 

Before proposing power system standards it may be useful to discuss a few characteristics of 
power systems that distinguish them from other lifelines and other issues that affect standards. 

• The commodity, which power systems generate and distribute, electric energy, is 
used as it is generated. In general, there are no locations where energy is stored, 
as is true with water and fuel systems. As a result, if there is a disruption in the 
supply of commercial power, equipment, systems, and facilities that require 
power immediately stop. Critical functions may be supplied with emergency 
back-up power; however, these typically have very limited capacity so that most 
operations are severely disrupted. 
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• There is little control over the flow of power within the network once it has been 
generated. Also, if a line becomes significantly overloaded, the overloaded line 
must be opened. Electric power generated at a power plant will travel through the 
lines connecting the generator to the user, typically over multiple paths. The 
current flowing over any path is determined by the impedance of the path. Thus, 
there is no method of significantly modifying the flows for a given system 
configuration other than changing the physical distribution of load (dropping load) 
or of power sources (modifying output of generating units). The capacity of a 
path is not necessarily related to its impedance, so that unbalanced flows may 
occur, particularly if the system is configured in an unusual way, as might happen 
after an earthquake. If the current along any path exceeds the capacity of any 
component within the path, protective monitoring devices will cause a circuit 
breaker to open. This will stop all power flow in the path and alternative paths 
must carry the power formerly carried on the opened circuit. Three things can be 
done to balance power generation and consumption and to control the flow of 
current through the system: (1) the power output of generating stations distributed 
throughout the system can be adjusted (the usual procedure under normal 
conditions), (2) the configuration of the transmission network can be changed 
(under severe conditions the grid character of the transmission network can be 
changed to a tree-type network), and (3) in extreme cases load can be dropped. 

The inability to store electrical energy in the system and the immediate reallocation 
of the flow of energy within the system when changes are made in the system 
configuration require a sophisticated and sensitive control system to provide 
reliable service in the face of numerous problems that commonly befall power 
systems. 

• Power systems are the lifeline to most other lifelines and emergency response 
facilities. The operation of most other lifelines can be significantly disrupted if 
they lose commercial power. The operations of many critical facilities, such as 
hospitals, are significantly impaired if commercial power is disrupted and they 
must function using their emergency backup power for more than a short interval. 

• Damage associated with earthquakes is markedly different from most other power 
system emergencies. Power utilities encounter minor emergencies on a daily basis 
and can have significant system emergencies on an annual basis, usually 
associated with severe weather, such as wind or ice storms. Most emergencies 
impact transmission or distribution lines, and utilities have developed system 
designs, spare parts policies, and methods of resource management to adequately 
cope with these contingencies. Earthquakes primarily damage or destroy high­
voltage substation equipment. The repair or replacement of substation equipment 
takes a long time, and the availability of replacement equipment and spare parts for 
high-voltage substation equipment is very limited. 

• As noted earlier, the greatest seismic vulnerability of power systems is their high­
voltage substation equipment. The general approach to ensure that purchased 
equipment meet seismic requirements is to add seismic specifications when 
ordering equipment. However, the use of stringent seismic procurement 
specification is no assurance that equipment that meets the specification can be 
obtained. Suppliers may refuse to bid on the specifications or they may not be 
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able to design equipment that satisfies the requirements. Some suppliers of this 
equipment have recently been more cooperative in attempting to meet seismic 
specifications; however, specifications may not be satisfied. This creates a 
situation beyond the control of the utility. 

• There are philosophical differences between standards and codes applied to 
buildings and those that would be applied to lifelines. Building codes and 
standards primarily address life-safety issues. Current building codes establish 
minimum standards for life-safety so that in a major earthquake collapse is 
prevented, while significant structural damage may occur. While building codes 
may have an importance factor that will tend to improve seismic performance, 
there is no indication for any given structure that the increased design load will 
ensure continued operation. In general, for most power system facilities, the 
potential direct impacts of power systems damage on life-safety is relatively small. 
The issue is operability. A severely damaged structure would have to be 
evacuated, which for power system facilities may disrupt power system 
operations. 

• The ability to determine element seismic design standards based on system 
performance standards for redundant systems is questionable at this time. For 
redundant systems such as power systems, system performance criteria cannot be 
used directly for determining facility seismic criteria. Traditionally, building and 
equipment standards set design criteria based on desired performance that are 
keyed to seismic environment for specific facilities and equipment in a given 
setting. Previous small to moderate earthquakes have demonstrated that a power 
system can suffer significant damage and continue to operate without disruption of 
service. While a rational design philosophy could set criteria that would allow 
damage to redundant systems, the current state-of-the-art for the design of power 
system equipment, for the analysis of seismic response of power systems, and the 
great uncertainty in predicting seismic exposure raises questions on how to 
translate meaningfully system standards to element standards. As noted above, 
any approach should incorporate the objective of serviceability rather than life­
safety. 

• The vast majority of power system damage has been associated with the 
catastrophic failure of porcelain members, primarily bushings and post insulators. 
The traditional method of using unrealistically low design loads and providing 
structures with ductility is not applicable to power system equipment with 
porcelain members. With the exception of porcelain members and problems with 
leaking seals, power system equipment and facilities have performed well. 

• In general, basic design loads for a given facility tend to be uniform. While 
design loads for a given item of equipment may vary due to structural 
amplification at the equipment location, the load is derived from the site seismic 
exposure. Consistency of design loads has its appeal. However, the large 
uncertainty associated with the magnitude of seismic loads, the fact that lifeline 
criteria are based on serviceability (not avoidance of collapse), and that power 
equipment is subject to catastrophic failures, suggest that design loads should be 
influenced by incremental cost associated with changes in the load. If such a 
procedure is used, different basic design loads would be used at a single facility. 
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• Experience has shown that the use of analysis methods for the seismic 
qualification of certain types of equipment is unreliable and that vibration testing is 
needed to ensure acceptable seismic performance. Experience with earthquake 
damage provides guidance as to what equipment should be qualified by testing. 

• Several factors determine the appropriate approach to seismic upgrading of 
existing facilities. For most regions of the country that would be significantly 
affected by an earthquake, the probability of a great or large earthquake in the next 
thirty years is relatively small. Moderate earthquakes in California have 
demonstrated that power systems can cope with events of this size, although 
system performance outside California may not be as good. Most power system 
earthquake damage due to moderate earthquakes can be attributed to inadequate 
equipment anchorage, inadequate slack in bus connections at substations, the 
failure of porcelain members of high-voltage equipment, and the failure of gas and 
oil seals. Many anchorage deficiencies can be remedied by low-cost measures. 
Substation equipment vulnerability primarily requires that it be replaced. Finally, 
the useful service life of most vulnerable high-voltage equipment is about 30 
years. These factors suggest that upgrading activities should focus on improving 
equipment anchorage. Equipment upgrading should be achieved primarily through 
normal attrition where standards for new construction apply to replacements. 
Critical components that might affect a significant part of the system may require 
upgrading. In some situations, selective upgrading to provide basic power needs 
by seismic hardening a power path might be considered. 

• A seismic element in disaster response plans should be added quickly for the 
following reasons: there is great uncertainty of future ground motions, a great 
earthquake has a potentially large impact on power systems, the seismic protection 
of spares is poor, and an alternative energy control center is not provided. 

• There is significant uncertainty in the seismic ruggedness of power equipment. 
Experience has shown that seemingly minor changes in the installation of identical 
equipment can cause significant changes in its seismic performance. Also, large 
power equipment is typically special ordered, so that equipment that would 
generally be considered similar because of its type, manufacturer, and function 
can have different seismic responses. 

• Equipment service lives range from 25 to 50 years. The more seismically 
vulnerable equipment tends to fall in the lower range of this interval. 

• Electric utilities are generally considered to be monopolies. Thus, standards that 
increase facility cost translate into incn:ases in utility rates and do not have a 
negative impact on the utility. This would allow high net earnings. In practice, 
this is not the case, as large customers can contract favorable rates from outside 
suppliers and have the utility deliver the power. Thus, many power utilities are in 
a rate-competitive market. 

11-3.3 Overview Of The Basis And Approach To Power System Standards 

This section will review measures that can be used to evaluate system performance, review the 
implications of past seismic performance on the structure of standards, and establish an approach 
to seismic standards. 
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11-3.3.1 Measures For Evaluating Power System Performance 

Important to establishing standards for power systems is the determination of appropriate 
measures for system performance. Three measures of performance are related to life-safety, 
financial losses, and environmental impacts. 

II -3.3.1.1 Life-Safety 

Life-safety exposure due directly to power system damage is very small, particularly if the 
contribution from buildings is eliminated. Buildings are not considered since they are governed 
by building codes. While switchyard damage has been extensive, and the failure of bushings and 
other porcelain members can be explosive with the generation of porcelain fragments acting as 
shrapnel, these facilities are usually deserted. 

The disruption of power to other lifelines and emergency response facilities is more significant to 
life-safety. The impact of the loss of power on life-safety under most situations would be 
greatest in the early stages of the emergency response period and diminish after a few days. The 
significance of disruption also increases with the severity of the earthquake since damage and 
emergency response resources playa more significant role in rescue and treatment. Thus, from a 
life-safety perspective, after major earthquakes emergency response facilities should have 
adequate power within hours after the event. This implies very low levels of power system 
damage to the bulk power system and to the distribution system. The cost implications to utilities 
of using this as a measure for power system response would be exceedingly high and still may 
not be achievable. The implication is that critical facilities should plan on providing adequate 
emergency power to satisfy societal mission. 

11-3.3.1.2 Financial Losses 

The direct losses to power systems from moderate earthquakes appear to be very small when 
compared to other losses in the community, but are significant relative to power system assets. In 
the Loma Prieta earthquake, for example, direct power system losses were about $25 million 
while total direct losses were over $6 billion. 

Indirect losses from extended power system disruption can be significant. After a damaging 
earthquake, even if no lifeline is damaged, there will be several days in which economic activities 
are severely disrupted. For example, after the Loma Prieta earthquake, most commerce and 
industry were disrupted because of the unavailability of personnel. Workers were busy taking 
care of family matters for a few days after the earthquake. Disruption from damage to industrial 
facilities was surprisingly small. Clearly this was not the case in older, commercial districts, 
such as Santa Cruz, that include unreinforced masonry structures that experienced long-term 
disruption due to structural damage. A loss of power would stop most commercial and industrial 
activities. Thus, power disruption lasting more than a few days would quickly generate losses 
that would dwarf direct power system losses. For a major earthquake, the impact on fmancial 
losses of power disruption starts to be felt after three or four days and then becomes very strong. 

These observations are based on the assumption that there is a total loss of commercial power in 
the impacted area. A relatively small amount of power, if it could be directed to emergency 
response facilities, would meet their needs. If power consumption could be limited to important 
functions, economic activities could operate at a fraction of normal power demand. 
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11-3.3.1.3 Environmental Impacts 

In general, the direct environmental impact of power system damage is small, particularly if it is 
assumed that standards for liquid fuels prevent failure of power plant, fuel-oil storage tanks. 
Secondary impacts due to power disruption may be larger from the loss of water (loss of pump 
power) or dumping of raw sewage (loss of power at sewage treatment facilities). However, 
these impacts, when compared to other direct effects of the earthquake, may not be significant. 
Thus, power system damage only becomes significant if it causes power disruption, and then it is 
the secondary impacts that may be significant. The two major impacts of power disruption are 
secondary life-safety issues and financial losses. To address the life-safety issues, disruptions of 
longer than a few hours to critical facilities would be significant, and is probably beyond what 
can be expected of power networks. The most significant financial losses are associated with 
disruptions that last longer than three to four days, but then mount rapidly. 

11-3.3.2 Observations On The Seismic Performance Of California Power 
Systems 

Several recent small and moderate earthquakes have damaged power system facilities (see Section 
11-2.1.2, "Basis for Evaluating Power System Vulnerability"), but there has been very little 
power disruption. Small and moderate earthquakes tend to cause localized damage so that power 
system damage is limited to one or two substations. The limited disruption in the face of system 
damage is the result of the redundancy incorporated into power system design to enhance system 
reliability. Thus, if power systems were to have seismic ruggedness comparable to that of major 
California systems, little or no power disruption would be expected from small and moderate 
earthquakes. 

Two caveats to the above statement should be noted. First, any system component that would 
have a major impact on the system would have to be given special consideration. For example, 
some California utilities did not have seismically hardened or alternate energy control centers for 
part of the last 20 years. Fortunately, an energy control center has not been damaged by an 
intense local event, for its severe damage could cause system-wide problems. 

Second, the lower seismic attenuation in most areas outside California may cause several 
substations to be damaged by a moderate earthquake, thus overwhelming system redundancy and 
causing significant disruptions. 

The pattern of damage from small and moderate California earthquakes suggests that large and 
great earthquakes may damage sufficient numbers of substations that system redundancy could be 
overwhelmed and extensive, extended power disruption may result. 

11-3.3.3 An Approach To Seismic Standards 

In the following approach to seismic standards three key issues are to be addressed. The 
approach parallels methods used by some California utilities to address seismic issues. It is 
noteworthy that these utilities adopted this approach based on prudent business practices rather 
than regulation mandates. 

First, power systems should use good seismic design and installation practices, since they have 
proved to be a cost-effective method of increasing seismic ruggedness of power systems. While 
these practices have been used by California utilities, they have to be clearly defined so that they 
can be evaluated. If this is done, little or no disruption could be expected from small and 
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moderate earthquakes. There would still be a potential, however, for extensive, extended power 
disruptions from large and great earthquakes. 

Second, for large and great earthquakes, systems should be designed so that seismically hardened 
power paths are provided in the power network so that important economic functions can 
continue. While there may be damage to the distribution system, this should only cause local 
disruptions that can be addressed using normal emergency response procedures. The power 
needed to maintain important economic functions is referred to as basic power needs and will 
have to be better defined. For example, basic power needs would not include residential or 
commercial air conditioning. 

Third, a substantial period to phase in standards will be used for the following reasons. The 
return period for large and great earthquakes varies between different parts of the country and is 
quite long. The costs associated with modifying a power system to meet the above two criteria in 
a short time interval would be very large. In the implementation interval a large or great 
earthquake could cause significant power system damage and disruption. In this window of 
elevated risk, it is important that measures that enhance postearthquake response and recovery are 
quickly put in place. 

It should be noted that the suggested approach is not highly dependent on seismic retrofitting 
systems, but rather through seismic upgrading of facilities in the normal course of system 
evolution. There will be some situations where retrofitting facilities would be prudent or 
required. California experience shows that the use of good seismic practices does not 
significantly add to costs and that providing for seismic hardened power paths need not be 
excessively expensive. Also, for new construction, or replacing equipment under normal 
refurbishment, the use of seismically rugged equipment for vulnerable items (some high-voltage 
substation equipment) does not significantly increase cost. 

The above approach is at variance with cost-benefit analysis based to total seismic risk, which has 
not been adopted here for several reasons. Some of these are noted in Section 11-3.2. Even the 
use of scenario-based approaches as a basis for national standards is questionable at this time 
because of the experience and judgment needed for proper implementation. As noted in 
Section II -2.1.4, these methods are currently used by California utilities and they provide 
useful information for improving seismic performance of power systems. However, the 
experience base for their use is limited to California. There is a need for the development of these 
tools so that they can be more widely used and eventually form the basis of power system 
standards. 

11-3.3.4 New Construction, Refurbishment, And Retrofitting 

Three types of construction are envisioned. First, for new construction, for example, a new 500 
kV substation, good seismic design and installation practices should be used. Equipment should 
meet specifications for new equipment, and the facility should be evaluated for seismically 
hardened power paths to meet basic power needs of the system. Second, for construction and 
replacement of facilities during normal system refurbishment, replacement equipment should meet 
seismic specifications for new equipment, and good seismic design and installation practices 
should be used. In refurbishing certain facilities, it may not be cost-effective to meet all seismic 
standards for new construction. In this case, good seismic design and installation practices will 
be used in a prudent way. Finally, modifications made primarily to improve seismic performance 
are referred to as seismic retrofitting. Seismic retrofitting is done to meet standards and at the 
discretion of the utility to enhance the seismic ruggedness of its facilities to satisfy corporate 
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policies. 

Seismic retrofitting would come about at the mandate of standards in the following way. The 
system performance evaluation standard uses element evaluation standards to determine if system 
performance meets the policy statement. The element evaluation standards establish milestones 
for gauging the progress of the system in arriving at the policy statement. If in the normal course 
of seismically upgrading facilities during system refurbishment and expansion, element 
milestones are not met, seismic retrofitting would be needed. 

11-3.4 Structure Of Power System Standards 

Lifeline earthquake standards for power systems should be developed in each of the five 
categories listed Ibelow. 

• Policy Statement Standard--A document that defines desired levels of system 
performance in terms of degree and duration of power disruption of the 
transmission system for different size events or seismic exposure. In addition, an 
implementation schedule for different parts of the standard would be keyed to 
seismic risk. This schedule would specify completion times for different parts of 
the standard. The standard would also contain criteria for evaluating disaster 
re:sponse planning and provisions for postearthquake investigations. A 
completion time for the implementation plan schedule for these parts would be 
specified. 

• System Performance Evaluation Standard--A document that defines 
procedures for evaluating seismic performance of a power system so that it can be 
determined if the system satisfies the policy statement standard. The standards 
would evaluate the ability of a power system to meet system performance criteria 
and the status of its implementation schedule. This standard would use the results 
of the evaluation of each of the six physical system elements, and an evaluation of 
disaster planning and response, to evaluate system performance. (See Section 11-
1.1 for a defmition of power system elements.) In addition, milestones in the 
implementation plan would be identified :md the status of the implementation plan 
would be evaluated in tenns of achieving milestones. 

• Element Evaluation And Design Standards--These standards should 
address two issues: evaluation of existing elements and standards for new or 
replacement components that make up the element. Standards associated with 
each issue would have seven parts or would be seven separate standards, one for 
each of the six physical elements plus disaster planning and response, that 
comprise power systems. (See Section 11-1.1 for a defmition of power system 
ellements.) Each part or standard defines procedures for evaluating seismic 
performance of existing power system elements. The results of this evaluation 
must be compatible with procedures of the System Performance Evaluation 
Standard. The standards should be developed in such a way that if the seismic 
status of an element does not meet performance standards, there are indications as 
to deficiencies in the element that must be rectified. 

• Equipment And Material Standards--Standards that establish seismic 
design criteria for new equipment or materials. These standards would address 
components that make up power system elements. 
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• System Disaster Response Planning Standards--Standards that define 
minimum criteria for enhancing seismic emergency response. 

11-3.5 Standards Development Activities 

Activities needed for the development of each of the five categories of power system standards 
are identified. For each there will be a brief statement of scope, a discussion of issues related to 
that category, and a list of tasks needed to develop the standard. Each task will be described, 
effort and cost needed to complete the task will be estimated, and a priority for the task assigned. 
Section 11-3.7 will indicate the relationship between tasks and develop an overall schedule for 

activities. 

It should be noted that three factors have been used in arriving at the priority of a task. One is the 
importance of the task, that is, how this task will effect power system disruption. For example, a 
task dealing with improving the seismic response of transmission lines would not be very 
important since transmission lines at present perform well in earthquakes. A second factor 
affecting priority is the level of effort and time it will take for the results of the task to have an 
impact on system performance. For example, an important item, which because of needed 
research and pre standards activities will take much longer before it can be implemented, will be 
given a lower priority than an equally important item that can be implemented quickly. 

Some tasks will have to be phased into an implementation schedule later than others and this 
should be taken into account in allocating resources to implement the plan; however, issues of 
scheduling will not be taken into account in establishing priorities. Thus, priority and scheduling 
should be considered in the allocation of resources for implementing the standards plan. 

As noted in Section 11-3.1, three types of standard development activities are envisioned. The 
basis for estimating the time and cost for each of these activities is as follows. Research activities 
would be done by consultants from the power industry, universities, or consulting engineering 
firms. The number of individuals who might be involved and the person-years effort and the 
duration of the effort will be estimated. A figure of $100,000 per person-year is used to arrive at 
cost estimates for large, long-term projects. 

Prestandard activities will probably be carried out as task groups with individuals drawn from the 
ranks of technical committees of professional societies. Because of the desire to expedite this 
effort, the level of these activities would require support. It is assumed that individuals would be 
compensated at a rate of $1,000 per day. This figure would include benefits and overhead. In 
addition, travel expenses would be reimbursed. The number of meetings and their duration and 
the effort required between meetings will be estimated as well as the duration of the entire 
process. All cost estimates will be rounded up to the nearest $10,000. 

The development of consensus standards would be carried out by the appropriate standards 
groups, such as ASCE, IEEE, etc. The level of effort for this activity is a function of the 
complexity of the standard, the thoroughness and form of the pre standard documents, and 
controversies that may arise in arriving at the consensus document. Based on information 
provided by the ASCE Standards Group, most members of standards committees are volunteers 
and are not supported. A control group of five members is provided with travel support. 

Depending on the number of issues that must be addressed, meetings typically last two days so 
that each meeting requires about $5,000 support. For a simple, uncontroversial standard that is 
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well prepared two meetings may be required. More complex or controversial standards may 
require ten or more meetings. In addition, some members who worked on the prestandards 
activity would continue to work with the standards group to provide continuity and to serve as a 
resource to explain the pre standard document. It is assumed that they will be working at the same 
rate indicated above. For budget purposes, three individuals are assumed to continue to work on 
the standards activity, and they will spend two days preparing for each meeting. Three people for 
six meetings for four days' effort per meeting at $1,0001 day equals $72,000. Staff time for the 
standard organization may vary between standards organizations, but an estimate for ASCE is 
$15,000 per active standard committee per year (Schiff 1991b). Because it is difficult to estimate 
the complexity and how controversial a given standard will be, it will be assumed that on 
average, six meetings will be required and the administration of each standards committee will be 
$15,000 per year. Because of the formal process that must be followed in establishing consensus 
standards, it is a. long process. It takes from two to six months to authorize a new standards 
activity and an additional two to three months to form a consensus group. These activities can be 
done before the completion of the pre standards activities. It will be assumed that there will be a 
committee meeting every three months over an 18-month interval. Because of the time to get 
letter and public ballots, these activities are assumed to take a total of two years on the average. 
The estimated average total cost for consensus standards development is $140 ,000. 

For many power system components there is no associated existing standard organization. In 
some cases there may be an organization with a natural affiliation, but it may not have the 
background, interest, or expertise to deal with seismic issues. In these and other situations, it 
may be desirable to establish a contract with an appropriate organization or individual to develop 
or manage the development of pre standards to facilitate consensus standard development. 

The five categories of power system standards are hierarchical in character, later parts being 
influenced by those that came first. Various questions are associated with each of the categories; 
however, to simplify the development of the standards, activities associated with a given power 
system component have been grouped together in a single task. Roman numerals between I and 
V are used to identify tasks grouped under each of the fi ve categories of standards. 

Three types of 1tasks are associated with the development of each standard. There are tasks 
needed to identify technical issues and formulate a prest,mdard document that would be the basis 
for the standard.. These tasks are grouped together and designated as pre standard activities and 
are identified by a "P." The formal procedures for establishing a consensus standard by an 
established standard organization, such as ASCE or IEEE, are referred to as standards 
development activities and are identified by a "D." Additional tasks that would provide 
information that would significantly enhance the quality of standards but are not necessary for 
standard development are designated as research tasks and are identified by a "R." Chart 1 
shows each standard and tasks associated with its development. Tasks associated with different 
categories of the standard are also related. Chart 2 indicates relationships between the tasks and 
the standard categories. 

All standard and pre standard tasks are given equal priority, since the standards form an integrated 
package. The schedule of tasks reflects the fact that information developed for certain tasks is 
needed for other activities. Table 1 lists all tasks, the priority of each, and a rough schedule. It 
should be noted that limitations of resources may delay the initiation of some tasks. The 
appropriate sequencing of tasks can be inferred by Chart 2. Information needed from various 
tasks is also indicated in the statement for the development of standards. 

A stand-alone standard for emergency power systems will be developed. This will simplify its 
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use by other lifelines and critical facilities, such as hospitals and emergency response facilities. 

11-3.5.1 Policy Statement 

A document that defines desired levels of system performance in terms of degree and duration of 
power disruption of the transmission system for different size events or seismic exposure. In 
addition, an implementation schedule for different parts of the standard would be keyed to 
seismic risk. This schedule would specify completion times for different parts of the standard. 
The standard would also contain criteria for evaluating disaster response planning and provisions 
for postearthquake investigations. A completion time for the implementation schedule for these 
parts would be specified. 

The policy statement must address three topics. 

• Good Seismic Practices--Determine the extent that good seismic practices 
(conforming to California practice) are used in the design, construction, and 
installation of power elements (see Task III-1(P)). The time interval for 
compliance with this part of the standard must be determined as described below 
(see Task I-1(P)). 

Because of the close relationship between this part of the policy statement and the 
technical issues associated with evaluating the use of good seismic practices in 
each power system element, this part of the policy standard is to be developed in 
Section 11-3.5.3 Task 111-1 (P). In addition to good seismic practices, special 
consideration will have to be given to system components that can affect the entire 
system. An example of such a component would be the energy control center. 
The special needs to address this standard will be described in Task I-1(P). 

• Seismically Hardened Power Paths--Determine the degree that seismically 
hardened power paths can provide basic power needs (Task 111-1 (P)). The 
method for determining the time interval for compliance with this part of the 
standard is developed in Task I-1(P). 

Because of the close relationship between this part of the policy statement and the 
technical issues associated with evaluating seismically hardened power paths, this 
part of the policy standards is to be developed in Section 11-3.5.3, Task III-1(P). 
The method of determining basic power needs is described below in Task I-2(R). 

• Disaster Response Planning--Determine the degree to which disaster 
response planning and mitigation are satisfied. This requires the evaluation of 
certain facilities and actual plans. The time interval for compliance of this part of 
the standard must be determined as described below in Task I-1(P). 

Because of the close relationship between this part of the policy statement and the 
technical issues associated with evaluating disaster response facilities and disaster 
response planning, this part of the policy statement is to be developed in Section 
11-3.5.5, Task V-1(P). 

There is a need for a manageable, credible methodology for evaluating power system response to 
earthquakes. Research directed at modeling methods is described in Task I-3(R). 

II-30 



ELECTRICAL POWER LIFELINES 

Task I-l(P)--Identify Prestandard Tasks For Policy Statement Standard 

A . Evaluah~ Critical Components That Could Have A Significant Impact On 
System Response 

Power systems would be reviewed to identify critical system components that could have a 
significant impact on a large portion of a system. Examples of such components might be the 
energy control center, a utility'S major communication center, or a control house at a critical 
substation. The product of this effort would be a pre standard that identifies remedial actions and 
a timetable for their implementation. Since the malfunction of these key components could cause 
major disruption from small or moderate earthquakes, they should be implemented on a fast track 
in the process of getting the system to conform to good seismic practices. This task is related to 
Task V-l(P). 

Participants: Electric Power and Communications Committee, TCLEE (supplemented with 
individuals familiar with system operations), or other group familiar with 
earthquake effects on power systems, and system operations. 

Duration: 

Cost: 

I year 

$110,000 
(Basis of cost estimate: six-person working group, has four two-day meetings 
over the interval with two days' preparation per meeting. Travel cost--$10,000 
assuming committee members would be from California. For this level of 
activity, participants would have to be compensated for meetings and work 
assignments between meetings--$l 00 ,000.) 

B. Determine Risk-Based Implementation Times 

The time intervals to complete tasks associated with achieving good seismic practices, seismically 
hardened power paths, and disaster response planning should be determined. This should take 
into account the probability of the seismic hazards in the region, and the expected service life of 
the impacted power facilities. For example, as envisioned by the author, in the New Madrid area 
the phase-in process would be scheduled for completion in about 30 years. Some parts of the 
process may go faster, as indicated below. In regions with long return periods for large and great 
earthquakes, timing may be driven by the operating life of the facilities rather than by the 
probability of large seismic events. 

A key issue is that until good seismic practices and seismically hardened power paths are in place, 
there is a relatively large vulnerability of an extensive, extended power disruption. For this 
reason, it is important that disaster-planning efforts, which should be of relatively low cost, 
should be implemented quickly, within several years. 

Participants: Experts in regional seismic risk in operating lives of power facilities, and in 
industrial power demand. 

Duration: 

Cost: 

1 year 

$110,000 
(Basis of cost estimate: six-person working group, has four two-day meetings 
over the interval. Travel cost--$lO,OOO. For this level of activity participants 
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would have to be compensated for meetings and work assignments between 
meetings--$100 ,000.) 

Task 1-2(R)--Conduct Research To Determine Basic Power Needs For Various 
Communities 

There is a need to develop a simple, approximate method for determining basic power needs, that 
is, power demands on a utility. This will vary with the customer base of the utility. It is 
suggested that census data be used to estimate these needs. An EPRI document (EPRI 1988) 
provides information on power consumption by two-digit Standard Industrial Classification 
(SIC) in the period around 1987. The use of this data in conjunction with census data should 
provide a useful estimate of basic power needs for any utility. It would even be possible to 
determine the distribution of needs throughout the system (if this was justified) rather than having 
to use an average demand for the entire system. Questions of reduction of demand due to 
industry damage may also be considered. Some other approach to estimating basic power needs 
may be more appropriate. It is anticipated that once the power system meets seismic standards 
there would be significant power disruptions for only large or great earthquakes, in which case, 
methods of limiting power may be needed. Policies and procedures should have to be developed 
for controlling the use of limited power in the postearthquake environment. Public service 
announcements directed at residential and industrial users, brownouts, rolling blackouts, or other 
methods should be explored. It would be advantageous to have limitation procedures sanctioned 
by a Public Utility Commission (PUC) or other authority, rather than using ad hoc methods in an 
emergency. 

The results of this effort will be a methodology to be used by a utility to determine the basic 
power needs it will have to supply. 

Participants: Experts on industrial power demand, census data, and people familiar with impact 
of earthquakes on industrial facilities. 

Duration: 

Cost: 

1 year 

$80,000 
(Basis of cost estimate: four-person working group, has four two-day meetings 
with two days' preparation per meeting over the interval. Travel cost--$lO,OOO. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$70,000.) 

Task 1-3(R)--Conduct Research On Modeling Earthquake Response Of Power 
Systems 

There is a need for cost-effective methods for getting realistic evaluations of power system 
performance in earthquakes. These methods must take into account actual system configurations 
and performance of specific equipment (at least for the most vulnerable equipment items). System 
redundancy, both in the network and within the substation should be reflected in the 
methodology. The development of these methods are needed for the long-term improvement in 
the evaluation of system performance and enhancement of seismic specifications of facilities and 
equipment. It is vital that the methods be evaluated using several real power systems. The fmal 
product should be user friendly and transportable so that the methodology can be exercised by 
utilities after a reasonable training period. 
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Developers: Consortium of utilities, EPRI, consultants, and academic researchers. 

Duration: 2 years 

Cost: $550,000 
(Basis of estimate is that this will be a four-person/year effort. About $400,000 
for development and $150,000 to run tests on three utilities.) 

Task 1-4(D)--Develop Policy Statement Standard 

The results of Tasks I-l(P), III-l (P), IV-l(P), and V-l(P) should provide a basis for formulating 
a policy statement standard. This standard should specify how information determined in 
evaluating system elements is used to determine if the policy statement is satisfied. A completion 
time for the implementation plan schedule for standard parts should be specified, taking into 
account the hazard exposure. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 2 years (See Section II-3.5) 

$140,000 (See Section II-3.5) Cost: 

11-3.5.2 System Performance Evaluation Standards 

A document that defines procedures for evaluating seismic performance of a power system so that 
it can be determined if the system satisfies the policy statement standard. The standards would 
evaluate the abibty of a power system to meet system performance criteria and the status of its 
implementation plan schedule. This standard would utilize the results of the evaluation of each of 
the six physical system elements, and an evaluation of disaster planning and response, to evaluate 
system performance. In addition, milestones in the implementation plan would be identified and 
the status of th,e implementation plan would be evaluated in terms of the achievement of 
milestones. 

Six physical elements plus disaster planning and response have been identified as making up 
power systems operations. The seismic performance of these seven elements will determine the 
degree to which a power system satisfies the policy statement standard. Using the concept of the 
policy statement standard proposed above, two characteristics of power system elements will 
have to be determined, as follows: 

• Are the seismic ruggedness characteristics of power system elements comparable 
to those used by major California utilities (as defined in Task III-l(P))? An 
overview of the seismic ruggedness of each element is given in Section II-3.5.3. 

• Do those parts of critical elements that control the seismic reliability of critical 
power meet the seismic specifications for these elements? 

Methods for evaluating basic seismic requirements of existing facilities and for 
evaluating the reliability of critical components are closely related to the methods 
fix evaluating these components. Therefore the methods for using the results of 
element evaluation for system evaluation will be incorporated into the following 

11-33 



RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

sections. This effort will also be related to equipment specifications discussed 
below. 

Task II-l(D)--Develop System Evaluation Standards 

U sing the results from the research described below, develop system evaluation standards. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 1 year (See Section 11-3.5) 

$140,000 (See Section 11-3.5) Cost: 

11-3.5.3 Element Evaluation And Design Standards 

Standards would address two issues, evaluation of existing elements and standards for new or 
replacement parts of elements. Standards associated with each issue would have seven parts or 
would be seven separate standards, one for each of the six physical elements plus disaster 
planning and response that comprise power systems. (See Section II -1.1 for a definition of 
power system elements.) Each part of the standard or each standard defines procedures for 
evaluating seismic performance of existing power system elements. The results of this evaluation 
must be compatible with procedures of the System Performance Evaluation Standard. The 
standards should be developed in such a way that if the seismic status of an element does not 
meet performance standards, there are indications as to the deficiencies in the element that must be 
rectified. 

Each power system element is reviewed below and research and pre standards requirements for 
the element are identified. Roman numbers identify the research or pre standard tasks associated 
with the element. 

• Power-Generating Facilities--Seismic performance of these facilities has 
been good, and evaluation is limited to determining if there is a large percentage of 
generating capacity concentrated in a small area. Supplemental seismic standards 
for generating facilities and methods for evaluating if there is a concentration of 
generating sources are developed in Task IV-l (P),E. 

• Transmission And Distribution Substations--This element contains the 
most seismically vulnerable components, and evaluation procedures must be 
developed. These methods are developed in Task 111-1 (P). Research and 
pre standard tasks associated with design standards are developed in Task 
IV-l(P),A. 

• Transmission And Distribution Lines--The seismic performance of 
transmission and distribution lines has been good, and no evaluation of this 
element is needed. Supplementary standards for distribution equipment are 
developed in Task IV-l(P),E. 

• Communication (Power Utility), Monitoring, Protection, and 
Control Facilities and Operations--Performance of some components of 
this element have been poor. Evaluation procedures and design standards are 
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needed and are developed in Tasks 111-1 (P), E and V-l(P). 

• l\1aintenance Support Facilities--Seismic design for some components in 
this element are poor. Evaluation procedures and design standards are needed and 
are developed in Task IV-l(P), D. 

• Technical Support Facilities--Seismic vulnerability of some components in 
the element is high. Evaluation procedures and design standards are needed and 
are developed in Task IV-l(P), E. 

• Disaster Response Planning--The adequacy for earthquakes of some 
components of this element are poor. Evaluation procedures and design standards 
are needed and are developed in Tasks V-l(P) and V-2(D). 

Research strategies for defining good seismic practices are developed in Task III-l(P),A. In 
addition to the 1tasks referred to above, there is a need to do an overall system evaluation to 
identify system elements that can affect a significant part of the system. Task III-l(P) addresses 
this need. 

Task III-l(P) Develop Prestandard Element Evaluation And Design Standards 

A . Define Basic Seismic Requirements 

The meaning of the expression good seismic practices is not well defined. While major 
California utilities currently have stringent seismic qualification specifications for substation 
equipment and testing requirements for some classes of equipment, the seismic specifications of 
most facilities that determine system performance predate current specifications. Basic 
specifications for anchorage, slack in bus connections, and equipment specifications will have to 
be defined. In light of past performance, these specifications may be modified on the basis of 
engineering judgment of the cost-effectiveness. This research would include the development of 
technical parts fiJr a draft standard. It is the intent that these requirements be established for the 
first seven system elements. Element evaluation methods would include the definition of 
acceptable praclices and may also include walkdown procedures for standardized element 
evaluation. A key element in improving seismic design practices is quality assurance to make 
sure that new procedures are implemented in the field. This issue should be addressed for 
incorporation into System Performance Evaluation Standard. This effort will also use research 
results developed on the Communications, Monitoring, Protection, and Control component 
described below. After developing element evaluation methods, they should be used for 
evaluating the system. 

Developers: Electric Power and Communications Committee, TCLEE, or other group familiar 
with earthquake effects on power systems, seismic specifications of power 
facilities, and the historical development of seismic specifications used by major 
California utilities. 

Duration: 

Cost: 

1 year 

$260,000 
(Basis of cost estimate: lO-person working group, has six two-day meetings over 
the interval. Travel cost--$20,000 (the group would be concentrated on the West 
Coast). For this level of activity participants would have to be compensated for 
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meetings and work assignments between meetings--$240,OOO.) 

B . Develop Evaluation Methods For Critical Components And Seismically 
Hardened Power Paths 

Critical system elements need to be evaluated. In addition, critical components within the critical 
elements would have to be identified. An evaluation procedure should be formulated based on 
component specifications that are to be developed under equipment and material standards. While 
research will be needed to carefully review and determine critical components, several 
components would playa minor role. The most important components are in Transmission and 
Distribution Substations, Communication, Monitoring, Protection, and Control Facilities, and 
Emergency Planning and Response elements. Three tasks are to be performed under this 
research effort. Critical elements and critical components within the elements will be identified. A 
method for evaluating critical elements should be developed based on their basic seismic 
requirements and on equipment and material design specifications. Methods for identifying and 
evaluating seismically hardened power paths through substations are to be developed. Using the 
methods that are developed, the incremental cost associated with a seismically hardened power 
path as compared to a normal upgrade should be evaluated. In addition, methods for 
investigating postearthquake response of systems should be developed. Finally a draft, 
prescriptive evaluation procedure should be developed for evaluating critical elements. 

Developers: Electric Power and Communications Committee, TCLEE, or other group familiar 

Duration: 

Cost: 

with earthquake effects on power systems, seismic vulnerability of power 
facilities and equipment, and power system operations. 

2 years 

$510,000 
(Basis of cost estimate: lO-person working group, has 12 two-day meetings over 
the interval with two days' work between meetings. Travel cost--$30,000 (the 
group would be concentrated on the West Coast). For this level of activity 
participants would have to be compensated for meetings and work assignments 
between meetings--$480 ,000.) 

C . Develop Procedures For Evaluating The Seismic Ruggedness And 
Integrity Of Communications Systems And Standards For New 
Construction 

Power system operation makes extensive use of communications for power dispatch, system 
protection, and system configuration modifications. Communication systems include utility­
owned microwave system, leased telephone lines, public switch network system, carrier 
frequency communication on transmission lines, and radio communications. Repair and 
maintenance crew also make extensive use of radio communications. 

One of the difficulties in dealing with this area is the lack of standardization and great variety of 
systems and approaches used by different utilities. 

Evaluation procedures for existing facilities and standards for new construction for the following 
systems should be developed. 

• Anchorage and installation (bracing and slack in electrical connections) of 
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communications equipment including system PBX, and power plant and 
substation communication racks 

• Emergency power supplies (reference Task IV-I(P), C) 

• Base station and microwave antenna, particularly the security of signal leads 

• Security of radio repeaters and their emergency power system 

• Seismic security of key secondary systems, such as air-conditioning systems (for 
computer and communication equipment) 

Special attention should be given to hidden dependencies, such as: 

• Air-conditioning dependent on commercial water supply 

• Critical equipment not on circuits supplied with emergency power (for example, 
air-conditioning) 

• Computers not provided with uninterruptable power supplies 

• Critical links of communications systems on public switch network that may be 
disrupted 

• The use of Centrex for critical communications 

In addition to the seismic security of the physical facilities described above, there is a need to 
assess problems of communication system capacity under postearthquake conditions and 
contingency procedures for managing any shortfall. Problems associated with radio 
communications are system saturation, and frequency compatibility with repair crew brought in 
from other utility districts or obtained through mutual aid. For radio communications, where 
channels usually get saturated, plans for managing capacity limitations, such as converting to a 
supervised network (need for training in the use of supervised network, etc.) need to be 
developed. 

There is a need for contingency communication plans for independent co-generating plants that tie 
into the network.. These facilities can be valuable and significant sources of power, but there is a 
need for secure communications. 

For all of the above items (and others that have not been explicitly identified here) evaluation 
procedures must be established for existing facilities and standards developed for new 
construction. Implementation milestones must be established consistent with the overall timetable 
set in the Policy Statement Standard. The evaluation should be quantitative in character so that 
the results of tht~ evaluation can be used to determine status of the implementation process. It 
should be noted that disaster response planning is most important in the early part of the 
standards implementation plan, since that is when the system is most vulnerable. Thus, low-cost 
items and procedures that can be implemented quickly should be put on a fast-track schedule. The 
procedures and standards should be formulated, to the degree possible, in a pre standard format. 

Participants:The Utility Telecommunications Council, supplemented with experts on 
earthquake effects on power systems and communications equipment, or a group 
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Duration: 

Cost: 

of specialists in the various areas. Task groups within the overall effort will 
probably have to be formed. 

18 months 

$260,000 
(Basis of cost estimate: 12-person working group, has five two-day meetings over 
the interval with two days' work between meetings. Travel cost--$20,000. For 
this level of activity participants would have to be compensated for meetings and 
work assignments between meetings--$240 ,000.) 

D • Conduct Research On Monitoring, Protection, And Control Element 

Monitoring, protection, and system control element deals both with system operations and many 
components that are vital to system operations. Because of the specialized character of the 
components contained in this element, a separate research effort is suggested. The results of 
this effort should be in the form of prestandards. 

Seismic standards should be established for the energy control centers. Emphasis would be on 
installation of control, computer, and communication equipment, seismic security of the facility, 
emergency power for the facility. Minimum requirements should be established for an alternate 
energy control center. Other components should be reviewed and pre standards developed as 
appropriate. 

Developers: Electric Power and Communications Committee, TCLEE (supplemented by 
system and protection specialists) or other group familiar with earthquake effects 
on power systems, seismic specifications of power facilities, and specialists on 
communications, protection, and control. 

Duration: 

Cost: 

9 months 

$140,000 
(Basis of cost estimate: eight-person working group, has four two-day meetings 
over the interval. Travel cost--$lO,OOO (the group would be concentrated on the 
West Coast). For this level of activity participants would have to be compensated 
for meetings and work assignments between meetings--$130,000.) 

Task III-2(D)--Develop Element Evaluation And Design Standards 

The results of Tasks ITI -1 (P), and V-I (P) should provide a basis for formulating an element 
evaluation and design standard. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 

Cost: 

2 years (See Section IT-3.5) 

$140,000 (See Section IT-3.5) 
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11-3.5.4 Equipment And Material Standards 

These standards establish seismic design criteria for new equipment or materials. These would 
be mandatory performance standard test methods or standards specification. 

Major components of power system element are identified in Section II -1.1. Each should be 
reviewed to determine the need for seismic design standards. For selected topics, research or 
pre standard tasks are discussed in detail. An additional six items are grouped into a single task 
where issues associated with each are briefly described. 

Task IV-l(P)- .. Develop Prestandard Equipment And Material Standards 

A. Develop High-Voltage Substation Equipment Seismic Specifications 

In this plan for standards development three classes of equipment are considered: commercial, 
engineered, and high-voltage substation equipment. The first two classes are discussed in Task 
IV-I (P),E, below. Damage to high-voltage substation equipment is the primary cause of 
earthquake-related power disruption. 

A standard for seismic specification for procurement and installation of substation equipment 
should be developed. A standard design spectra shape should be developed for the specifications 
as well as standard points to anchor the spectra. Equipment for which analysis is acceptable for 
qualification should be identified as well as those items which require testing. Testing procedures 
are developed in Task IV -1 (P),B. All power network substation and switchyard equipment 
would be governed by the standards. 

Several issues should be addressed. Establishing a few standard spectra anchor points would be 
very beneficial to the industry. The fine-tuned adjustments of spectra by O.2g or O.Ig or less is 
not meaningful when the uncertainty of ground motions is so large. All equipment should be 
evaluated with its support structure. Issues of anchorage strength and flexibility should be 
addressed. Common, poor design details, such as single-bolt friction clips and slotted bolted 
connections, should be eliminated. Seismic profile drawings that specify equipment weight, 
center of gravity, natural frequencies, and anchorage calculations should be required. 

It would be desirable if the concept of two or three seismic classes of equipment could be 
promulgated. One class would be standard design. The second class (and the first class may be 
combined with this class) would be improved seismic ruggedness to the point that the incremental 
cost of manufacturing the item starts to become significant. The third class would have seismic 
ruggedness that could only be achieved with significant increase in cost. It would be desirable if 
a single ruggedness specification could be established, so that the special design and testing for a 
class would only have to be done once for each type of equipment. 

Tasks within IV -1 (P) should interact. In addition, issues of conductor flexibility should be 
addressed, and results should be presented in a pre standard format. 

Developers: Electric Power and Communications Committee, TCLEE (supplemented with 
equipment and porcelain manufacturers), or other group familiar with earthquake 
effects on power system equipment. 

Duration: 2 years 
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Cost: $430,000 
(Basis of cost estimate: 12-person working group, has eight two-day meetings 
over the interval with two days' work between meetings. Travel cost--$50,000. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$380,000.) 

B . Test Standards 

Major California utilities have developed seismic specifications for equipment that include testing. 
While these specifications have many similarities, methods of testing used by each utility are 
different. An industry standard should be established to reduce confusion among manufacturers, 
and to ultimately lower equipment cost and improve its seismic reliability. 

There is a need to evaluate and standardize seismic testing of power equipment to meet design 
specifications. Several issues need to be addressed. Experience has shown that the use of 
analysis for some types of equipment cannot ensure good seismic performance. Such equipment 
must be tested to ensure acceptable seismic performance. It is generally agreed that random 
testing with spectra based on power spectral density or design spectra that have time histories that 
have been properly formulated provides the most reliable evaluation of equipment performance. 
The simultaneous excitation of all modes of vibration and interaction problems not found in 
sine-sweep or sine-beat tests are identified. Random vibrations are more characteristic of 
earthquake ground motions. However, vibration tables with a capacity to test large equipment 
with random excitation are limited, and tests tend to be more expensive. There is also the 
question as to the number of axes that should be tested simultaneously. The standardization of 
test format (energized, pressurized, changes in operating state) and methodologies (sine-sweep, 
sine-beat of specific size and duration, random with appropriate designed time history) for 
meeting seismic design specifications in the long run will simplify testing and yield results that 
can be compared. Ideally, a single test format should be established. This does not mean that all 
equipment would be designed to the same seismic level. If needed, a testing program should be 
used to identify the most appropriate test method. 

Participants: Consortium of porcelain manufacturers, power equipment manufacturers, utilities, 
and EPR!. 

Duration: 

Cost: 

2 years 

$350,000 
(Basis for this effort is that it will require a two-person/year effort. The test 
program would require an additional $150,000.) 

C . Develop Prestandard For Emergency Power Backup Equipment 

The frequent failure of emergency power demonstrates that common practices are inadequate. 
Detailed design specifications addressing all the special issues for this important class of 
equipment should be developed. Issues to be considered include restraints or snubbers of 
vibration-isolated units, need for engine and generator to be rigidly attached to a single support, 
adequate flexibility and slack in utility (power, water, fuel, exhaust) connections, anchorage of 
day tank, integrity of cooling system, integrity and operation of fuel supply to day tank, 
anchorage of control panels and start-up batteries, periodic testing procedures and circuits, 
seismic integrity of start-up systems, and quality assurance of diesel fuel over time. 
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Developers: Electric Power and Communications Committee, TCLEE, or other group familiar 
with earthquake effects on emergency power systems. 

Duration: 6 months 

Cost: $60,000 
(Basis of cost estimate: four-person working group, has three two-day meetings 
overthe interval with two days' work between meetings. Travel cost--$lO,OOO. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$50,000.) 

D. Design Standards For Service Facilities And Spare-Part Storage 

Seismic standards for installation and emergency power for radio communications systems used 
by maintenance should be established. Seismic standards should be developed for maintenance 
facility computer systems. This should include system databases and computer-based, work­
order systems. There is a need for standards for securing spare parts and equipment in storage 
facilities and in open storage. Buildings used for storage are discussed below. 

Developers: Electric Power and Communications Committee, TCLEE, or other group familiar 
with earthquake effects on emergency power systems. 

Duration: 6 months 

Cost: $40,000 
(Basis of cost estimate: four-person working group, has two two-day meetings 
over the interval with two-days' work between meetings. Travel cost--$10,000. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$30,000.) 

E. Develop Prestandard Documents For Selected Equipment Items 

The seismic performance of the six items listed below has generally been good; however, there 
are some outstanding seismic issues. There is a brief discussion of issues associated with each 
item. 

• P'ower Generating Plants--The present procedure of using the UBC has 
provided good seismic performance. A supplementary standard is needed for 
addressing coal-handling equipment and special problems associated with 
restraining the boiler in the boiler support structure. Most utilities have dispersed 
power-generating sources so that it is unlikely that several would be damaged by a 
sitngle event. A simple procedure should be developed for determining if a utility 
has a high percentage of generating capacity concentrated in a small area so that 
adequacy of alternate supplies could be checked. 

• Transmission Line Towers--Present design practice, which is governed by 
wind, ice, and broken wire loads has provided good seismic performance. 
Existing standards should be supplemented to deal with sites with liquefiable 
soils. It is suggested that guidance be given so that the designer is aware of the 
issue and has the option to take action in the special cases of very vulnerable 
towers on important lines. The use of grade beams between footings to enhance 
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tower stability or piles that consider liquefaction might be suggested. 

• Distribution Lines And Distribution System Equipment--In general, 
distribution equipment performs well in earthquakes. There should be a standard 
for anchoring vault, pole- and platform-mounted transformers. 

• Commercial Equipment--In general, commercial equipment has performed 
well. Equipment should be reviewed for special situations where there are 
inadequacies. Examples are vibration-isolated components in HVAC equipment 
and anchorage of computer terminals and monitors. 

• Buildings--While building codes govern buildings, as noted earlier, they set 
minimum standards for life-safety. The question of operability of the facilities 
should be addressed directly. 

Developers: Electric Power and Communications Committee, TCLEE, or other group familiar 
with earthquake effects on power systems. 

Duration: 

Cost: 

1-1/2 years 

$120,000 
(Basis of cost estimate: eight-person working group, has three two-day meetings 
over the interval with two days' work between meetings. Travel cost--$20,000. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$l00,OOO.) 

Task IV -2(R)--Conduct Research Into The Strength And Reliability Of Porcelain 
Members 

There is a need for a better definition for the performance of porcelain members, improved 
standards for testing these components, and well-defined, technically sound methods for 
specifying their factors of safety. 

Many brittle materials, such as porcelain, exhibit large variability in strength. Typical test 
methods that require only three test samples raise questions on the precision of estimates of the 
factor of safety used for these materials. It is not clear if each manufacturer expresses the 
strength of items in a consistent manner. Also, for many items, specifications are given in terms 
of cantilever strength; however, earthquake-induced loads should take into account the 
distribution of mass of the item. Porcelain not only has a high inherent variability of strength, but 
its characteristics can vary from batch to batch. It is not clear if this component of variability of 
strength is reflected in catalog specifications. There is a need to standardize terms and develop 
specifications that accurately reflect the seismic resistance and factors of safety associated with 
porcelain items. A test program should be used to evaluate small-size porcelain members to 
validate manufacturer catalog strengths. 

Participants: Consortium of porcelain manufacturers, power equipment manufacturers, utilities, 
and EPRI. 

Duration: 

Cost: 

1-1/2 years 

$260,000 
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(Basis for this effort is that it will require a two-person-manlyear effort. An 
additional $60,000 is to be used for the test program.) 

Task IV -3(R)-··Conduct Research On Testing Transformer Bushings 

There have been several cases of earthquake-induced transformer bushing leaks and damage. 
There are no ways to work around a loss of transformer functions as there are for most other 
substation damage. There is a need to establish failure mechanisms and test procedures for 
evaluating transformer bushings. Because of the size of many substation transformers, it is 
difficult or impossible to test the entire transformer. The product of this effort should be 
guidance for establishing transformer bushing specifications. 

Participants: Consortium of porcelain manufacturers, power equipment manufacturers, utilities, 
consultants, and EPRI. 

Duration: 

Cost: 

1 year 

$280,000 
(Basis for this effort is that it will require a two-person/year effort. An additional 
$80,000 is allocated for the testing program.) 

Task IV -4(R)--Conduct Research Into Dynamic Loads Imposed By Buses And 
Bus Connections 

Guidance is needled for determining slack and flexibility in bus-equipment connections. Several 
bus-equipment connections have failed in earthquakes. The details of the designs associated with 
these failures should be evaluated to see if they can be incorporated into standards practice under 
controlled conditions, in configurations, as appropriate. The use of breakaway connections may 
also have an influence on substation layout. One of the key issues that should be addressed is 
associated with bus dynamics during short-circuit loads when extra bus slack and flexibility is 
introduced. The output of this effort should be guidance for installation standards. 

Participants: Consortium of porcelain manufacturers, power equipment manufacturers, utilities, 
and EPRI. 

Duration: }'·112 years 

Cost: $200,000 
(Basis for this effort is that it will require a two-person/year effort.) 

Task IV -5(R)--Conduct Research Into Postearthquake Evaluation Of Equipment 
And Facilities 

Research is needed to establish procedures for evaluating equipment, facility, and system 
response to determine if the seismic design standards are adequate and appropriate. Methods for 
documenting re5ults should be established. Emphasis for developing detailed procedures for 
evaluating damage would primarily be on substation damage. This effort should include the 
exploration of methods of protecting results of the investigation from discovery . 

Participants: Earthquake Investigation Committee, TCLEE, or other group familiar with 
earthquake effects on power systems, and power-system equipment. 
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Duration: 

Cost: 

1-112 years 

$120,000 
(Basis of cost estimate: five-person working group, has five two-day meetings 
over the interval with two days' work between meetings. Travel cost--$20,000. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$I00,OOO.) 

Task IV -6(D)--Develop Emergency Power Backup Equipment Standards 

Results of IV -1 (P) ,C, should provide a basis for formulating a standard for emergency power 
equipment. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 2 years (See Section 11-3.5) 

Cost: $140,000 (See Section 11-3.5) 

Task IV -7(D)--Develop Equipment And Material Standards 

The results of Task IV-I (P) should provide a basis for formulating an equipment and material 
standard. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 

Cost: 

11-3.5.5 

2 years (See Section 11-3.5) 

$140,000 (See Section 11-3.5) 

Disaster Response Planning Standard 

This standard defines good practice for enhancing seismic emergency response. In addition to 
plans, related facilities should also be addressed. A schedule of milestones should be established 
to ensure the completion time given in the policy statement standards is met. 

Power utilities have emergency response plans that are regularly used for the many contingencies 
that befall utilities. In most regions of the country these plans do not adequately address the 
special issues associated with earthquakes and particularly great earthquakes. Issues dealing with 
the following areas should be addressed: communications, Service or maintenance centers, spare 
parts storage, emergency power sources, customer service centers, access to engineering 
documentation, seismic hardening of the energy control center, alternate energy control center, 
emergency operations center, corporate recovery plans, and the differences in the character of 
earthquake damage (damage to substation equipment) as compared to that associated with more 
traditional emergencies (damage to lines). 
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Task V-I (P)--Develop Pre standard Disaster Response Planning Standard 

There are two aspects of disaster response standards that must be considered and integrated: 
facilities associated with the emergency response and operating procedures to address the 
emergency. 

A . Develop Procedures For Evaluating Existing Facilities Related To Disaster 
Response And Standards For New Construction Of These Facilities 

The following facilities are to be considered: energy control center, alternate energy control 
center, emergency operations center, emergency power supplies, service centers, customer 
service centers, and spare parts storage (in storage facilities and in open storage), and facilities for 
black start of generating plants. In addition, potential hidden dependencies of facilities will have 
to be identified. 

Associated with each facility are several special concerns. Many of these can be established by 
reviewing seismic performance of these facilities. 

For each of these facilities evaluation procedures and standards must be established for existing 
facilities and new construction. Implementation milestones must be established consistent with 
the overall timetable set in the Policy Statement Standard. The evaluation should be quantitative 
in character so that the results of the evaluation can be used to determine status of the 
implementation process. It should be noted that disaster response planning is most important in 
the early part of the implementation plan since that is when the system is most vulnerable. Thus, 
low-cost items and procedures that can be implemented quickly should be put on a fast-track 
schedule. The procedures and standards should be formulated, to the degree possible, in a 
pre standard fomlat. 

B . Improvl! Disaster Response Plans 

Earthquakes primarily damage high-voltage substation equipment, while most other emergencies 
that befall power systems are related to the loss of transmission or distribution lines. Problems 
with the availability of spare parts and equipment, and difficulties with transporting and installing 
a significant number of high-voltage equipment items at several substations, is outside of the 
experience of most utilities. 

The impact on the utility and the community that it serves may require policy decisions from 
management on a continuing basis during the emergency response and recovery. A disaster, 
unlike emergencies that regularly affect utilities, requires much more coordination within various 
parts of a large utility and between the utility and groups outside of the utility. As noted above, 
the execution of these activities requires an emergency operating center with the requisite 
communications and computer systems. 

Another component that is external to the utility are the independent co-generating plants that are 
tied into the power network. They are relatively new players on the scene, but can have an 
important role in the emergency response and recovery. There is a need for contingency plans for 
the interaction with these facilities in a disaster. For many utilities they are valuable and 
significant sources of power. In addition to communications noted above, there is a need to 
prearrange waivers for certain contractual restrictions that limit the operation of these facilities. 
(For example, the facility associated with the co-generating unit may be closed, but the 
co-generating unit can only operate if it supplies power to its facility.) 
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Guidelines for evaluating and improving disaster planning should be put in the form of a 
prestandard. The guidelines should identify the special problems caused by earthquakes that are 
not typically addressed in existing emergency response plans. Approaches to these problems 
should be suggested but must be sufficiently flexible so that they can be applied to different 
utilities throughout the country and to different organizational structures. The standard should 
require that the plan be periodically tested through simulation exercises. Implementation 
milestones must be established consistent with the overall timetable set in the Policy Statement 
Standard. The evaluation should be quantitative in character so that the results of the evaluation 
can be used to determine status of the implementation process. 

Participants: Because of the special character of many of these facilities and functions, a diverse 
group of specialists in the various areas will be needed. This includes facility 
planners, design engineers, people from operations, and individuals who have 
practical earthquake disaster experience. Members of the Utility Policy 
Committee, a California utility group, could also be involved. 

Duration: 

Cost: 

2 years 

$320,000 
(Basis of cost estimate: I8-person working group, has four two-day meetings 
over the interval with two days' work between meetings. Travel cost--$30,000. 
For this level of activity participants would have to be compensated for meetings 
and work assignments between meetings--$290,000.) 

Task V -2(D)--Develop Disaster Response Planning Standard 

The results of Tasks V-I (P) should provide a basis for formulating a disaster-response-planning 
standard. This standard should specify how information determined in evaluating system 
elements is used to determine if the policy statement is satisfied. 

Developers: It is not clear what organization would take responsibility for developing a 
consensus standard. IEEE or ASCE would be candidates. 

Duration: 2 years (See Section 11-3.5) 

Cost: $140,000 (See Section 11-3.5) 

11-3.6 Postearthquake Evaluation 

An important element in the continued improvement of earthquake performance, mitigation, and 
emergency response is the postearthquake investigation of earthquakes. There are several issues 
related to postearthquake investigations. 

There is a need for personnel at each damaged facility to take pictures of damage prior to cleanup. 
In many cases, cleanup will proceed before a facility can be investigated. Clearly, cleanup and 
restoration cannot wait for an investigation; therefore, it would be desirable for local personnel to 
document damage. While pictures taken by an individual not familiar with the procedures or 
intent of an investigation may be wanting, they will be better than no record. 

After a damaging earthquake, personnel from the impacted utilities are too busy restoring service 
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to do a detailed investigation. A fast-response team is needed because damaged equipment is 
removed quickly. As a result, details, such as failure mode and factors that may have contributed 
to the failure, are more difficult or impossible to discover. 

A thorough investigation will increase knowledge of the causes of failure so that the state of the 
art of enhancing earthquake resistance of power facilities can advance. 

In recent earthquakes, there has been an increasing concern about liability with a tendency to limit 
access of post earthquake investigators. Several issues are involved and the legitimate interests of 
those involved are sometimes in conflict. 

For most utilities, the ultimate responsibility of activities at a facility usually rests with the facility 
manager. Giving access to outsiders, no matter what their credentials, will in general require that 
they be escorted in the facility. This will divert resources from recovery operations, although an 
escort need not be the most skilled personnel at the site. The investigators would also want to 
interview key personnel, and this may be disruptive to the recovery. Clearly, ground rules for 
conducting an investigation would have to be established. 

There is the potential of the investigator's being injured in the rush of activities to restore service. 
Often there will be heavy equipment in action and there is the chance of aftershocks that can 
cause additional damage. Investigators are exposing themselves to added risks by undertaking an 
investigation, and this should be explicitly documented to relieve the impacted utility. 

The most difficult issue is the potential for external litigation associated with power disruptions. 
With the general tendency toward litigation, it is not unreasonable to anticipate litigation 
associated with power disruption. In this environment it is appropriate for a utility to impose 
some controls to assure that accurate information is made available about earthquake damage and 
system response. Balanced against this legitimate utility interest to limit disclosure is the need to 
know if seismic standards are adequate so that the state of the art can advance. 

It would be desirable to explore methods for obtaining damage information that protect the 
legitimate interests of utilities. 

Two alternatives may partially address this issue, if they can be implemented: One approach 
would be to put the results of the investigation into a general database on observations of the 
impact of earthquakes on power systems. Periodically, conclusions from observations from 
earthquakes, possibly including foreign events would be used to evaluate and update standards. 
The frequency of earthquakes is such that immediate results are not needed. While this approach 
would eliminate the issuing of a report that may serve to feed litigations, it is not clear if 
observations would not be subjected to discovery . 

Another method would be to institute a system that seemed operable in the elevator industry in 
California about 20 years ago. In recognition of the public interest of full disclosure, establish a 
public policy that postearthquake investigation reports are not subject to discovery. 

There is a need to develop two types of information relative to postearthquake investigations. 
There is a need for evaluating system response to earthquakes. Activities associated with this are 
described in Section 11-3.5.3. There is a need to establish methods for investigating and 
documenting power system damage. Activities associated with this are described in Task N-
5(R) in Section 11-3.5.4. 
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11-3.7 Overall Schedule And Budget 

Chart 1 gives an overview of the power system standards parts and identifies each of the tasks 
needed to develop the standards. Chart 2 shows the interactions between development tasks. As 
noted in Section II-3.5, several activities may be grouped into a single task to facilitate the overall 
development. The arrows on the chart indicate the relationship between the tasks and the parts of 
the standard. Table 1 lists each task, assigns it a priority, and indicates a possible development 
schedule. 

One of the difficulties in implementing the above tasks is that the number of individuals with the 
needed expertise on power systems and earthquakes is very limited. As this effort gets started, 
additional technical resources should develop, but the success of this effort is difficult to predict. 
With the resources available, the phased implementation for the above plan should be completed 
within the eight-year target time window. The total rough estimate of cost is $5,040,000. Of this 
total, $3,350,000 is associated with standards development, and $1,490,000 is associated with 
research. 
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TABLE 1 

ST ANDARD DEVELOPMENT PRIORITIES AND SCHEDULE 

Standard Parts & Tasks Priority Cost Schedule Period (I-year intervals) 
(x $1,000) 

1 2 3 4 5 6 

I. Policy Statement 
Task lA(P) 1 110 X 
Task IB(P) 1 110 X 
Task 2(R) 2 80 X 
Task 3(R) 3 550 X X 
Task4(D) 1 140 X 

II. System Evaluation 
Task I(D) 1 140 X 

ill. Element Evaluation 
& Design 

Task IP(A) 1 260 X 
Task IP(B) 1 510 X X 
Task IP(C) 1 260 X X 
Task IP(D) 1 140 X 
Task 2(D) 1 140 X X 

N. Equipment & Material 
Task IP(A) 1 430 X X 
Task IP(B) 1 350 X X 
Task IP(C) 1 60 X 
Task IP(D) 1 40 X 
Task IP(E) 1 120 X X 
Task 2(R) 1 260 X X 
Task 3(R) 1 280 X 
Task 4(R) 1 200 X X 
Task 5(R) 2 120 X X 
Task 6(D) 1 140 X 
Task 7(D) 1 140 X X 

V. Disaster Planning 
Task 1(F') 1 320 X X 
Task 2(D) 1 140 X X 

Priorities range from 1 to 3, with 1 the highest. 
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11-6. APPENDICES 

Appendix A: Electrical Power System Elements And Components 

From an overall physical perspective, power systems consist of a number of nodes (substations 
and power-generating stations), which are typically interconnected by redundant networks of 
transmission and subtransmission lines forming a grid network. Emanating from some nodes 
(distribution substations) are radial systems (tree networks with little or no redundancy) of feeder 
lines and service lines that carry power to users. It should be noted that the nomenclature used to 
designate some parts of the system varies between utilities. In the descriptions that follow, 
typical facilities and situations will be discussed. Some utilities organize their systems in 
different ways to better address their particular needs. 

Based on a similarity of function and elements, power systems can be divided into six major 
groups: power-generating facilities, transmission and distribution substations, lines, transmission 
and distribution control and data acquisition systems, maintenance support facilities, and technical 
support facilities. 

In addition to a single utilities system, utilities are closely integrated into a regional network 
through the power grid. The North American Electric Reliability Council facilitates regional 
planning and coordination. 

Power-Generating Facilities 

The vast majority of power generation is based on fossil fuel-fIred power plants. Nuclear 
generation contributes about 15 percent of the total sources, followed by hydro-electric 
generation. Geothermal, wind, and solar contribute relatively small percentages of the total 
generating capacity. The mix of energy sources varies signifIcantly from utility to utility, with 
some deriving as much as 50 percent from nuclear or about 10 percent from hydro. In addition, 
diesel, or more commonly, gas turbine units are used for peaking power, that is, used for limited 
times during the day to supply power during peak load periods. 

Transmission And Distribution Substations 

Transmission and distribution substations have been grouped together, since they contain 
equipment that has the same function, although transmission equipment operates at high voltages 
and carries more power. The following equipment is usually found within substations. Only 
major items of equipment or items that have been damaged in earthquakes are discussed. 

• Circuit breakers are used for system protection to open a circuit under a variety of 
conditions as determined by the system protection and control components. 

• Transformers (power transformers) are used to transmit power between two 
circuits at different voltages. 

• Capacitive-coupling voltage transformers are used to measure voltage on a high­
voltage line. The values measured are used for monitoring and control of the 
power system. 
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• Current transformers are used to measure currents flowing in high-voltage lines. 
The values measured are used for monitoring and control of the power system. 

• Disconnect switches are used to open a circuit when the circuit is de-energized. 
Disconnect switches are used to isolate items of equipment or connect segmented 
buses. 

• "lave traps are inductors used to filter out high-frequency carrier signals carried 
on transmission lines used primarily for communications associated with system 
protection. 

• Lightning (or surge ) arrestors are used to limit excessive voltage on a line to 
protect substation equipment. 

• Post insulators are ceramic members used to support energized components and 
isolate them from grounded structures. They are used to support bus runs, and 
are part of wave-trap and disconnect-switch assemblies. 

• Capacitor racks (including the capacitors supported by the rack) are used for 
several purposes, including voltage support, power-factor adjustment, and 
filtering. 

• Station batteries are used to provide backup power for control, monitoring, and 
communications at the substation. 

Transmission And Distribution Lines 

The voltages that distinguish transmission, subtransmission, and distribution lines varies from 
utility to utility. The vast majority of transmission lines are AC, with voltages up to 765 kV. 
There are several DC transmission lines, but they carry a relatively small percentage of total 
electrical power. Most transmission lines are carried on lattice or tubular steel support structures. 
Most are self-supporting structures, although guyed towers are also used. At lower transmission 

voltages (around 230 kV and below) more than one circuit may be carried on a single tower. 
Lines that feed distribution substations typically range between 60 kV and 110 kV. Most feeder 
lines emanated from distribution substations range from 4 kV to 16 kV, but these voltages have 
tended to increas.e to 34 kV in recent years. Feeder lines are typically carried on wooden poles 
and within dense population centers are now typically buried. 

Communication, Monitoring, Protection, And Control Facilities 

In modem power systems the energy control center or dispatching center continuously monitors 
the condition of the power network through measuring devices distributed throughout the system 
and a network of communication systems that transfers the data back to the energy control 
center. On the basis of this data, computers adjust the power output of power-generating stations 
to keep power generation in balance with load. The energy control center will also open and 
close circuits (usually through manual intervention rather than by computer) as needed for system 
maintenance or network management. 
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An extensive communications network is an important part of the control system. It is used to 
transfer system status data, system control information, and system protection information, as 
well as for voice communication between the energy control center, power-generating stations, 
and substations. These systems typically consist of a combination of a utility-owned microwave 
network, private and leased telephone lines, power-line carrier channels, and radio links. Because 
of the importance of the control facilities they are usually provided with emergency backup 
power, and are often designed to higher design criteria, and sometimes provided with special 
security. Major California utilities have alternate energy control centers that can be activated in 
the event that the primary center is rendered inoperative (earthquake risks have been the major 
motivation for developing alternative energy control centers). 

Maintenance Support Facilities 

Maintenance facilities, stores of spare equipment, and spare parts will play an important role in 
restoring service after a damaging earthquake. An integral part of the maintenance function are 
work areas for maintenance personnel, computer workstations and databases, and radio 
communications network for communication to service vehicles. 

Technical Support Facilities 

Should the power system experience severe damage, basic engineering design drawings must be 
available. These are usually stored in engineering design offices rather than maintenance centers. 

Other Functions 

Corporate management must be available, in the event of major system damage, to make strategic 
decisions and secure and distribute emergency funds for repair. For example, it has been 
estimated that the Lorna Prieta earthquake caused about $100 million damage to Pacific Gas and 
Electric Co. In addition, arrangements had to be made with other utilities to secure replacement 
equipment, which they happened to have available for the construction of new facilities. 

Regional Power Network Coordination And Reliability 

The operation of a modem power grid requires the coordination and cooperation of all utilities in 
the region. As a result of the Northeast Blackout in 1965, a national reliability organization was 
formed. This has evolved into the North American Electrical Reliability Council (NERC), a 
voluntary, private organization of utilities in the United States, and parts of Canada and Mexico. 
Within the United States there are nine Regional Reliability Councils. For example, in the 
western United States the Western States Coordinating Council (WSCC) was formed to address 
regional system problems. This region includes all or parts of 11 states and extends into Canada 
and Mexico. 

Appendix B: Summary Of Earthquake Power System Damage 

• 1971 San Fernando Earthquake--Major damage to a DC converter station 
occurred. Eighteen months were required to restore the facility to full service. 
There was also damage to equipment operating at 230 kV or above at several 
substations. 
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• 1~~84 Morgan Hill Earthquake--Live-tank circuit breakers (500 kV) were 
damaged at two substations. Damage at one substation resulted in the disruption 
of one of the two AC Pacific interties for several days (Schiff 1985.) 

• 1986 North Palm Spring Earthquake--There was major damage to 500 kV 
substation equipment that was designed using improved seismic design practices 
instituted after the San Fernando earthquake. There was also damage to 230 kV 
substation equipment. With a concerted restoration effort, the system capacity 
was restored in 10 days. 

• 1'987 Whittier Narrows Earthquake--Equipment (230 kV) at several 
substations was damaged or put out of service (Schiff 1988). Unreinforced 
masonry substation control houses were also damaged. Service center 
communications were disrupted. The main corporate offices of a utility 
experienced some structural damage. 

• 1988 Tejon Ranch Earthquake--A switchyard at a pump-station on the 
California Aqueduct was severely damaged (230 kV live-tank circuit breakers). 
The aqueduct was closed for four days until emergency repairs could be made to 
partially restore switchyard operation (Schiff 1989). 

• 1988 Saguenay Earthquake (Eastern Canada)--Damage to three 
substations (circuit breakers and transfonners) at 300 kV and 735 kV at epicentral 
distances up to 180 km (Pierre 1989). 

• 1989 Lorna Prieta Earthquake--A large earthquake centered some distance 
from San Francisco caused major damage to three substations. Using emergency 
operating procedures, service was restored to most areas in less than one day; 
however, emergency procedures had to be used for several weeks (Schiff 1990). 

• 1991 Sierra Madre Earthquake-.. Three 230 kV circuit breakers were 
damaged. Power was temporarily disrupted to parts of Pasadena, California. 

• F'oreign Earthquakes--Not listed here is damage to power system facilities in 
Japan, Chile, U.S.S.R., and New Zealand from earthquakes that have occurred 
during this time interval. 
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Figure 1. Damage to turbine in the 1972 Managua, Nicaragua, earthquake. 

Figure 2. Damaged tank. 
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Figure 3. Imploded tanks in Sendai, Japan, from 1978 earthquake. 

Figure 4. Seismic stop on boiler support structure. 
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Figure 5. Damaged steam pipe restraint. 

Figure 6. Transformers damaged after rolling off of rail supports in the 1971 
San Fernando earthquake. 

II-60 



ELECTRICAL POWER LIFELINES 

Figure 7. Live-tank circuit breaker damaged in the 1988 Tejon Ranch, California earthquake. 

Figure 8. Unanchored transformer slides and damages lightening arrestor. 
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Figure 9. Damaged transformer control cables. 

Figure 10. Transformer bushings damaged in 1978 Sendai, Japan, earthquake. 
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Figure 11. Current transformer damaged in the 1989 Lorna Prieta earthquake. 

Figure 12. Disconnect switch damaged in the 1989 Lorna Prieta earthquake. 
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Figure 13. Substation control house damage. 

Figure 14. Control room ceiling failure in the 1971 San Fernando earthquake. 
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Figure 15. Fallen platform-mounted distribution transformer in the 1952 Kern County, 
California, earthquake. 
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CHAPTER III: GAS AND LIQUID FUEL LIFELINES 

DOUGAS J. NYMAN 

111-1. INTRODUCTION 

Gas and liquid fuel systems provide energy for transportation as well as for electric power 
generation and the production of necessary goods and services, including heating in cold 
environments. In areas directly impacted by a destructive earthquake, the general public could be 
adversely impacted by the shutdown of oil and gas transmission lines, damage to gas distribution 
systems, or intelTUption of electric power generation due to loss of fuel supply. The lack of a 
fuel source can also pose a serious problem for many industrial facilities. Curtailed operation of 
such facilities affects not only the companies involved., but the public served by or dependent 
upon the company's product or service. The monetary losses and social disturbance attributable 
to a shutdown can be substantial, especially if the disruption in service is for a significant period 
of time. 

The susceptibility of oil and gas pipelines (and other lifelines) to earthquake damage has been 
demonstrated in earthquakes in Alaska (National Academy of Sciences 1971; Richardson 1973), 
Parkfield (Environmental Science Services Administration 1966), Japan (Katayama et a1. 1975; 
Kubo 1979; Miyamoto et a1. 1970), San Fernando, California (National Oceanic and 
Atmospheric Administration 1971; Steinbrugge et al. 1971), Managua, Nicaragua (Earthquake 
Engineering Research Institute 1973), and Imperial Valley, California (Earthquake Engineering 
Research Institute 1980). 

Earthquake damage to oil and gas transmission lines also may have an adverse effect on the 
populace hundreds of kilometers from the stricken area. For example, a number of pipelines 
transporting crude oil, crude oil products, and natural gas pass through the central United States 
within and adjacent to the New Madrid Seismic Zone in the central United States. These 
pipelines, which originate in producing areas, terminals, and refineries on the Gulf Coast, have 
been identified as being particularly vulnerable to the recurrence of a major earthquake in the New 
Madrid Seismic Zone (Beavers et a1. 1986; Ariman et a1. 1990). Significant damage to these lines 
could result in a serious environmental impact, safety hazard to the public, and disruption in 
energy supplies to the midwest and northeast. Nyman and Hall (1991) recommended that 
considering the cost of design retrofit versus the anticipated benefit, attention should be focused 
on minimizing the consequences of earthquake damage to pipelines in the New Madrid region. 

111-1.1 Definitions 

In a broad sense, gas and liquid fuel systems consist of all facilities and components that are 
needed for the production, transportation, and distribution of natural gas, crude oil, and crude oil 
products. These facilities include: 

• Production wells, offshore platforms, and gathering facilities 
• Transmission pipelines (natural gas, crude oil, crude oil products) 
• Distribution systems (natural gas) 
• Pump and compressor stations 
• Terminals 
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• Tank fanns (storage tanks) 
• Control systems 
• Fire suppression systems 
• Communications 
• Isolation valves 
• Maintenance facilities 
• Refineries 

Production facilities serve as the source of the gas and liquid fuel supply and consist of wells, 
offshore platforms, gathering lines, and various systems needed for the separation of oil, gas, 
and water. Significant redundancy is inherent in production facilities due to their spatial 
distribution, and earthquake-related interruptions to a particular oil or gas production facility 
likely would have only a limited impact on customer supply. Furthermore, offshore platforms 
typically have a high level of seismic resistance due to their compliance with comprehensive 
industry standards (American Petroleum Institute 1989). 

Natural gas pipeline systems are classified according to three general categories: (1) gathering, 
(2) transmission, and (3) distribution facilities. Liquid pipeline systems are classified according 
to gathering and transmission facilities; distribution is achieved principally through loading tanker 
trucks or rail cars at product terminals. In some cases transmission pipelines deliver liquid 
products directly to major customers, e.g., oil- or gas-fired electric generating stations. 

As depicted in the schematic in Figure 1, a gathering system collects natural gas from production 
fields and delivers it to a transmission pipeline system. Transmission pipelines transport natural 
gas from gathering systems or storage facilities to distribution systems or other storage facilities. 
A schematic of a liquid pipeline system is shown in Figure 2. Transmission pipelines transport 
crude oil from production gathering systems and terminals to refineries or other terminal facilities. 
Transmission pipelines also transport products from refineries to distribution terminals or major 
customers. 

Natural gas transmission pipelines may be virtually any size but most commonly are 0.51 m 
diameter or larger and operate at pressures from 1.4 MPa to 8.3 MPa. Circumferential stresses in 
transmission lines generally range from 20 to 72 percent of the specified minimum yield strength 
(SMYS) of the pipe steel. 

Natural gas distribution pipelines usually range in diameter from 0.05 m to 0.20 m to branch lines 
or manifolds that discharge into storage tanks. Circumferential stresses in transmission pipelines 
are limited to 72 percent of SMYS. 

Pump and compressor stations, terminals, storage tanks, valves, control systems, and 
communications are essential for the safe, continuous operation of pipeline systems. Maintenance 
facilities usually serve an important role in a pipeline company's response to contingency 
situations. Refineries serve as the terminal ends for crude oil pipelines and as sources for liquid 
product lines. In some areas the impact of earthquake-related damage to refinery operations can 
be partially offset by inventory on hand and/or spare capacity in neighboring refineries. 

111-1.2 Scope 

The plan for the development of seismic standards for gas and liquid fuel systems encompasses 
most major facilities and components used in the transportation and distribution of natural gas, 
crude oil, and crude oil products. These include the pipelines, pump stations, compressor 
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stations, terminals, storage tanks, valves, communications, control systems, and maintenance 
facilities. Refineries, which serve as the downstream terminals for crude oil transmission lines 
and the source for product lines, are also included. 

Four seismic standards are proposed for gas and liquid fuel systems as follows: 

• Transmission lines 
• Distribution systems 
• Storage tanks, liquid fuel, and liquefied natural gas (LNG) 
• Refineries 

It is noted that some repetition of topic areas will exist among the standards at the component 
level. For example, buried pipelines are common to the standards for transmission lines and 
distribution systems; similarly, control systems are common to transmission, distribution, and 
refineries. 

111-1.3 Philosophy 

The goal of seismic standards for a gas and liquid fuel system is to achieve a balanced design to 
withstand the effects of earthquakes and other loadings that is both safe and economically 
feasible. Seismic standards should take account of the nature and importance of the project, cost 
implications, and risk assessment centering around such items as public safety, loss of product or 
service, and damage to the environment. The standards should address, to the degree possible, 
the concepts that would lead to a balanced seismic design, a design in which: 

• The design criteria for a given system are consistent for the various earthquake 
hazards as well as other natural hazards. 

• The design criteria are selected so that the risk of damage and the associated failure 
consequences are consistent with hazard and functional considerations such that 
no components are over- or underdesigned. 

The concept of a balanced design may be difficult to achieve because many of the parameters 
necessary for making rational decisions are either unknown or not well defined. The goal of a 
balanced design is for all major components of a lifeline system to have failure risks and 
consequences that are consistent with system performance objectives. In some cases, the 
solution to a severe seismic load condition (such as a fault crossing) may be to do nothing special 
with regard to design, but rather to take mitigative steps to ensure that pipeline failures, if they 
occur, can be repaired quickly with minimal consequences. 

111-1.3.1 F'olicy 

The single most important issue for earthquake risk mitigation for gas and liquid fuel systems 
relates to public policy, namely the cost of achieving a particular level of seismic resistance versus 
the benefit that would be derived. Costs and benefits are difficult to assess due to the limited 
knowledge of earthquake recurrence (especially east of the Rocky Mountains), the uncertainty 
involved in projecting pipeline damage, and the quantification of the impact of pipeline service 
interruptions. The costs of earthquake protection will, of course, be borne by the consumer, and 
in the absence of earthquake regulatory requirements, pipeline companies have little or no 
financial incentive to make improvements. Some pipeline companies might elect to make certain 
improvements to protect their own assets and limit their liability, but their incentives may be 
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substantially different than those of the pUblic. 

The consequences of pipeline rupture differ for gas and liquid fuel pipelines. The principal 
concerns for natural gas transmission and distribution pipelines are explosion and fire, which 
could be a threat to public safety, and loss of service to customers. Environmental concerns are 
virtually nonexistent because the release of natural gas to the atmosphere is generally 
inconsequential. 

For crude oil or product pipelines the explosion and fIre hazard is diminished considerably, but 
the potential release of crude oil or liquid products into watersheds and groundwater and 
contamination of water supplies are serious environmental and health issues. The loss of service 
to customers is also an important concern, but secondary to the environmental threat. 

Pipelines are subject to risk of damage from a number of causes totally unrelated to earthquakes. 
These include corrosion, outside force, material failure, and construction defects. An analysis of 
reportable incidents for natural gas transmission and gathering lines (Jones et al. 1986) indicates 
that approximately 685 failures classified as propagating ruptures, punctures, blowouts, or tears 
occurred over a 14.5-year period in natural gas pipelines totalling about 480,000 kilometers in 
length. This averages approximately 1.0 x 10-4 failures per kilometer of pipeline per year. For a 
postulated 50-year service life, this statistic relates to approximately 5xl0- failures per kilometer 
or one failure per 200 kilometers (Nyman and Hall 1991). 

An earthquake with an estimated recurrence interval of 500 years would have to produce about 10 
such pipeline failures over a 200 kilometer route to be comparable to the operational statistic, and 
this failure rate probably represents an upper bound for most welded steel pipelines. Admittedly, 
the statistics are crude, but they do indicate an order of magnitude of the relative threat posed by 
strong earthquakes. It seems clear that the expenditure of large sums of money to increase 
seismic resistance must be tempered by recognition of the hazards associated with day-to-day 
operations. 

It is acknowledged that earthquake damage will occur simultaneously in multiple locations for a 
number of pipelines as opposed to being distributed randomly (i.e., one at a time) through the 
operating life of each individual pipeline. Coupled with widespread damage to the general 
infrastructure, the sudden loss of a major portion of a region's energy supply could have a 
signifIcant adverse impact on the population. 

Direct mitigation of potential damage to pipelines probably would involve reconstruction or 
rerouting of pipeline segments in areas prone to experience large ground movements. Changes 
could be extensive and, unless made in conjunction with the scheduled replacement of corroded 
pipe, would be difficult to justify on a cost-benefit basis. Furthermore, retrofit concepts would 
be unproven because of the limited experience with welded steel pipelines in zones of large 
ground movement. Therefore, from a practical view, extensive changes to pipeline construction 
mode or alignment are not likely to be cost-effective. 

Considering the cost of improving seismic resistance and the relatively low likelihood of large 
earthquakes during the operational life of a pipeline, it seems more reasonable to focus attention 
on minimizing the consequences of destructive earthquakes. In particular, the environmental and 
safety impact of extensive pipeline damage can be reduced through improved line-break isolation, 
earthquake contingency plans, repair plans, and seismic retrofIt of pump and compressor 
stations, including seismic hardening of control systems and communications. 
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111-1.3.2 System Design 

Gas and liquid fuel systems generally are spread over a large geographical region and encounter a 
wide variety of seismic hazards and soil conditions as illustrated in Figure 3. A number of 
subsystems are located along a pipeline transmission system, including, for example, tank farms, 
valves, pump and compressor stations, monitoring stations, control centers, communication 
systems, and special port or terminal facilities at either end. Each of these subsystems has its 
own unique seismic design requirements and in some respects, because of the complex 
assemblage of elements, may be more vulnerable to earthquake damage than the pipeline itself. 

The pipeline, as well as pumps, compressors, control systems, and other components that are 
critical for continued operation and system control, normally should be designed to survive a 
major earthquak,~ with almost no damage. However, structures housing this equipment, storage 
buildings, and other structures not directly affecting the operation of a pipeline facility could 
experience large inelastic deformations, as long as damage to the structure does not compromise 
safety or the operation of critical components of the facility. Allowable amounts of damage may 
vary according to the nature and importance of the components or structures being considered. 
The design of nonessential facility structures and components is usually based on an economic 
decision of the owner (and in accordance with appropriate building codes) with consideration for 
personnel safety. 

111-2. STATE OF THE ART 

The state of the art of earthquake engineering for gas and liquid fuel systems has evolved rapidly 
since the 1971 San Fernando earthquake, and it has been practiced to varying degrees on a 
number of new projects and to a limited extent in the upgrading of older systems. Research 
investigations and analysis methodology have been documented in a myriad of technical reports 
and papers, and are summarized succinctly in a state-of-the-art review by ORourke et al. (1985). 
The development of concepts and analytical approaches is largely complete, except for several 
research needs that have been identified (Hall 1986; Nyman and Kennedy 1986; Nyman 1986; 
O'Rourke 1986). A comprehensive guideline prepared by the ASCE Committee on gas and 
liquid fuel lifelines (ASCE 1984) documented the state of practice for seismic design and 
provided guidance for the seismic design of most major components of oil and gas pipeline 
systems. Codes and standards that address seismic resistance and earthquake preparedness for 
gas and liquid fuel systems do not exist, but practice in this area has advanced to the point that 
standards development could commence. 

A detailed account of seismic hazards for gas and liquid fuel systems, current practice, the current 
state of knowledge, and research needs are presented in the next sections. 

111-2.1 Seismic Hazards For Gas And Litluid Fuel Systems 

Gas and liquid fuel transmission and distribution systems traverse large geographical areas and, 
thus, may encounter a wide variety of seismic hazards and soil conditions. The major seismic 
hazards that can significantly affect a gas and liquid fuel system are: 

• Fault movement 
• Liquefaction (lateral spreading, flow slides, loss of support, buoyancy) 
• Landslides 
• Ground shaking 
• Tsunamis or seiches 
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The various components of gas and liquid fuel systems are affected by seismic hazards in 
different ways. For example, ground shaking is a major concern for above-ground components, 
such as buildings and storage tanks, but is of little concern for buried pipelines. Faulting, 
liquefaction, and landslide hazards, on the other hand, can often be eliminated for above-ground 
structures by careful siting, but cannot always be avoided for buried pipelines. In coastal areas, 
tsunamis or seiches are potential hazards for marine terminal facilities. 

Other potential seismic hazards that are less likely to damage welded steel pipelines include 
seismic wave propagation and subsidence. 

The effects of seismic hazards on gas and liquid fuel systems can be subdivided according to 
three general classes of facilities: buried pipelines, storage tanks, and plant facilities and 
equipment. A general characterization of the seismic hazards for these component classes is 
provided in the next sections. 

111-2.1.1 Ground Movement Effects On Pipelines 

Oil and gas pipelines are typically buried with a depth of soil cover of 0.75 m or more. Burial 
tends to make a pipeline more susceptible to large permanent ground distortions, such as fault 
movement, landslide, or liquefaction (loss of support and lateral spreading). With respect to a 
given pipeline route these effects generally are sporadic, depending on local soil, groundwater, 
and topographic conditions. The nature of the ground movements are not well defined and 
generally can occur at any point within an area of potential movement. 

Seismic wave propagation should not have a serious effect on buried welded pipelines in good 
condition. Exceptions include transitions between very stiff and very soft soils, penetration into 
valve boxes, and locations at or near pump stations, T-connections, pipe fittings, and valves. 
Pipelines weakened by corrosion, compression couplings, and old cast-iron pipe with bell and 
spigot joints may also be vulnerable to seismic wave propagation. 

111-2.1.1.1 Fault Movements 

Faulting is the deformation associated with the relative displacement of adjacent parts of the 
earth's crust. Fault displacements can occur suddenly during an earthquake or accumulate 
gradually over long periods of time. 

Faults are classified on the basis of their direction of movement or slip with respect to the ground 
surface. The various types or classifications of fault movement are illustrated schematically in 
Figure 4. For example, a strike-slip fault is one in which the predominant component of ground 
movement is a horizontal displacement. If the movement of one side of the fault when viewed 
from the other side is to the right, the fault is called a right lateral strike-slip fault. When the 
movement is to the left, the fault is called a left lateral strike-slip fault. Normal-slip and 
reverse-slip faults are those in which the overlying side moves downward and upward, 
respectively, in relation to the underlying side of the fault. In many cases faults exhibit a 
combination of strike-slip and normal or reverse-slip movements. 

Faulting that results in surface rupture is an important consideration for buried pipelines, because 
pipelines crossing fault zones must deform longitudinally and in flexure to accommodate ground 
surface offsets. The effect of a right lateral strike-slip movement on a buried pipeline is illustrated 
in Figure 5. For some faults the maximum credible surface movements can be as large as 9 m for 
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strike-slip faults and 4.6 m for normal-slip faults. In some cases ground movements for a 
particular fault may occur over a number of closely-spaced parallel fault traces or splays within a 
fault zone, and consideration must be given to the total as well as the individual movements 
within the zone. 

111-2.1.1.2 Liquefaction 

Liquefaction is the transformation of a saturated cohesionless soil from a solid to a liquid state as 
a result of increased pore-water pressure and concomitant loss of shear strength. Loss of shear 
strength gives rise to bearing failures and large deformations in surface structures founded on 
liquefied soil. Liquefaction often leads to the formation of sand boils, mud volcanoes, fissures, 
and other channels through which water and sediments are ejected. These ejections cause volume 
loss resulting in sharp differential settlement even though no significant lateral movement 
occurred. 

When the soil around a buried pipeline liquefies, buoyancy forces are exerted on pipelines whose 
weight with contents is less than the weight of displaced water. Vertical movement must be 
resisted by anchors and/or the drag forces imposed by the liquefied soil as the pipeline begins to 
elevate (Kennedy et al. 1977). Buoyancy effects are probably of greatest concern in areas such 
as flood plains and estuaries where widespread liquefaction could take place in a large 
earthquake. The amount of pipe displacement will depend upon the size of the liquefied region, 
duration of liquefaction, depth of burial, buoyancy weight of the pipeline, and the drag force of 
the liquefied soil resisting pipe movement. Depending on the soil conditions, vertical 
displacements of 3 to 5 m are possible. 

Lateral spreads involve the horizontal movement of competent surficial soils due to liquefaction of 
an underlying deposit (see Figure 6). Lateral spreads. can be especially destructive to buried 
pipelines, albeit the degree of damage depends on the magnitude and extent of ground movement 
and the configuration of the pipeline. Past experience with earthquakes indicates that loose 
cohesionless fills near waterfronts, toe areas of alluvial fans and deltas, active floodplains, river 
channels, and saturated colluvial deposits are settings more particularly vulnerable to liquefaction. 

Maximum latera:l-spread ground distortions are generally concentrated along slide margins where 
movements tend to replicate strike-slip and normal faulting. At the base of lateral spreads, large 
compressive strains and reverse-slip movements develop (ASCE 1984). Of particular concern 
are river crossings where liquefaction leads to tensile strains at the upper margins of spreads and 
compressive strains where the spreads converge at the river. 

Pipelines buried in somewhat steeper slopes (greater than 3° to 5°) in liquefiable soil may be 
subject to flow failure, in which there is a sudden catastrophic loss of soil strength with ensuing 
large displacements. 
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II I -2.1.1.3 Landslides 

Landslides are mass movements of the ground that can be triggered by seismic shaking. The 
most significant landslide hazards that can affect buried pipelines are slumps, shallow slides, and 
deep slides. 

Slumps and shallow slides are caused primarily by inertial forces, but are often assisted by 
densification of loose soil or liquefaction of underlying sediments. These movements occur 
mostly along the margins of embankments, cut-and-fill slopes, and slopes with relatively shallow 
cover in hilly or mountainous terrain. 

Deep slides involving significant components of translation and rotation of a soil mass often 
develop catastrophically and affect large areas. A landslide frequently causes underthrusting in 
soils near the base of its slope so that substantial compression and bending may be transferred to 
pipelines located there. 

Landslides are not generally a significant hazard for new pipelines since they usually can be 
avoided through careful route selection. However, pipelines constructed prior to the 1970s may 
have been routed without regard for landslides caused by earthquake shaking. As illustrated in 
Figure 7, the effect of a landslide on a pipeline would be to load the line transversely as a cable 
with local fault-like soil distortions at the boundaries of the slide. 

111-2.1.2 Storage Tanks 

Liquid storage tanks and liquefied natural gas (LNG) tanks are important components of liquid 
fuel systems. The failure of storage tanks could seriously limit or curtail the operation of a 
pipeline, not to mention the safety hazard associated with the release of flammable or toxic 
contents. 

The vulnerability of unanchored liquid storage tanks to earthquake ground motion has been 
demonstrated in almost every major earthquake. In regions of intense ground shaking many 
tanks have been severely damaged and some have failed with disastrous consequences. For 
example, the fires that followed the 1964 earthquake in Niigata, Japan, caused extensive damage 
to two oil refineries. The failure of oil storage tanks in the 1978 earthquake in Sendai, Japan, 
polluted local waterways, and the 1964 Prince William Sound earthquake in Alaska caused the 
failure of numerous oil storage tanks and fires. 

Liquid storage tanks employed in pipeline systems generally vary from 10 to 75 m in diameter 
with heights that are nearly always less than the diameter. Damage that has occurred in past 
earthquakes has usually consisted of breakage at piping connections because of tank settling, 
sliding, or rocking or formation of a circumferential compression buckle near the base of the tank 
(see Figure 8). In some cases, rupture of the tank shell has occurred, but usually loss of contents 
can be attributed to failure of piping attachments to the tank wall. Damage to floating and fixed 
roofs has also occurred due to fluid sloshing, but this can be expected because of their intentional 
fragile design. 

LNG tanks have design features similar to oil storage tanks, except for differences in material 
specification, the use of insulation, and slight tank pressurization. LNG tanks are typically 
double-wall, single-containment systems with the inner shell containing the liquid and the outer 
shell serving mainly to contain the internal operating pressure (0.007 to 0.014 MPa) and the 
insulation material surrounding the inner shell. Secondary containment is provided by a 
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surrounding earthen berm, concrete dike, partial ingrounding, etc. Typically, tanks are supported 
by a continuous, :reinforced concrete ring beam or a concrete mat. In regions of high seismicity, 
economical design requires the use of anchored tanks with low HIR ratios to enable them to resist 
overturning forces. 

111-2.1.3 Plant Facilities And Equipment 

Gas and liquid fuel systems utilize various types of plant facilities in the processing, 
transportation, and delivery of natural gas, crude oil, and crude oil products. These facilities 
generally include industrial buildings, piping and pipe supports, vessels, mechanical and 
electrical equipment, control systems, instrumentation, and communications. 

At most plant facilities structural design has been performed in accordance with governing 
building codes such as the Uniform Building Code (UBe), which is published every three years 
by the International Conference of Building Officials. Since 1988 the UBC has been generally 
applicable to industrial facilities. The code lacks specific guidance, however, in the classification 
of structures and components according to performance objectives and relative importance. 

Control systems and communications are among the most vulnerable components of gas and 
liquid fuel systems. These systems provide critical monitoring and control of pipeline systems, 
refineries, and terminals, and their complexity is consistent with throughput and facility size. 
Examples of critical components include monitoring instrumentation, communication equipment, 
computer hardware, remote valve auxiliary equipment, emergency power systems, and 
uninterruptible power supplies. At most facilities, such components have been procured, 
configured, and installed with no special regard for seismic resistance. In fact, outside of 
California, anchorage of such critical items will often be inadequate or nonexistent. 

Heavy mechanical equipment (pumps, compressors, etc.) is usually adequately anchored because 
of the necessity to prevent movement or vibration under operational loads. 

A related area of seismic vulnerability at gas and liquid fuel facilities is the potential for 
non structural damage due to sliding and overturning of furnishings (see Figure 9), storage racks, 
and unanchored equipment or falling of HVAC, conduit, cable trays, and suspended ceilings. 
Examples of such occurrences are well documented for the 1964 Alaska earthquake and the 1971 
San Fernando earthquake. The general concern is that equipment or furnishings, which 
themselves may not be particularly important, should not be allowed to move or overturn such 
that critical components, in proximity, are damaged or otherwise rendered nonfunctional. 

111-2.2 Current Practice 

The minimum standards for gas and liquid fuel systems are defined in Title 49 of the Code of 
Federal Regulations (CFR), Part 192 and Part 195 (U.S. Department of Transportation 1991a, 
1991c, respectively). The Federal regulations for transportation of gas and liquids are based, 
respectively, on ANSI Standards B31.8 and B31.4, which have been developed and maintained 
by technical committees of the American Society of Mechanical Engineers (ASME). Except for a 
general statement of the need to design liquid pipelines (ANSI B31.4 and 49 CPR 195) for the 
effects of earthquake-induced external loads, the ANSI standards and the CPR do not prescribe 
seismic design requirements. These standards and regulations represent minimum requirements 
for design, construction, and operation; many companies exceed the requirements stipulated by 
the ANSI standards and the CPR for safety. 
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The intent of government regulations is generally that of ensuring a safe facility, which usually 
implies that the facility should withstand the effects of any identified hazards to be expected 
without endangering facility personnel or the general public. For pipeline systems in 
environmentally sensitive areas, the regulatory role may be expanded to include mitigation of 
damage to the environment. 

The development of seismic design criteria first became of real interest to the petroleum industry 
following damage to oil storage facilities during the 1933 Long Beach, California, earthquake. 
Until that time, seismic design provisions consisted largely of assigning a small percentage of the 
total weight of the structure to act as a pseudostatic lateral load. Thereafter, development of 
seismic design criteria for critical facilities progressed relatively slowly, until the late 1950s and 
early 1960s when the construction of nuclear power plants dictated the need for developing and 
employing modem earthquake engineering principles and practices. This action played a major 
role in the ensuing development and application of modem earthquake engineering criteria to 
critical facilities of many kinds. 

One of the first major applications of seismic design criteria to an oil pipeline system was the 
Trans-Alaska Pipeline and its associated facilities. Since that time, improved seismic design 
approaches have been utilized on the design and construction of a number of new transmission 
pipeline projects, and seismic vulnerability assessments have been made for a number of existing 
transmission pipelines and gas distribution systems for the purpose of upgrading and contingency 
planning. 

A guideline on seismic design of most major components of oil and gas pipeline systems was 
prepared by the ASCE Committee on Gas and Liquid Fuel Lifelines in the early 1980s (ASCE 
1984). The document was intended primarily for engineers engaged in the design of oil and gas 
pipelines and facilities; however, it also provides guidance to pipeline company management, 
regulatory groups, disaster recovery agencies, and insurance companies. The document is a 
compendium of knowledge on the practice of earthquake engineering for oil and gas pipeline 
systems, but is not a design manual, code, or standard. 

Most new pipeline systems, especially those in regions of high seismic exposure, are now subject 
to the requirements of Federal and State governmental regulatory agencies for design to mitigate 
geologic hazards. The Federal Energy Regulatory Commission (FERC) and the Department of 
Interior regulate interstate natural gas and oil transmission systems, respectively, while State 
public utility commissions regulate intrastate pipelines. There is no regulation or guiding policy 
for prescribing seismic mitigation measures; rather it seems that seismic issues are addressed 
more or less independently for each project. 

Current practice for the seismic design of major pipeline systems (new construction) follows the 
precedent set by the nuclear industry in that two levels of earthquake hazard are selected for 
design. The low-level event generally has a return period of 50 to 100 years and is referred to 
herein as the probable design earthquake (PDE). As a requirement self-imposed by the owner, 
the system is designed to withstand the PDE without significant damage and with minimal 
interruption of operational functions. The higher-level event is generally one that has a return 
period of 200 to 500 years or more, depending upon the nature of the facility. This event is 
referred to herein as the contingency design earthquake (CDE) and is an event for which the 
major regulatory requirement is that the system not pose a threat to safety or to the environment, 
although significant structural damage could occur. The amount of permissible damage varies 
according to the type of structure or component and its function. 
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Pipeline companies have established operating procedures to handle many types of general 
contingency situations. From the company's point of view, contingencies resulting from 
earthquake damage are not altogether different from other contingencies, such as those resulting 
from improper excavation, storms, or fires, except that following earthquakes many such 
contingencies may occur simultaneously. In the event of a severe earthquake, the ability to 
respond to contingency situations or to restore the line to operation would be seriously impaired 
by the general devastation to the infrastructure in the area, particularly the possible loss of 
commercial power and communications, and the damage to roads and highways. Except for 
some of the West Coast utilities, it is doubtful that many pipeline operators have adequately 
accounted for the impact of multiple pipeline contingencies and general infrastructure damage on 
the execution of their contingency response plans. 

111-2.3 Current State Of Knowledge 

Except for API Standard 650 for liquid storage tanks and various standards and regulations for 
LNG tanks, e.g., 49 CPR 193 (U.S. Department of Transportation 1991 b), no codes or 
standards are directly applicable to the seismic design of gas and liquid fuel systems. The ASCE 
(1984) guidelines partially fill this void by providing a comprehensive and perceptive summary of 
accepted practice. The guidelines address the identification and quantification of seismic hazards, 
seismic design criteria, ground movement effects on buried pipelines, seismic response of storage 
tanks, seismic response analysis of facilities, and operations and maintenance considerations. The 
guidelines also provide the rationale for establishing levels of acceptable risk regarding the 
design, construction, operation, maintenance, and upgrading of systems and components 
common to pipeline systems. 

Since the publication of the ASCE guidelines, a number of studies have advanced the knowledge 
of seismic hazard mitigation for gas and liquid fuel systems. Among these are the validation of 
the ATC 3-06 provisions for seismic design of buildings (Applied Technology Council 1978; 
FEMA 1986), quantification of liquefaction hazards by Youd and others (Youd and Perkins 
1987; Youd et a1. 1989), and detailed studies of the effects of lateral spreading on buried 
pipelines (O'Rourke and Lane 1989). 

A commentary on existing knowledge of seismic design of gas and liquid fuel systems is 
presented in the sections that follow. 

111-2.3.1 Pipleline Design For Ground Movement Effects 

The past performance of large-diameter oil and gas transmission pipelines subjected to 
earthquakes generally has been satisfactory. Modem pipelines are made of ductile steel and 
welded with fun-penetration welds, resulting in a structure with substantial inherent ductility. 
Because of this ductile behavior, it is expected that buried pipelines generally can withstand 
considerable soil distortion or differential displacement in cohesive or granular soils (except for 
narrow rock trenches or frozen soil) without rupture. 

Buried oil and gas pipelines generally have not been affected by seismic wave propagation. This 
is borne out by the lack of a single reported case of failure of ductile, full-penetration welded oil 
or gas pipeline al1ributable to wave propagation alone. Investigation of cases in which pipelines 
were thought to have been damaged by ground shaking have concluded that corrosion combined 
with surges in line pressure during the earthquake was the main reason for damage (Isenberg 
1978). 
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Seismic wave propagation damage to a buried, continuous welded steel water pipeline during the 
1985 Michoacan (Mexico City) earthquake has been reported by O'Rourke (1988). The pipeline 
was constructed of 1.07 m x 8 mm wall API X42 pipe, which generally is thinner than most pipe 
in service on oil and gas pipelines. The reported damage was compressive wrinkling at intervals 
of approximately 150 m and occurred in soft clay deposits. The pipeline was influenced by 
unusual seismic and geologic conditions. Because of the long distance separating Mexico City 
and the earthquake epicenter (nearly 400 kilometers), the predominant period of incoming waves 
was a relatively high 2 to 3 seconds. Site amplification contributed to a high peak particle 
velocity, measured at 35 cm/sec, and the soft lake sediments were characterized by a wave 
propagation velocity as low as 40 to 100 m/sec. The combination of high-particle and low-wave 
propagation velocities would have promoted high ground strain, and the long period would have 
promoted a relatively large development length for mobilizing shear resistance between the pipe 
and adjoining soil. Although these observations indicate that traveling ground waves can damage 
modem steel pipelines, the conditions which promote such damage are rare and unlikely to be a 
major source of damage to continuous welded steel pipelines in future earthquakes. 

For above-ground pipelines or piping segments, ruptures most likely result from failure of 
support structures, from failure of pipeline attachments to support structures, or from large 
relative support movements. There does not appear to be a case of an above-ground pipeline or 
piping segment rupturing from the inertial effects of ground shaking. 

Pipeline steels generally can accommodate average tensile strains on the order of 2 to 5 percent 
without rupture with local strain concentrations of 15 percent or more. Careful quality control 
over pipeline manufacture and welding is a necessity for achieving the desired performance under 
these strains. In compression, local instabilities such as wrinkling can develop at strains much 
less than the allowable tensile limits, on the order of 15 to 30 percent of the ratio of wall thickness 
to radius of the pipeline (Wilson and Newmark 1933), which is typically in the range of 0.3 
percent to 0.6 percent strain for most large diameter pipe. An example of compressive pipe 
wrinkling that occurred in a 0.41 m gas pipeline during the 1971 San Fernando earthquake is 
shown in Figure 10. 

Flexural strains of the same order of magnitude as tensile strains will generally not result in 
rupture conditions, although consideration should be given to the potential for wrinkling due to 
compressive bending strains. Tests of large diameter X-60 pipe with a diameter to thickness ratio 
of about 80 (Bouwkamp and Stephen 1973) demonstrate that large diameter pipe under pressure 
can mobilize significant additional flexural strain after the onset of wrinkling (up to 20 times the 
curvature associated with initial wrinkling). 

Increasing the pipe wall thickness will increase the stress/strain level associated with the initiation 
of wrinkling. However, postbuckling behavior of the pipeline is important insofar as the pipeline 
is able to experience significant wrinkling in the pipe wall without rupture. It is possible that 
thinner wall pipe would have better capability to hold pressure as wrinkling deformation 
develops, because the localized strains at the wrinkle section should be less than for thicker wall 
pipe. 

111-2.3.1.1 Fault Movement 

Fault movement is one of the most severe seismic loadings that can affect a pipeline. For 
example, major strike-slip faults may require design for movements as large as 9.1 m strike-slip 
and 1.5 m normal-slip. For fault-crossing design, it is important to cross the fault in an 
orientation that will avoid putting the pipeline in compression. Optimum fault-crossing angles 
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will depend upon the dip of the fault plane and the expected type of movement. 

Pipelines resist deformations induced by fault movements through development of longitudinal 
friction forces b(~tween the pipeline and the surrounding soil and resistance of the soil to lateral 
(horizontal or vertical) pipeline displacement. The total friction resistance is proportional to the 
pipeline circumference while the lateral resistance is proportional to diameter and depth of burial 
(Audibert and Nyman 1977). The soil resistance and, hence, pipeline strains decrease with the 
distance away from the fault until at some point there is no relative pipeline-soil movement and 
the pipeline can be assumed anchored. 

As a general rule, the further away the points of virtual anchorage are from the fault, the longer 
the length of pipeline available to conform to the fault movement and the lower the levels of 
strain. Thus, fault movement capacity can be maximized by minimizing the longitudinal, lateral, 
and uplift resistance between the surrounding soil and the pipe. The most practical means for 
achieving minimum soil restraint is to bury the pipeline in a shallow trench with a loose granular 
backfill. As depicted in Figure 11, the trench walls should be sloped at an angle of about 30° for 
strike-slip faults and about 60° for normal or reverse faults. This trench geometry will mobilize 
soil movement (failure) within the backfill material rather than in the higher strength undisturbed 
soil outside the trench. Sharp bends, tees, etc., also will have a tendency to anchor the pipeline 
against axial movement and should be avoided within a fault-crossing zone. 

Analyses of pipelines subject to permanent soil displacements have followed established 
approximate calculation procedures (Newmark and Hall 1975; Kennedy et al. 1977), but 
computer modeling methods have also been used. Both of these methods should have the 
capability of accounting for inelastic material behavior of the pipe, nonlinear soil restraint, and 
large displacements. 

Oil and gas pipelines can withstand severe fault motions without rupture provided the movement 
is resisted in tension and there is sufficient ductility to allow substantial tensile straining. Pipeline 
ductility should be maximized in fault-crossing regions. Increases in ductility (ratio of rupture 
strain to elastic limit strain) and increases in the ratio of ultimate strength to yield strength are both 
more important :than increases in the yield strength. Abrupt changes in wall thickness or other 
strain concentrators should be avoided within fault zones. Since there is considerable uncertainty 
involved in the design of pipelines to withstand faulting, contingency plans should be developed 
at major fault crossings to contain spills if they occur and to provide for pipeline repair as 
necessary. 

Alignments that would place the pipeline in compression are avoided to the extent possible 
because local wrinkling of the pipe wall is the failure limit state for compression and will occur at 
compressive strains substantially less than the tensile strain levels associated with rupture. (Once 
wrinkling is initiated, further compressive shortening of the pipeline would be expected to 
concentrate at the location of the wrinkle.) 

In certain cases, fault movements could be so large or adversely oriented that design mitigation 
would not be practical. For example, to withstand specified fault movements, it might be 
necessary to place a pipeline in a flexible, above-ground configuration, in which case the hazards 
presented by exposure to third-party damage could exceed the probability of fault slip, not to 
mention a significant increase in cost. A more rational approach would be to assess the risk of 
fault-related damage and compare the result with the accepted risks inherent to other natural and 
man-made hazards for the project (Anderson 1984). On that basis the damage risk for some fault 
crossings may be demonstrated to be acceptable, and special mitigation measures unnecessary . 
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111-2.3.1.2 Liquefaction 

Pipelines buried in liquefaction-susceptible soils can be subjected to lateral spread movements and 
flow slides or experience loss of support conditions (buoyancy or settlement depending on net 
pipeline weight). Investigations of the effects of this type of movement can generally be handled 
with the same analytical techniques used for fault crossings, although the differential movements 
are not as severe. The amount of pipeline displacement will depend upon the size of the liquefied 
region or flow movement, depth of burial, net weight of the pipeline, and the drag force of the 
liquefied soil acting upon the pipeline or shear strength of the soils loading and restraining the 
pipeline (ASCE 1984). These quantities are generally not well known, so a great deal of 
uncertainty exists in estimates of pipeline displacement. 

Lateral spreading and flow slides are potentially the most damaging liquefaction-related hazard for 
buried pipelines. The most direct means of mitigating spreading and flow movements is to 
improve the soils around the pipeline so as to retard lateral soil movement. For shallow 
liquefiable deposits, soil improvement could be accomplished by soil densification along the 
right-of-way. For deeper deposits, stabilized soil buttresses could be constructed at discrete 
points along the pipeline to force lateral-spread or flow-slide movements away from the pipeline 
alignment. Other options for mitigation of the effects of lateral movements include placing the 
pipeline below the lowest depth of liquefiable soil, e.g., drilled crossings beneath rivers, or 
changing the orientation or location of the pipeline relative to the zone of potential deformation. If 
a pipeline is buoyant, vertical displacements of 3 to 4.5 m are possible in liquefiable deposits. 
Shallow burial can limit upward movements since the pipeline will generally lift no more than 30 
percent of its diameter out of the ground. Encasing the pipeline in concrete will help reduce 
buoyancy effects, but the increased diameter will increase lateral drag forces on the pipeline (if a 
flow condition is expected). Anchorage of the pipeline to prevent uplift is another possible 
solution and can be accomplished with anchors spaced as much as 150 m apart (Kennedy et al. 
1977). 

111-2.3.1.3 Landslides 

In many instances potential landslide areas can be avoided through careful route selection. 
However, at river and stream crossings, the combination of steep banks underlain by loose sand 
may be unavoidable. Such situations can be analyzed in a manner similar to that for fault 
crossings (provided the movement is not catastrophic in size). Alternatively, the slide zone can 
sometimes be avoided by deep burial below the expected limits of the sliding soil mass. 

111-2.3.2 Storage Tanks 

API Standard 650 provides a generally adequate approach to the seismic design of liquid storage 
tanks. The code methods are based upon the rigid tank model developed by Housner (1957). 
This model assumes the tank walls to be rigid and the tank to be fixed at its base. In reality, 
nearly all liquid storage tanks are quite flexible and unanchored. Improved methods that require 
an estimate of the tank's natural frequency and a design spectral acceleration are available. 
However, the API method is sufficiently conservative if spectral acceleration is used in lieu of 
ground acceleration. The effects of vertical ground motions are typically accounted for by 
increasing the hydrostatic hoop stresses by applying a constant vertical acceleration to the fluid 
mass in addition to that from gravity. 

Existing standards and regulations applicable to LNG storage tanks include the industry standards 
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NFPA 59A (National Fire Protection Association, Inc., 1975), API Standard 620 (1990), and 
API Standard 650 (1988); the Federal regulation 49 CFR 193 (U.S. Department of 
Transportation 1991b); and one State of California Regulation (Public Utilities Commission of 
the State of California 1979). 

111-2.3.3 Gas And Liquid Fuel Plant Facilities 

At present, there are no codes or standards that apply directly to the seismic design of gas and 
liquid fuel plant facilities. Buildings that house critical components and systems and personnel 
must be designed to withstand the effects of design-level earthquakes. While some degree of 
damage may be permissible, the buildings should not fail catastrophically or in such a manner as 
to interfere with the function of critical systems or threaten personnel safety. Procedures for the 
analysis and design of buildings are summarized in codes such as the Uniform Building Code 
(UBC). Code-defined importance factors can be used as a rational basis for increasing lateral 
seismic design forces for essential and/or hazardous facilities. 

The seismic design of a pipeline system should include the configuration and qualification of 
monitoring and control systems to have adequate resistance to the effects of earthquake ground 
motions that might occur during the operational life of the project. The most critical systems 
include the data measurement, communication, acquisition, and processing systems that control 
pipeline operations, remote valves, and emergency systems. Online or backup power supplies 
for critical systems are also essential. The performance objective for critical systems is that they 
function to the extent necessary during and following an earthquake to provide vital monitoring, 
control, and safety functions. Other systems needed for operation, but otherwise not essential for 
safety or control., may be qualified to a lesser extent to meet operational objectives. 

Seismic qualification is the process whereby through analysis, testing, or engineering 
evaluation/judgment, it is demonstrated that equipment can perform an intended operating 
function in a specified earthquake environment. Equipment qualification programs sometimes 
have been based on the guideline standard developed by the nuclear industry (IEEE-344), but 
these approaches are overly conservative for most pipeline components, except perhaps for the 
more important control and instrumentation systems. 

The f"rrst step in the equipment qualification process is to establish earthquake perlonnance 
objectives for individual systems. This effort requires knowledge of the details of pipeline 
system operation and identification of systems essential for system monitoring, shutdown, and 
contingency response. The vehicle often used to characterize equipment performance objectives 
is a mutually exdusive set of seismic categories that prescribe required performance (Anderson 
and Nyman 1979). 

The qualification of cabinet-mounted electronic components has often involved shake-table testing 
to simulate earthquake vibratory motion, but more recently, such testing has become largely 
unnecessary due to the use of lightweight, solid-state components mounted in well-fabricated 
cabinets and enclosures. Typically, in such cases, engineering inspection of cabinets, 
enclosures, internals, and anchorage is sufficient to demonstrate seismic adequacy. Elevated 
computer floors require special attention to guard against collapse and associated damage to 
computer hardware. 

In the case of mechanical equipment, a useful guide for seismic qualification can be gained from 
examining the past performance during previous destructive earthquakes. Reports on 
earthquakes in Managua, Nicaragua, and Alaska have all indicated the same conclusion: 
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mechanical equipment, such as pumps and compressors, etc., can be expected to withstand 
intense earthquake motions provided they are properly anchored. 

The potential for non structural damage due to overturning of furniture, storage racks, and 
unanchored equipment or falling of HVAC, conduit, cable trays, and suspended ceilings should 
also be addressed. In particular, noncritical items should not be allowed to inflict damage on 
critical components. 

111-2.3.4 Seismic Contingency Plans 

Pipeline companies have established operating procedures to handle many types of general 
contingency situations. From the company's point of view, contingencies resulting from 
earthquake damage are not altogether different from other contingencies, such as those resulting 
from improper excavation, storms, or fires, except that following earthquakes many such 
contingencies may occur simultaneously. Furthermore, in the event of a great earthquake, the 
ability to respond to contingency situations or to restore a pipeline to operation would be 
seriously impaired by the general devastation to the infrastructure in the area. Thus, it is 
important that provision be made for independent communications and uninterruptible power 
sources, all of which should be qualified to survive a design-level earthquake. 

Activities of the type delineated below are currently incorporated into oil and gas company 
operating procedures in conformance with requirements of Federal, State, and local regulations: 

• A detailed operations plan is documented in a manual. This documentation provides 
procedures and instructions for the proper response to the report of a pipeline 
contingency; establishes communications with police, fire officials, etc.; specifies 
responsibility of key personnel; and states other tasks necessary to minimize the 
hazard. Shutdown plans are pre-engineered so that a shutdown can be performed by 
operating personnel with minimal engineering or management support. 

• A training program that ensures that personnel can respond appropriately in 
contingency situations is established. The effectiveness of the training program is 
verified by periodic seminars, drills, testing, etc. 

• Liaison is established and maintained with appropriate fire, police, and other public 
officials to acquaint all parties with the types of hazards involved and to plan for the 
mitigation of these hazards. These parties are included in training exercises (see 
above) where practical. 

• Reliable independent (noncommercial) backup communications are established with 
repair personnel, public officials and relief agencies, and other operating companies. 

• Proper as-built documentation defining pipeline specifications, operating pressure, 
type of product carried, route, and other information on the condition of the pipeline is 
maintained. 

• Programs are established to educate the public and appropriate government 
organizations to recognize the occurrence of a pipeline contingency and to report it to 
the appropriate officials. 

• Plans for postearthquake inspection that permit rapid evaluation of the condition of the 
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pipeline and required repairs have been established. 

• Standard repair plans for anticipated earthquake damage scenarios including utilization 
of mutual assistance programs with other utilities have been drawn up. 

For shop and warehouse facilities, some effort is required to store repair parts, tools, and 
equipment in a manner such that they are not damaged or cause injury to workers during an 
earthquake but are readily available and usable following an earthquake. Normally, the hazard 
can be eliminated by securing storage bins, machines, tools, etc., and by properly storing such 
equipment when not in use. 

111-2.4 Research Needs 

Key input parameters for the assessment of the earthquake vulnerability of gas and liquid fuel 
systems include seismicity, identification of areas susceptible to liquefaction (lateral spreading 
and flow slides) and landslides, and characterization of expected ground movements. 
Unfortunately, none of these parameters are very well defined, leaving considerable space for 
judgment and extrapolation. For example: 

• Estimates of recurrence interval for earthquakes in the central and eastern United 
States are needed. The uncertainty is due largely to the absence of surface fault 
expression east of the Rockies. A more accurate prediction of earthquake recurrence 
would allow a more perceptive evaluation of cost-benefit considerations for seismic 
improvements to gas and liquid fuel systems. 

• Detailed studies of various pipeline alignments using site-specific soils information are 
needed to quantify areas prone to liquefaction. 

• Simple methods to characterize ground movements and distortion are needed. The 
LSI methodology (Y oud and Perkins 1987) is a good start, but a probabilistic 
technique for developing the spatial distribution of horizontal strain through a given 
liquefiable zone, including river crossings, would be more useful for evaluating 
pipeline performance. 

There are also cases where the present understanding and design practice are based on very 
limited test data or concepts extrapolated from other design areas. Examples include: 

• At present, existing pipeline strain criteria are based on theory, limited testing, and the 
consensus opinion of a number of expert practitioners. Better quantification of failure 
limit states, particularly compressive wrinkling, is needed to reduce uncertainty. Also, 
the influence of pipe grade and welding procedure should be investigated thoroughly. 
This information could be developed through test programs combined with analytical 
methods. 

• The loading transmitted to the pipeline and the restraint of the pipeline provided by the 
surrounding soil medium in the zone of differential movements should be investigated 
experimentally. Further testing, especially of prototype pipe sizes in real time (i.e., at 
strain rates consistent with earthquake ground movements) under field conditions, is 
needed to validate existing methodology. 

As a political i5,sue, it is noted that the interest of the public in being protected from energy 
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shortages is not necessarily compatible with the financial interest of the pipeline companies. 
Innovative concepts for financing pipeline seismic improvements (e.g., Federal subsidies, grants, 
or tax incentives) should be explored. 

111-3. PLAN FOR DEVELOPMENT OF SEISMIC STANDARDS 

Other than the seismic design criteria contained in API Standard 650 for liquid storage tanks, no 
seismic standards for gas and liquid fuel systems exist. The American Society of Civil Engineers 
(ASCE) guidelines for seismic design of oil and gas pipelines provides valuable guidance, but 
without mandatory national standards, little progress will be made in the seismic upgrading of gas 
and liquid fuel systems. 

Determining the appropriate level of earthquake resistance for gas and liquid fuel systems is a key 
policy issue that must be decided prior to the development of seismic standards. It is proposed 
that this issue be addressed by first establishing system performance objectives for gas and liquid 
systems and relevant measures of system performance. Next, a vulnerability assessment of gas 
and liquid fuel systems is proposed as a means of developing a basis for establishing systems 
performance criteria. 

Following the vulnerability assessment, performance-based model standards for seismic design, 
seismic retrofitting, and earthquake preparedness will be developed for four general topic areas, 
i.e., transmission lines, distribution systems, oil storage tanks, and refineries. The model 
standards should be in a form suitable for transformation to voluntary consensus standards by 
appropriate industry organizations such as the American Petroleum Institute (API) and the 
American Gas Association (AGA). In conjunction with the development of model standards, 
gaps or shortcomings in existing knowledge will be identified, and proposed research and 
development studies will be formulated for each topic area. 

The establishment of system performance objectives and measures, vulnerability assessment, 
seismic standards development, and research initiatives are summarized in the next sections as 
four project phases. Each phase involves participation by a selected contractor, a panel of lifeline 
experts, and the industry at large. The selection of the contractor and expert panel members 
should be based on demonstrated technical ability and expertise in the gas and liquid fuel lifelines 
area. Potential sources for these technical participants include the ASCE Technical Council on 
Lifeline Earthquake Engineering (TCLEE), the American Society of Mechanical Engineers 
(ASME) , and the National Center for Earthquake Engineering Research (NCEER). Participants 
from the industry at large should be furnished through recognized industry organizations, namely 
APIandAGA. 

111-3.1 System Performance Objectives 

The first step in the development of seismic standards for gas and liquid fuel lifelines is to 
provide a clear delineation of the appropriate level of earthquake resistance required to satisfy 
system performance objectives. The appropriate level of earthquake resistance for new and 
existing systems should be determined on the basis of economic benefit, environmental and 
safety consequences, and system redundancy. To the extent that design mitigation is not 
economically feasible, objectives for contingency response, repair, and restoration should be 
clearly defined. 

This phase of the standards development project should be a joint effort of a qualified contractor 
selected by the Federal Government, a panel of lifeline experts, and the oil and gas industry. It is 
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envisioned that the industry representatives would be provided through AGA and API and would 
participate actively in developing the seismic perfonnance objectives and measures of 
perfonnance for gas and liquid fuel systems so as to achieve a consensus position. 

To facilitate the development of the consensus position on system perfonnance objectives and 
measures of system perfonnance, a workshop attended by the project participants and invited 
observers from the industry at large would be conducted. The products of the workshop would 
be a collection of invited papers and a summary of the workshop consensus. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through API and AGA 

Duration: 12 to 15 months 

Cost: $250,000 

Funding: Federal Government for contractor and expert panel; API and AGA for 
industry participants 

111-3.2 Vulnerability Assessment 

The impact of earthquake damage differs among the various types of gas and liquid fuel facilities. 
For example, transmission line damage may cause a shortfall in energy supply hundreds of 

kilometers away from the earthquake damage area. Damage to gas distribution systems would 
primarily affect customers in the local service area, and service can be restored in a majority of 
situations before the customers are able to accept the service (i.e., due to damage to customer 
property). For liquid storage tanks, the primary objective is to avoid catastrophic release of 
contents and the concomitant risk of collateral damage to adjacent facilities or to the environment. 
For refineries the goal would be to ensure personnel safety, minimize capital loss, and minimize 

or avoid the types of damage that would curtail or drastically limit throughput. 

The major benefits of providing greater seismic resistance for gas and liquid fuel systems are 
reduced economic loss to facility owners and energy consumers, increased safety, and mitigation 
of potential environmental damage. Gas and liquid fuel systems that have a reasonable degree of 
seismic resistance should withstand moderate earthquakes with only isolated cases of minor 
damage. However, the cost associated with preventing damage due to strong earthquakes is 
likely to be exct:ssive, i.e., for some earthquake hazard situations, it is more cost-effective to 
accept the risk of damage and repair if and when required. 

A seismic vulnerability assessment of gas and liquid fuel systems is proposed for the following 
purposes: 

• To examine relevant measures of system perfonnance, e.g., system outage or 
restoration times, population without service, etc. 

• To examine the economic impact of system failures. 

• To evaluate the seismic resistance and restoration capability of gas and liquid fuel 
systems. 

The level or detail of analysis will depend upon a number of factors. In general, what is 
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important in performing a systems analysis is to determine the relevant impact that individual 
components have on overall system performance. If significant accuracy is required to quantify 
the impact of certain failures, then more detail will be necessary in developing the data and 
models used in the systems analysis. 

By performing systems studies, a better understanding of system performance criteria can be 
developed. For example, it may be possible to achieve system performance objectives through a 
combination of increased seismic design criteria and system redundancy. The benefit of using 
system redundancy to achieve performance goals is that the design requirements for each 
component can be lowered as long as safety and environmental requirements are met. The results 
of these systems analyses will help to better define the individual design requirements for gas and 
liquid fuel components. 

Seismic risk assessments have been performed for oil transmission pipelines in the New Madrid 
area by NCEER (Ariman et al. 1990) and gas distribution systems in Utah (Taylor et al. 1986; 
1988). A recent study by the Applied Technology Council (1991), referred to as ATC-25, 
provided a general characterization of the impact of disruption of lifelines from earthquakes at the 
regional level and to assist in the identification and prioritization of hazard mitigation measures 
and policies. A West Coast gas distribution utility recently implemented a lO-year program to 
increase the seismic resiliency of its gas system and to improve its ability to restore service to 
customers after damaging earthquakes (Pacific Gas and Electric Company 1990). 

The proposed seismic vulnerability assessment is intended to take full advantage of risk and 
vulnerability assessments performed to date for a number of transmission and distribution 
pipeline systems in the central and western United States. As a first step, existing methodologies 
for performing vulnerability assessments and the results of completed studies will be compiled 
and reviewed. Specific attention will be given to the evaluation of the economic benefits of 
providing specific levels of seismic resistance or rapid restoration and to the validation of risk 
studies to actual gas and liquid fuel damage history. Information and knowledge gaps will be 
identified, and additional vulnerability studies to characterize regional differences, system 
configurations, etc., will be conducted as needed. 

The selection of gas and liquid fuel systems for seismic vulnerability assessment requires the 
cooperation of certain gas utilities, pipeline companies, and oil companies (refineries). Ideally, 
the distribution of selected facilities would be as follows: 

• Transmission system 

Gas, West Coast 
Oil, central United States 

• Gas distribution 

-- Los Angeles or San Francisco 
-- Memphis 

• Liquid storage tanks, West Coast, three sites 

• Refinery, West Coast 

Pipeline systems would be assessed for vulnerability to geotechnical hazards, such as 
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liquefaction, fault movements, and landslides. Some subsurface exploration might be required at 
two to four sites. Pump and compressor stations and communications facilities would be 
reviewed for seismic integrity. Other gas and liquid fuel facilities would be examined via 
walk-through inspections to evaluate the seismic integrity of structures, mechanical equipment, 
control systems, communications, fIre suppression equipment, and maintenance facilities. 
Contingency response plans would be evaluated for all of the lifeline systems selected for 
vulnerability assessments. 

For transmission pipelines, the vulnerability assessment will include an evaluation of the 
estimated time to restore the system to full operation and the associated impact on the customers. 
A similar evalualtion would be made for gas distribution systems, but additional consideration 
would be given to the integrity of customer service lines, customer property damage and its effect 
on gas demand, ,md the benefits of automatic shutoff valves. 

It is proposed lthat the earthquake vulnerability assessment be carried out by the Federal 
Government, with input from the oil and gas industry. It is envisioned that a contractor and an 
expert panel would conduct the vulnerability assessment with input from API and AGA. The 
product of this phase will be a report characterizing the seismic vulnerability and describing 
seismic resistance requirements for gas and liquid fuel systems. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through API and AGA 

Duration: 2 years 

Cost: $500,000 

Funding: Federal Government for contractor and expert panel; API and AGA for industry 
participants 

111-3.3 Model Standards Development 

The development of model seismic standards for gas and liquid fuel systems will be an 
implementation of the consensus on seismic resistance requirements established at the conclusion 
of the vulnerability assessment. Four separate standards will be developed to cover gas and 
liquid fuel systems: 

• Transmission Lines--Natural gas, crude oil, and crude oil products, in two parts: 

New construction 
Existing systems 

• Distribution Systems--Natural gas, existing systems with provision for 
replacement and extensions 

• Oil Storage Tanks--New construction and existing tanks 

• Refineries--New construction and existing facilities 

The organization of the gas and liquid fuel standards according to the broad general categories 
cited above is generally consistent with the organization of existing nonseismic standards for 
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these facilities, e.g., 49 CFR 192 (ANSI B31.8) for gas systems, 49 CFR 195 (ANSI B31.4) 
for liquids, and API Standard 650 for tanks. There are common technical topics or system 
components that should be given consistent and uniform treatment among the four standards. For 
example, provisions applicable to structures, control systems, and piping are needed in the 
standards for transmission lines, distribution systems, and refineries. Similarly, provisions 
addressing line pipe, soil-pipeline interaction, and communications are an important consideration 
in the standards for transmission lines and distribution systems. From a production viewpoint, it 
is apparent that a number of standard subsets can be developed as singular efforts and integrated 
into the four standards as applicable. 

111-3.3.1 Transmission Lines 

The model seismic standard for transmission lines will consist of two parts: one part devoted 
exclusively to new construction of transmission pipeline systems, and the second part devoted to 
existing transmission pipeline systems. This separation is made because new pipelines, 
especially interstate lines, are major projects requiring extensive right-of-way acquisition, 
permitting, and regulatory compliance. Seismic geotechnical hazards could be avoided to a large 
extent with favorable routing, and other seismic design issues could be addressed without adding 
much incremental cost to the project. 

The available options for improving seismic resistance of existing transmission pipeline systems 
are appreciably different than for new construction. Emphasis will be placed on development of 
performance standards for pipeline control systems and contingency measures for dealing with 
pipeline damage along the right-of-way. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through API and AGA 

Duration: 3 years 

Cost: $750,000 

Funding: Federal Government for contractor and expert panel; API and AGA for industry 
participants 

1 II -3.3.2 Distribution Systems 

In the case of distribution lines, new construction relates primarily to expansion of the customer 
base in new development areas (perhaps an increase of several percent in certain growth areas). 
Hence, the standard for distribution systems will focus on considerations for expansion of 
existing systems, cost-effective retrofitting that could improve seismic resistance, and 
preparedness measures that could expedite postearthquake repair and restoration. Particular 
attention will be given to the replacement or rejuvenation of deteriorated pipe and system 
expansion. Considerations for customer service lines and automatic shutoff valves would also be 
addressed. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through AGA 

Duration: 3 years 
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$750,000 

Federal Government for contractor and expert panel; AGA for industry 
participants 

111-3.3.3 Oil Storage Tanks 

The emphasis of the standard for oil storage tanks will be the evaluation of older tanks and 
attached piping that may have been designed without special regard for seismic response. For 
tanks having marginal seismic resistance, special provisions for retrofit or containment will be 
introduced. For new tanks, the standard will reference API Standard 650, but possibly will alter 
certain analysis parameters, e.g., seismic load coefficients. Optionally, API might elect to make 
certain changes to API Standard 650 consistent with the conclusion of the tank seismic standards 
effort. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through API Standard 650 Technical Committee 

Duration: 2 years 

Cost: $200,000 excluding API expense 

Funding: Federal Government for contractor and expert panel; API for industry participants 

111-3.3.4 Refineries 

Refineries generally have been designed to seismic codes such as UBC, and earthquake 
performance has typically been good for facilities where seismic design practices have been 
incorporated. The principal shortcoming is that there is currently no consensus among designers 
and owners regarding the appropriate level of seismic resistance for refining facilities and 
performance objectives for the various operational systems. 

It is proposed that the standard for refineries will be patterned after the 1991 edition of the UBC 
(International Conference of Building Officials 1991) seismic provisions for buildings with 
design coefficients and parameters specified as applicable for various structural and mechanical 
components. Special consideration will be given to seismic qualification of critical control 
systems, fire suppression systems, and communications. The retrofit and/or modification of 
older facilities will also be addressed. 

Developers: Contractor, with assistance from an expert panel drawn from ASCE Energy 
Division Committee on Petrochemical Energy, and industry participants provided 
through API 

Duration: 2 years 

Cost: $300,000 

Funding: Federal Government for contractor and expert panel; API for industry participants 
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111-3.4 Identification And Initiation Of Research 

A number of research needs relating to seismic hazard quantification were listed in Section III-
2.4. These included seismicity, identification of areas susceptible to liquefaction (lateral 
spreading and flow slides) and landslides, and characterization of expected ground movements. 
For design applications, the need for a better understanding of soil-pipeline interaction under 
large displacement conditions and postbuckling behavior of line pipe was identified. These 
research needs and others that might be identified during the establishment of system performance 
objectives and measures, vulnerability assessment, and standards development should be 
formulated as project work scopes. The work should then be funded and initiated by the 
appropriate organizations. 

Developers: Contractor, with assistance from an expert panel, and industry participants 
provided through API and AGA. Universities and consultants would conduct the 
actual research. 

Duration: 6 months to complete research needs report. Indefinite (on the order of 5 years) 
to conduct the research. 

Cost: $50,000 to identify and scope research needs; $3,000,000 to perform research. 

Funding: Federal Government for contractor and expert panel; API and AGA for industry 
participants; FEMA, NSF, and DOT for research funding. 

111-3.5 Cost And Schedule Summary 

The total estimated costs for establishing system performance objectives and measures, 
performing vulnerability assessment, developing the four gas and liquid fuel standards, and 
identifying research needs is $2,850,000. The costs for conducting the recommended research is 
estimated to be approximately $3,000,000, depending on the identified gaps in knowledge. A 
breakdown of these costs by activity is provided in Table 1. 

It is believed that industry organizations, such as API and AGA, would actually undertake the 
effort to transform each of the model standards to voluntary consensus standards. It would be 
advisable for the industry standards committees to utilize key participants that were engaged in the 
model standards development for technical assistance in the consensus standards effort. The 
estimated costs for model standards development include an allowance for contractor/expert panel 
interaction with the industry standard committee. 

The work scope for the standards program is expected to take a total of four years. The research 
program is expected to take approximately five years, starting about three years downstream in 
the standards program. A bar chart depicting the program schedule is provided in Figure 12. 
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TABLE 1 

SUMMARY OF ESTIMATED COSTS AND SCHEDULE 
SEISMIC STANDARDS FOR GAS AND LIQUID FUEL SYSTEMS 

Phase Cost Time (Years) 

System Performance Objectives $250,000 1 - 1.25 

Vulnerability Assessment 500,000 2 

Model Standards Development 

Transmission Lines 750,000 3 

Distribution Systems 750,000 3 

Oil Storage Tanks 250,000 2 

Refmeries 300,000 2 

Research 

Identification 50,000 1 

Performance 3,000,000 3 

TOTAL WITHOUT RESEARCH $2,850,000 

TOTAL WITH RESEARCH $5,850,000 
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Figure 1. Schematic of natural gas pipeline system 
(after National Petroleum Council, 1980). 
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Figure 2. Schematic of liquid fuel pipeline system 
(after Yokel and Mathey, Giuliano, 1981). 
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Figure 4. Types of fault movement 
(after Krinitsky, 1974). 
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(after Kennedy et al., 1977). 
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Figure 6. Lateral spread ground displacement 
(after Schuster and Fleming, 1982). 
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Figure 8. Circumferential buckle in water tank, Olive View Hospital, 
1971 San Fernando Earthquake. 
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Figure 9. Example of earthquake non-structural damage. 
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Figure 10. Buckled steel gas pipeline, 1971 San Fernando Earthquake 
(Photo courtesy Southern California Gas Company). 
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BACKFlLL CONDITIONS 
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NAnVE SOIL 

PIPELINE TRENCH FOR STRIKE-SLIP FAULT CROSSINGS 

17 CAP. TRENCH SPOIL OR [OUN. 

WEll-GRADED GRANULAR BACKFILL 

NATNE SOIL 

PIPELINE TRENCH FOR REVERSE-SLIP FAULT CROSSINGS 

Figure 11. Pipeline trench design for fault crossings. 
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CHAPTER IV: TELECOMMUNICATION LIFELINES 

ALEX TANG 

IV-I. GENERAL 

The purpose of this plan is to reduce the potential for loss of telecommunication service after 
damaging earthquakes, which is a vital part of coordinating and executing lifesaving actions. 
Suggested actions to reduce the potential for loss are: 

• Improve design 
• Use better material 
• Analyze and upgrade existing installations 
• Provide dispersed redundancy 

Telecommunication systems are damaged by earthquakes. Photo 1 shows damage to the Sylmar 
central office (CO) in the 1971 San Fernando earthquake. The severity of damage ranges from 
collapsed central office buildings and overturned equipment to minor repairable damage to cable 
handling systems and equipment/component mounting racks, such as battery racks. 

Damage mitigation of telecommunication systems should be prioritized as follows: 

• Priority I--Loss of life: equipment overturned, building collapsed 

• Priority 2--Public security: fire, rescue dispatch, police, and governmental 
communication (national security) 

• Priority 3--Economic impact: loss of business transaction, banking 

The operability of the telecommunication lifeline functions is the primary focus. 

The seismic performance of telecommunication systems since the 1971 San Fernando earthquake 
has improved significantly in the West Coast regions. However, the central regions and eastern 
states are not as well prepared. Furthermore, growing competition and advanced technology are 
setting a trend towards cost-cutting measures and concentration, and these factors may affect the 
future performance of the network. 

The standards to be developed will be used to improve the design of new facilities, upgrade 
existing installations, advance the use of new engineering materials, enhance network 
redundancy, and impose and maintain consistency in industrial practices. The end result is more 
robust equipment and system performance during an earthquake, and improved service reliability 
and operability in general. 

IV-I.I Telecommunication Systems 

The three main functional elements of telecommunication systems are: 

• Switching 
• Transmission 
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• Signaling (call supervision) 

Switching is the part of the telecommunication system engineered to connect two or more parties. 
Transmission is the part of the telecommunication system concerned with transmitting messages 
between calling and called parties, while signaling is the part of the telecommunication system 
designed to supervise the call, including ringing, confirmation, disconnect, and restore trunk line 
to open status (called sign-off). 

The physical components/facilities constructed to operate these functions can be divided into two 
categories: switching facilities and outside transport facilities. 

Switching facilities, commonly known as central offices, include all, or a combination, of the 
following: cable entry, cable distribution, and power supply systems; switching, transmission, 
and data processing equipment; and support facilities. Support facilities include HV AC (heating, 
ventilation, and air conditioning), AC (alternating current) power distribution, fire suppression, 
backup generator (emergency power), spare parts storage, and the structure housing the 
equipment. 

Outside transport facilities (Figure 1) include loop/trunk distribution (buried and aerial), 
microwave and radio transmission towers, and repeater station facilities. Loop refers to the 
cables connecting a subscriber with the switching facilities, while trunk is the term for cables 
connecting switching facilities. 

Network services and management associated with telecommunication systems will be addressed 
in this plan. Network services and management include 911, Centrex, ISDN (Integrated Services 
Data Network), CCS (common channel signaling) with SS#7 (Signal System #7), STP (switch 
transfer point), essential services, and network interoperability. 

There are three networks in the telecommunication systems in North America. They are the Public 
Switched Network (PSN), the Private Exchange Network (PXN), and the Wireless Network 
(WN). 

The Public Switched Network in North America is the largest communication network in the 
world. About 50 percent of this network is owned by seven regional holding companies (RHC) 
in the United States, including the following: 

• Ameritech--Wisconsin Bell, Michigan Bell, Illinois Bell, Indiana Bell, and Ohio 
Bell 

• Bell Atlantic--Bell of Pennsylvania, New Jersey Bell, and Chesapeake and 
Potomac 

• Bell South--Southern Bell and South Central Bell 

• NYNEX--New York Tel, New England Tel, and South New England Telephone 

• Pacific Telesis--Pacific Bell and Nevada Bell 

• South Western Bell Corp.--South Western Bell 

• U.S. West--Pacific Northwest Bell, Mountain Bell, and Northwestern Bell 
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The remaining portion of the regional network is owned by independent companies, such as Gen 
Tel (General Telephone) and Cont Tel (Continental Telephone), and long-haul carriers, including 
AT&T (American Telephone & Telegraph), MCI, and U.S. Sprint. 

The implementation of wireless technology in the PSN has created a cellular network, which is 
also known as a wireless network (WN). This network can be considered an expansion or 
extension of the land lines. So far, the cellular network concentrates in major cities. The cellular 
network provides additional dispersion and redundancy. Figure 2 shows the concept of the 
wireless network. Note that the connections to nonwireless subscribers are through central 
offices (COs) that are already in place. This will add to the overload conditions that happen every 
time there is an emergency. 

Large organizations such as banks, universities, government agencies, and public utilities use a 
miniature version of the PSN called PXN (Private Exchange Network). Usually a large PXN 
consists of a host office, which is the primary switching center, and a number of remote offices, 
which serve the employees in the organization. For most PXN s, the host office is connected to 
the PSN via a single trunk to a class 5 end central office of a local telephone company. 

Trunkingl between the different classes of central offices was developed based on a hierarchical 
structure of central offices. Central offices for the PSN are classified as follows: 

• Class l--Regional center 
• Class 2--Sectional center 
• Class 3--Primary center 
• Class 4--Toll center 
• Class 5--End office 

Classes 1 to 3 are control switching points (CSPs). Calls are connected based on the above 
hierarchy. For instance, a call designated to the West Coast from the East Coast of North 
America will strut from a class 5 office on the East Coast and go up the hierarchy and then back 
down to a class 5 office on the West Coast to complete the call. The capacity of the links between 
central offices depends on the traffic pattern between the central offices. As communities grow, 
the demand for greater capacity drives the increase in the number of trunks between central 
offices. For example, when the traffic going to a specific class 4 CO increases to a point that a 
new trunk is required, a high-usage trunk, as shown in Figure 3 with a dotted line, will be 
created. 

The current number of central offices in the United States and Canada is shown in Figure 4. 

The number of class 5 offices, which are usually called end (central) offices, is growing at a fast 
pace due to an increase in demand for services. Most homes have more than one phone line now, 
or two phone numbers on one line, and all subscribers are connected to the end (central) offices. 
End (central) offices of different exchanges are sometimes connected by trunks (called local 
trunks). These exchanges are in the same rate zone; therefore, there are no long-distance charges. 

Figure 5 shows a typical network and some possible interconnections. Assuming that COs A, B, 
C, and D are in the same rate zone, for a call from A to D there will be no long-distance charges if 

lThe introduction of microwave transmission increases the pace and ease of trunk deployment in the network. 
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the local trunks are busy and the toll trunk is used to connect calls. 

The hierarchy described above is gradually flattening due to divestiture and the capability of the 
digital switching equipment. Eventually, the hierarchy of central offices will be reduced to end 
(central) offices, toll (central) offices (including tandem offices2

), and STPs (switch transfer 
points). 

IV-1.2 Scope 

Telecommunication systems will be reviewed in the three categories described earlier: 

• Public Switched Network (PSN) 
• Private Exchange Network (PXN) 
• Wireless Network (WN) 

The Public Switched Network is mostly provided by Bell Operating Companies (BOCs). This is 
the basic communication system for subscribers. The long-distance carriers are part of this 
network. 

The Private Exchange Network includes private exchanges (PBX) for utilities, government, 
hospitals, airports, military, banks, and large organizations. 

The Wireless Network includes cellular radio, ham radio, and emergency services. Emergency 
services, such as police and fIre departments and ambulance and paramedic services, have their 
own radio systems, which operate on an assigned frequency band. The equipment and 
components used in all these networks are similar in size and construction. 

In addition to active and passive equipment seismic protection, network management and special 
services will be covered. 

IV-1.3 Philosophy 

Operability and functionality are the prime objectives of lifelines. In general, failure of lifelines 
will not directly result in loss of life, as would failure of a structure. Lifelines are an integral part 
of modem urban living. They are expected to be available whenever they are needed. A short 
disruption of services causes inconveniences, while a prolonged disruption can cause signifIcant 
economic losses, deteriorated sanitary conditions, and health problems. Therefore, the standards 
for lifelines consist of performance standards and prescriptive standards. The prescriptive 
standards are designed to meet the performance criteria established in the performance standards, 
that is, performance standards set criteria while prescriptive standards provide engineering 
guidelines for constructions, installations, and material usages. Standards for new construction 
and for existing construction should meet the same performance criteria. The level of repairable 
or restorable damage, without impacting the system performance criteria, may differ. The intent is 
to reduce the fInancial impact on upgrading/retrofItting. 

It is important to establish the zoning and the ground motion data since these are the basis for the 
development of standards. Seismic zoning maps for the United States are available from various 
sources. The commonly used ones are the UBC (Uniform Building Code) zoning map, the 

2A tandem office is a switching office for trunks. 
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FEMA 95 (NEHRP Recommended Provisions for the Development of Seismic Regulations for 
New Buildings) zoning map, and the NEBS (Network Equipment Building System) zoning map. 
The latter is usedl by most BOCs. NEBS is a specification for telecommunication equipment, 
which is designated for PSN. Another approach is to combine the zones into two classes of 
seismic severity for the whole nation, for example, class A for high seismic areas and class B for 
the remainder. This is the approach (Tl Y1.4 SWG3) an ANSI committee is going to apply to the 
standard for telecommunication equipment. 

IV-1.3.1 Policy 

The goal of establishing standards and codes is to provide uniformity in telecommunication 
systems to ensure operability of the basic service (POTS, plain old telephone service), that is, 
connecting a caller to the called party, during and after earthquakes. The primary performance 
criterion of the telecommunication systems is to provide uninterrupted telecommunication 
services. Educating the public, increasing available circuits, increasing call-handling capability 
(through network management), and providing state-of-the-art seismic protections for all 
equipment in the network are necessary steps to achieve the goal. 

IV -1.3.2 System Design 

While the system is in existence, new components are constantly being added to expand the 
system capacity and the network, and out-of-date or WOI11-out components are being replaced. It 
is, therefore, not practical to demand compliance with new standards and codes for all existing 
facilities. Retrofits/upgrades are expensive and the need for them must be evaluated separately. 
On the other hand, prioritizing the systems' postearthquake performance is essential in order to 
establish a plan for standards. Services in order of priority include: 

• Uninterrupted services for essential services, such as fIre and police departments, 
emergency response, and medical services 

• Protection of critical facilities of the network 

• Overall uninterrupted services 

The intent is to balance practicality with an acceptable level of risk for what is out there. 

The approach to ensure a timely implementation of the standards and codes is to mandate all new 
installations/constructions to meet the standards and codes. Then, in parallel to this action, 
existing facilities should be upgraded to the risk accepted by standards and codes for existing 
facilities according to the priority established. A time limit should also be established for 
completing the upgrade activities to ensure system level performance by a certain target time. 

The standards and codes should be applicable to telecommunication systems defIned in 
Section 1.1. 

IV -1.3.3 Component Design 

The components considered in telecommunication systems are: 

• Buildings (including underground vaults, control environment vaults (CEV) 
• Underground conduits and manholes 
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• Transceiver towers and poles 

Specific application standards for component designs do exist. These standards by and large 
should be descriptive. Usually, they are the minimum requirements for their specific application. 
However, the standards and codes to be developed for telecommunication systems component 
designs have to be more stringent. This can be achieved by using an importance factor, or a factor 
for critical element in determining the design requirements. 

IV -1.3.3.1 Buildings 

Telecommunication facilities are critical facilities. Therefore, the structures housing the equipment 
should meet a higher standard than that of ordinary buildings. The floor loading in general will 
exceed that for ordinary buildings. For example, the floors are required to support equipment, 
cable, and ironwork, requiring stronger construction. 

The cable entry design portion of the building should be incorporated into the standard. 
Considerations of relative displacement of the building and the ground is an important factor. 
Severance of cables as a result of this relative displacement is common in large earthquakes. 

Expanding on the current UBC by adding a section (chapter) on lifelines equipment (critical 
services) buildings is a logical approach. Lifelines equipment buildings can be broadly defined as 
buildings that house equipment for the operation of lifelines. FEMA's NEHRP Recommended 
Provisions for the Development of Seismic Regulations for New Buildings will be extremely 
helpful if adopted. 

Methods for retrofitting are also available. These methods can be documented as a design guide 
for existing structures. Seismic rehabilitation methods such as strengthening (e.g., additional 
shear walls) and load reduction (e.g., base isolation) are being used to upgrade structures 
constructed under old codes. 

IV -1.3.3.2 Underground Conduits And Manholes 

The development of standards for underground conduits could be facilitated by information from 
buried liquid fuel pipelines and buried water and sewage pipelines research and development, 
studies, and practical data. The mechanics of failure, methods of damage mitigation, and material 
performance from the buried pipelines studies are useful for estimating the response of the 
underground conduits in a wide variety of site conditions. 

State-of-the-art research and development work on conduits and manholes conducted at Tsukuba 
Telecommunication Construction Engineering Development Center in Japan could be quite 
helpful. Attempts should be made via workshops to facilitate technology exchanges. If made 
available, NTT (Nippon Telegraph and Telephone) standards for outside plant constructions 
related to seismic damage mitigation can provide a good baseline for this endeavor. Further 
research would be required, however, to provide a proper fit of the information and data to North 
America conditions. 

Liquefaction around a manhole can cause severe damage to the cable entering and exiting the 
manhole. Design criteria and site preparation standards for liquefiable soil have to be established 
to prevent damage to underground cable. 

Fibre optic cables are starting to gain ground on copper cables in trunk installations. The 
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perfonnance of fibre optic cables in underground conduits requires more study. In general, fibre 
optics are less robust than copper, which can take a fair amount of abuse. Again, research and 
development results from Tsukuba Telecommunication Construction Engineering Development 
Center could provide helpful data to speed up development of standards. 

There is a limited number of above-ground routing of fibre optic cables. Usually, these cables 
are run inside a conduit, metal or plastic. However, there are cases in which unprotected fibre 
optic cables are run along a railway. Standards to be developed can eliminate this type of 
hazardous situation. 

IV -1.3.3.3 Tlransceiver Towers And Aerial Cable Poles 

There are two types of transceiver towers: the guided and the nonguided. The towers can be 
located on the roofs of switching facilities, on grades next to the switching facilities, and on high 
grounds, such as hill-tops, in the proximity of a repeater station. 

In most cases, the towers are equipped with transmission and receiving dishes and antennae. The 
rapid deployment of wireless communication in major commercial centers created by the market 
generated the demand for more transceiver towers. Each cell of the wireless communication 
network requires a transceiver tower to provide service within the cell. The largest cell has a 
radius of about 15 km. In high-traffic areas the cells are much smaller. Each cell is served by a 
transceiver tower. 

Towers are usually designed to resist wind and ice load, which is considered by many to be 
adequate for seismic application. However, towers have been damaged by earthquakes. 
Furthennore, dishes and antennae are added to the same tower, which may be constructed 
without consideration of the additional load. 

In the absence of data and infonnation on transceiver tower perfonnance, a study is necessary to 
establish a prescriptive standard by analyzing perfonnance data and tower design for seismic 
applications. The current standards and codes for tower construction are inadequate to handle the 
seismic requirements. In some cases, older designs may even be marginal in resisting wind 
loads. Low-cost methods for strengthening existing critical towers are necessary to achieve an 
acceptable level of protection. Aerial cable poles are in the same category as the transceiver 
towers. The standard to be developed should cover this item. 

V -1.3.4 Equipment And Material Provisions 

Two categories of equipment will be discussed in this section: active and passive. Active 
equipment can be defined as equipment performing a particular function of operation. Active 
equipment in switching facilities includes switching, transmission, data processing, cell-site, 
radio, and power supply equipment, including power board, rectifier, inverter, and battery racks. 
Passive equipment can be defmed as equipment providing support to active equipment. Passive 
equipment includes the cable distribution system, the MDF (main distribution frame), and the 
power bus bars in power supply. The cable distribution system has a few other names: 
ironworks, auxiliary frame, and superstructure. This does not imply any distinction in importance 
of the equipment. Failure to anyone of the two categories of equipment affects the perfonnance 
of the system. Therefore, standards should cover all acti ve and passive equipment. 

Generic equipment design criteria to meet state-of-the-art earthquake protection requirements do 
exist; they are the Bellcore (Bell Communications Research), TR-000036 issue 3 and FEMA 95, 
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NEHRP Recommended Provisions for the Development of Seismic Regulations for New 
Buildings. Both specifications cover all in-building equipment installations, but the methods and 
approaches used are different. A comprehensive standard can be achieved by extracting good 
approaches from the two specifications. 

There are as many variations of installations of the cable distribution system as mechanical parts 
of various sizes, materials, and geometry used in the cable distribution system. This equipment 
should have standard configurations plus design guidelines for practical application. 

MDF is a very simple structure for cable termination in central offices. Trunks from the outside 
plant facilities are connected on the vertical side of the MDF, while the switching equipment is 
connected to the horizontal side. This framework consists of an upright piece of steel with 
horizontal short pieces of steel either welded or bolted to the upright at 30-mm intervals. Photo 2 
shows a typical MDF in a central office. 

For the cable distribution system, design and installation guidelines can be developed to eliminate 
the impact of missing bracing and to avoid overloading by cable and overhead bracing of 
equipment. Tests can be performed to establish the baseline for the design guidelines. Design 
details of the parts used in the system can also be improved from the test results. 

Support facilities, such as HVAC, rITe suppression systems, spare parts storage facilities, backup 
generator, AC distribution systems, and accessories, should have their own standards of practice. 
The standards for HV AC should include ducting, cooling water supply requirements, backup 
power, and the fan unit. For spare parts storage facilities, the active equipment standards can be 
applied for critical spare parts. A standard practice design guideline is an appropriate approach. 
Standards for accessories, such as desk-top terminals and keyboards, printers, oscilloscopes, and 
test equipment, can be established using the same approach. 

Fire-suppression systems are governed by building codes, but the specific requirements for 
switching facilities should be evaluated. PSN facilities in general do not use central fITe­
suppression systems. Damage caused by these systems may be far more extensive than the fITe 
itself. Materials used in PSN facilities have to meet UL (Underwriters Laboratories, Inc.) 
flammability specifications. However, when PSN facilities share a building with other tenants, 
the fire-suppression system is required by the building code. 

IV-2. SWITCHING FACILITIES 

IV-2.1 Introduction 

Switching facilities are commonly known as central offices. Central offices (COs) with specific 
functions have different names: DLC (digital loop carrier), CDO (community dial office), CEV 
(control environment vault), and toll offices, just to name a few. Large communities may be 
served by large class 5 offices for up to 30K lines each: Smaller communities may be served by 
remote switching facilities or digital loop systems housed in small buildings, CEVs, or huts. 

The buildings for these facilities vary from single-story structures to multistory high-rises. For 
multistory central office buildings, it is not uncommon to have a few floors of switching and 
transmission equipment performing different classes of functions. For example, the first and 

'See discussion of classes of offices on page IV -3. 
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second floor can be class 5 end offices, the third floor can be a toll office, and the fourth floor can 
be a tandem office. Some of these buildings were built for central office purposes, and they can 
easily be identified, since most of them are windowless with very high ceilings. The windowless 
structure provides added strength. The cost to construct this type of building is high. In today's 
competitive environment when economics takes precedence, ordinary commercial buildings are 
used for central offices operations. 

Large private exchange systems, such as those used by large universities, military bases, banks, 
utilities, and large private and public organizations, can be as large as a small central office. A 
6,000- to 7,000-line system is quite common. These systems usually consist of a host office and 
several remote centers. Sometimes, these systems are installed in buildings that cost much less 
than the equipment. In many cases, these buildings, some barely meeting code requirements, may 
have been converted to house this equipment. The host office can be considered as a class 4 
office in the public network hierarchy, while the remote centers are class 5 offices. These PXN 
systems are connected to the PSN via a single CO trunk. The whole PXN can be cut off from the 
PSN if this trunk is severed. 

Each central office can be considered as a node in the network with branches (trunks) connecting 
to other nodes. For a multistory central office building with different classes of offices on 
different floors, the node contains subsets of nodes. These are the most critical nodes in the 
network. Large private exchange systems can be represented by a subnetwork with a branch from 
the host node to a central office where the trunk is connected. 

IV -2.2 State Of The Art 

There is a big difference in outcome between evaluation of vulnerability and risk. Evaluation of 
risk provides (1) the probability of sustaining a given level of loss and (2) a quantifiable answer 
to determine the level of seismic damage mitigation. Evaluation of vulnerability determines 
design and installation deficiencies. 

IV-2.2.1 Vulnerability 

For switching facilities, evaluation of vulnerability can be divided into five areas: 

• Site evaluation 
• Equipment evaluation 
• Support facilities evaluation 
• Cable distribution system evaluation 
• Structural and architectural elements evaluation 

IV -2.2.1.1 Site Evaluation 

Depending on the geographical location of the building, a switch facility can be exposed to 
seismic hazards, such as landslide, liquefaction, lateral spreading, subsidence, and soil 
amplification. All of these hazards can cause differential displacement between building and 
ground, which can sever cables that enter/exit the facility. The seismic-prone areas in the central 
United States are susceptible to these types of seismic hazards. 
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IV -2.2.1.2 Equipment Evaluation 

Evaluation of equipment can be divided into five groups: 

• Equipment support structure 
• Equipment anchorage 
• Overhead bracing details 
• Methods of securing components 
• Methods of installation 

Analysis of design details of the structural elements of equipment racks, cabinets, and frames can 
provide definitive answers of the structural capability to resist seismic force. Trained individuals 
involved in the structural design of equipment can differentiate a good design from a marginal or 
poor one without spending a lot of time in analysis. 

Unanchored equipment is subject to the hazard of toppling and resultant damage in earthquakes. 
Photo 3 shows a piece of unanchored equipment overturned in the 1989 Lorna Prieta earthquake. 
It is important to ensure that all equipment in a switching facility is adequately anchored. 
Information on anchor sizes and types and on concrete strength is essential for a proper analysis. 

A substantial amount of equipment in central offices in high seismic zones is overhead braced. 
The details of the overhead bracing design are important to satisfy the design intent. Friction 
connections, bracing to non structural elements with inadequate anchorage of bracing elements, 
are vulnerable. Photo 4 shows a damaged cable rack during the Whittier Narrow earthquake in 
1987. 

For switching and transmission equipment, the methods of mounting shelves on racks, frames, 
or cabinets is important. Vibration caused by in-building motion during earthquakes can result in 
the dislocating or loosening of mounting hardware. Shelves can drop from their mounting 
surfaces. For example, a shelf with open slots on the mounting flange will slide off the mounting 
screws due to frame spread. Securing components to the shelves is also important. Whether it is a 
mechanical device or a printed circuit board, proper mechanical securing methods should be used 
to prevent the device or circuit board from walking out of a slot in a shelf. 

Accessories used in switching facilities are terminals and keyboards, printers, test equipment, 
reference manuals, and tapes/diskettes. Terminals in these facilities are used to monitor the 
system and, if they are not secured on the desks, they can end up on the floor during an 
earthquake. This will create difficulties in tracking and analyzing problems after an earthquake. 
There are a number of practical means of securing these types of accessories. Ve1cro™ can be 
used, and it is a very low-cost method. The same method can be used for retaining reference 
manuals and tapes on shelves. 

Batteries sitting on shelves without ties or rails to prevent them from falling or walking off the 
shelves are exposed to seismic hazards. Photo 7 shows a poor engineering/installation practice, 
and Photo 8 shows damage as a result of this type of poor practice. The rack may remain 
undamaged while the batteries are rendered nonfunctional. Evaluation of strength and anchorage 
requirements for batteries should follow the same processes as for equipment. 

In switching facilities, equipment of the same manufacturer is usually installed together to form a 
lineup of equipment. Unless the frames are joined mechanically, they are vulnerable to impact 
damage due to out-of-phase motion. Unanchored storage cabinets or shelves that are not 
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essential parts of the operation of the facility should be a.t least 1.5 times their height away from 
the nearest operational equipment. 

IV -2.2.1.3 Support Facilities Evaluation 

As previously defined, these facilities include: 

• Power supply 
• Backup generator 
• HVAC 
• Fire-suppression systems 
• Elevator 
• NC distribution 
• Spare parts storage structures 

Power outages have occurred in earthquakes, and the switching facilities are not exempted from 
power outage. Power reserves from batteries and backup generators are vital to maintain the 
facility's operationality. Traditionally, telecommunication systems are required to provide power 
reserves for a period of time specified by the purchaser. [n general, the reserves range from four 
to eight hours. If the commercial power is not restored before the specific time limit, the batteries 
will discharge to the point that the polarities can reverse. At that point the equipment will either 
malfunction or be damaged by the reverse current. It is desirable to have a functional backup 
generator to supply power before the discharge occurs. If a backup generator is damaged, a 
mobile unit can be brought in within the power reserve period to provide power for the 
equipment. For a large event that affects a wide area and reduces access to the switching facility, 
a functional backup generator is a must. The Lorna Prieta earthquake provided valuable 
information regarding backup generators; properly maintained generators and well-trained staff 
are necessary . 

Elements in generators that are vulnerable to damage are fuel lines, governors, vibration isolation 
pads, radiators, fuel tanks, and starter equipment, including pressure tanks, batteries, and air 
lines. 

Switching and transmission equipment are powered by DC (direct current); power boards, 
rectifiers, and inverters are used to provide regulated DC to the equipment as well as to charge the 
batteries. There are three commonly used DC voltages in switching facilities; they are -48V, 24V, 
and 130V. In general, the construction of power equipment is similar to the switching and 
transmission equipment, and the same approaches used in equipment evaluation can be applied. 
The securing and isolation of power buses have to be evaluated. A short between the power 
buses caused by isolation breakage or dislocated mounting hardware can cut off power to the 
equipment and may cause fire. 

Most of the HV AC units in service in switching facilities today have not been designed 
adequately for seismic application. The high-technology equipment being deployed in switching 
facilities today requires cooling to ensure proper reliability of operation. Cooling is becoming an 
essential part of the switching and transmission equipment. High ambient temperature will reduce 
the reliability of the integrated circuits used in digital equipment. The network will also be relying 
on data-based operations, using data processing equipment that also requires cooling. Most of 
the cooling units are the water-cooled type. The pipelines and water source are vulnerable to 
seismic hazards ilf they are not provided with flexible joints. Most HV AC units are not designed 
to be operational during and after earthquakes. HVAC seismic design is necessary now. 
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Equipment facilities with sprinkler systems for fire suppression can cause extensive damage to 
equipment when the pipes are severed by an earthquake. Therefore, water pipelines servicing the 
central offices in general can cause extensive damage. 

Regulations currently require equipment facilities in shared commercial buildings to be equipped 
with a fire-suppression system. This requirement should be carefully reviewed. The damage 
caused by broken sprinkler pipes, if a water sprinkler system is used, is far more severe than 
earthquake damage. Water pipelines bracing and methods of securing are important. The 
discharge of a halon gas fire-suppression system can cause long-term damage to the printed 
circuit-board circuits. 

It will also suffocate people if they are in the enclosed area when the gas is released. A broken 
valve can be life threatening. Proper protection of the halon discharge unit against seismic 
hazards is required. This is an area worth investigating. Design guidelines can be made available 
to the industry. 

Elevators are used mainly for restoration after damage. An operating elevator after an earthquake 
will ensure speedy restoration of heavy equipment to the upper floors. However, this is not 
considered to be important enough to set a standard for the telecommunication system. 

AC power distribution panels and breaker panels are potential problem areas. The anchorage for 
these panels may not be adequate. AC power cables are routed throughout the central office with 
rigid metal conduits, without flexible joints. They are highly vulnerable to damage. A damaged 
panel can cause a host of problems such as fire. Photo 5 shows a damaged AC panel in the 1989 
Lorna Prieta earthquake. 

There is a common tendency to use substandard buildings for spare parts storage. Damage to 
these buildings will definitely affect the restoration effort and increase duration of recovery after 
damaging earthquakes. 

IV-2.2.1.4 Cable Distribution System Evaluation 

This system includes the evaluation of ironworks and the main distribution frame (MDF). Cable 
entry from the outside plant arrives at the vertical side of the MDF. Routing of internal cabling 
from MDF to switching and transmission equipment is carried out by cable racks secured on the 
ironworks. 

The MDF is a fairly flexible framework. It is always supported overhead. For seismic 
installations extra steel angles are used to brace the MDF to the ironworks. The configurations of 
bracing vary as much as the ironworks itself. The methods of securing the bracing components in 
most cases are not adequate. This equipment is not likely to be replaced regardless of the progress 
made in the switching and transmission equipment. The framework is vulnerable to damage, such 
as bent or buckled uprights, loose terminal blocks, broken wire leads, and slipped or broken 
brace joints to the ironworks. 

There are design guidelines that govern the installation of the ironworks. These were developed 
for nonearthquake applications. However, there are as many different mechanical parts used in 
the ironworks as there are variations of installations from the design guidelines. The guidelines 
fail to address the physical restrictions of each site. Bracing requirements were added to enhance 
the strength of the system for earthquake applications. Non-Bell telephone companies have their 
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own set of guidelines for the ironworks. Most of them are based on the original Bell System 
Practices (BSP). 

The systems that exist today still extensively employ friction clip splices for cable racks. This is a 
recognized deficiency, and while the risks to system integrity may be limited, the risks do exist. 

In some old builldings, the anchors used for supporting the system are cast-in-place cast-iron 
anchors. They are quite brittle, and most of them cracked under seismic load. Photo 6 shows 
ironworks damaged by the Whittier Narrows earthquake in 1987. 

Like the MDF, this system will exist for at least another 10 to 20 years before the full deployment 
of fibre optic cables in switching facilities, which has started. This is an exposure to seismic 
hazard. 

IV -2.2.1.5 S1tructural And Architectural (Nonstructural) Elements Evaluation 

This category includes building structures, raised floors, dividing walls, light fixtures, and 
ceiling panels. 

Divestiture created competition, and building structures dedicated for central offices usage are no 
longer the trend. The tendency is toward leasing or purchasing commercial buildings. Since the 
buildings were not designed for housing vital equipment, most of them were built to minimum 
code requirements. There is a need to assess these buildings. 

Recently, some owners in high seismic areas have initiated building surveys and assessment of 
adequacy of their buildings to resist seismic force? Some buildings have been reinforced. 
Building upgrade is one of the highest priorities. 

Raised floor application is starting to make inroads into the central office environment. For 
private networks, most of the installations are on raised floors. Different methods have been used 
to provide seismic protection. Some of the methods used are side-posts, braced raised floor 
pedestals, and structural pedestals for equipment. The trend toward using raised floors is driven 
by the new tecbnology. Photo 9 shows equipment on a structural pedestal for raised floor 
application. 

Commercially available raised floors in general are not designed to resist lateral force transmitted 
from the equipment. Displacement due to shaking is the main concern for equipment anchored to 
the concrete slab through the raised floor. The trend is toward structural pedestals with raised 
floor built around the equipment lineups. 

Most nonstructuml elements are installed to the minimum requirements that apply to noncritical 
facilities. Special considerations are necessary for switching facilities. Fallen ceiling panels and 
light fixtures can cause service interruption. 

IV-2.2.2 Current Practices 

Since the industry is no longer regulated, competition dominates most planning and investment 
decisions. There are no standards governing all telecommunication systems. An important lesson 

3Private communication with Mr. Larry Wong of Pacific Bell. 
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here is that although a competent level of engineering to mitigate damage is feasible and 
achievable, the lack of demand and requirement has kept the industry from reaching that level. 

For equipment protection, planners and purchasing agents are specifying seismic protection as a 
requirement. Bellcore and Applied Technology Council (ATC) specifications are used for this 
purpose. New products are required by BOCs to meet seismic requirements specified in NEBS. 
However, non-Bell companies are not following this practice. Some require that the equipment 
meet NEBS, but the same cannot be said for its installation (e.g., reducing anchor size or number 
of anchors to accommodate floor deficiencies). 

For building structures, the trend is toward leasing buildings or portions of a building for 
equipment. Hence, earthquake protection in most cases is an afterthought. 

Another development is that in the central and eastern United States, earthquakes have only 
recently become an issue. Some upgrading is in progress, but the work is sporadic. 

Techniques are available to upgrade equipment, and design guidelines are available to prevent 
seismic damage. Following is a list of some of the techniques and guidelines in use today: 

• Anchor Equipment Securely--Anchorage is a basic requirement and most 
essential for telecommunication equipment; it is essential for the protection of any 
lifeline-related equipment. The classical action-reaction diagram in Figure 6 shows 
why anchorage is needed to resist lateral loads. 

• Tie Side-By-Side Equipment--Pieces of equipment located side by side should 
be tied together; a through-bolt or a metal plate can be used to form a mechanical 
junction of the tops of the equipment frames. This prevents out-of-phase pounding, 
which can severely damage the frames and, hence, the components and shelves 
mounted on the frames. 

• Allow Sufficient Spacing For Relative Displacement -- Where 
interequipment ties are not practical, leave enough space between pieces of equipment 
to allow for relative displacement. The spacing is governed by the stiffness of the 
equipment. There should also be adequate spacing between equipment and structural 
members of the building. In general, it is good practice to allow extra spacing to 
ensure safety. 

• Build in Cable Slack To Relieve Cable Strain--Cable slack will prevent 
cable damage due to stretching. Copper cable is reasonably robust in this regard, but 
the seismic load on copper cable should not be underestimated. The extra cost of 
cable slack is very inexpensive insurance against cable failure. 

It is also a good engineering practice to provide cable restraint at exit or entry points between 
equipment or lineups. This will provide a second level of protection for seismic loads, and day­
to-day protection for maintenance and service. 

Fibre optic cables, although not as robust as copper cables, are treated in the same manner as 
described above. However, the fibre optic cables are run separately and are not mixed with 
copper cables. 

• Install Positive Locking Connectors And Circuit Packs--A positively 
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locking connector can prevent loosening due to vibration or cable pulling. A lock 
latch or a retaining bar across the front of the shelf can prevent circuit packs from 
walking out of connections. 

• A void Top-Heavy Design--Top-heavy equipment has a high center of gravity 
and a large moment due to seismic force. Tht~ moment puts extra load on the anchors 
and the structural portion of the equipment base. 

• A void Open-Ended Slots For Equipment Shelf (Figure 7)--Open-ended 
slots can cause shelves to be dislocated from mounting hardware during an 
earthquake. 

• Use External Bracing--External bracing of equipment is necessary when the floor 
cannot sustain the necessary anchor loads, e.g., when the slab is too shallow or the 
compressive strength of the concrete is too low. External bracing, mostly in the form 
of overhead bracing, can take up part of the anchor loads. Several forms of external 
bracing are in use: 

Overhead Bracing--Bracing electromechanical equipment to ironworks is a 
common practice. This method requires the ironworks to be strong 
enough to carry the additional seismic load. Extra diagonal bracing and 
hanger-rod bracing may be required to reinforce the ironwork. Hanger-rod 
bracing can be achieved by using Unistrut™ with jam bolts to improve 
buckling capacity. 

Si.de-Posts--Floor-to-ceiling side-posts are positioned at each end of a lineup 
(see Figure 8). The tops of each component of a lineup are tied to the posts 
to provide overhead bracing. This method is a very practical solution to 
raised floor installations. 

Cable Bracing System--Developed in the mid-70s, cable bracing was used in 
several central offices in California (see Figure 9). Steel cables are 
anchored to structural walls and columns within the equipment area. The 
cables are located a few centimeters above the equipment. Special 
hardware is used to tie the equipment tops to the cables. The tops of the 
lineups are mechanically junctioned. 

Mechanical Frame--An extremely stiff framework installed within a lineup, it 
provides extra stiffness (see Figure 10). It increases the fundamental 
natural frequency of the equipment to reduce anchor-load, carry 
requirement. This frame provides strength in the longitudinal direction, 
which is usually the weaker direction of the equipment frame/cabinet. 

Structural Pedestal (For Raised-Floor Installations)--Most raised-floor 
systems are designed to carry only vertical load. Hence, lateral load 
induced by equipment on the raised floor (due to lateral ground shaking) 
may be a problem. One method to ensure equipment protection for raised­
floor application is to strengthen the lateral load-carrying capacity of the 
raised floor. Another method is to protect the equipment independently 
from the raised floor, by using a separate structural support for the 
equipment. This method is more cost-effective since the structural 
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pedestals are required for the equipment, and not for the raised floor. 

IV -2.2.3 Existing Knowledge 

The knowledge base is quite extensive, and Japan's research and development data can provide 
additional information in developing standards. Knowledge from other lifeline risk models can be 
helpful. 

IV -2.3 Standards Plan For New Facilities/Construction (NF) 

Priority should be given to developing standards for new construction to be deployed in the 
telecommunication system. However, the same urgency applies to upgrading existing systems. 
Interdependency of lifelines should also be evaluated and consistency should be maintained 
across the lifeline standards. For example, if electric power facilities are required to restore 
power supply within three days after an earthquake, then the backup generators in 
telecommunication should not be required to carry a fuel supply much longer than that. Hence, 
the timing of implementation of the lifelines standards is important. 

More studies and research are needed to enhance the knowledge base in key areas, such as 
network risk assessment and modeling. Collating and disseminating available knowledge is a 
necessary first step. 

IV-2.3.1 Scope 

The standards should cover all telecommunication systems: public, private, and wireless. The 
objective is to develop a set of standards and codes for new construction that will help the 
industry meet goals. The cost estimate for each task is based on $100,000.00 ($100K) per 
professional person-year. The time estimate is the duration of the task. 

IV -2.3.2 Standards Plan 

Task NFI--Building Structures 

This task is to evaluate the existing codes and practices of designs for facilities, including storage 
structures. Generate a report with recommendations that can form the basis for a standard. 

Involve qualified earthquake engineers to develop a draft standard for all buildings that house 
lifeline equipment. The standard should include site-preparation requirements to reduce the 
effects of building-to-ground displacement. 

By the time this task is awarded to a contractor, FEMA's NEHRP Recommended Provisions for 
the Development of Seismic Regulations for New Buildings will be available in the 1991 edition. 

The estimated cost is $250K for a period of two years. Potential developers are ATC, 
International Council of Building Officials (ICBO), Building Seismic Safety Council (BSSC), 
National Center for Earthquake Engineering Research (NCEER), and consultants (both structural 
and geotechnical). 

Task NF2--Raised-Floor Applications 

Develop and evaluate methods, including anchorage, for raised-floor installation. Develop 
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standard practice for raised-floor applications. 

There have been a fair number of studies and research on this topic. Japanese research and 
development data on this topic can help speed up the development if the information is made 
available. 

The estimated cost is $250K for a period of two years. The potential developers are experts from 
the telecommunication industry, Bellcore, research organizations, and consultants. 

Task NF3--Acltive Equipment And Battery Racks 

Develop seismic standards for equipment, frames, racks, and bracing. An ANSI committee 
(Tl Yl.4 SWG3) is in place to develop an equipment standard for seismic protection of electronic 
equipment used in the telecommunication systems. The standard proposal, which is based on 
NEBS, IEC (Int1emational Electrotechnical Commission), and IEEE (Institute of Electrical and 
Electronic Engineers) specifications is not fully accepted by the committee yet. Recommendation 
is to have A TC included in the evaluation process. The standard should contain a zoning map or 
reference to a zoning map, design criteria, tests methods, and analysis methods. 

The estimated cost is $200K for a period of two years. 

Subtask NF3A--Multiaxis Test Methods 

Conduct research to establish the benefits of standardizing multiaxis test methods. 

The estimated cost is $250K for a period of one year. Potential developers are research 
organizations, universities, Bellcore, consultants, and manufacturers. 

Task NF4--C3lble-Handling System (Including Bus Bars) 

Develop test methods for determining the load-carrying capacity of the ironworks with different 
site constraints. Prepare a report that includes recommendations of design approaches and 
installation practices and details of the components to be used. 

Develop a draft standard for design/installation practices from the resulting models. 

Some preliminary work on the cable-handling system was done by Bellcore a few years ago. 
This information, if made available, will simplify some of the work required to establish design 
guidelines. 

The estimated cost is a total of $250K for a period of three years. Potential developers are 
Bellcore, research organizations, and universities. 

Task NFS--HV AC 

Investigate existing design and installation practices in seismic zones and evaluate the existing 
standards if available. Produce a report based on the investigation that describes the design and 
installation practices, analyzes vulnerable areas (including dependency on other lifelines, such as 
power and water), and makes recommendations for improving design and installation for seismic 
application. Produce guidelines to enhance the perfonnance of the in-place equipment against 
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seismic damage. In addition, develop a draft of standards for design and installation. 

The estimated cost is $500K for a period of four years. Potential developers are experts from the 
telecommunication industry, manufacturers, and consultants. 

Task NF6--Support Facilities (AC Distribution, Fire-Suppression) 

Evaluate existing design guidelines for installation practices for these facilities. Prepare a proposal 
for a draft standard to enhance existing practices or to establish a unique standard practice for 
telecommunication facilities. 

This task should include all nonstructural elements, for example, light fixtures, suspended 
ceilings, and accessories, such as test equipment, as indicated in Section 2.2.1. 

The estimated cost is $150K for a two-year period. Potential developers are consultants, experts 
from the telecommunication industry, and manufacturers. 

Subtask NF6A--Fire-Suppression Capabilities In Lifeline Equipment Offices 

In addition to the work above, a study should be carried out to evaluate the requirements or 
necessity of tIre suppression in lifeline equipment offices. 

The estimated cost is $500K for a two-year period. Potential developers are consultants, experts 
from the telecommunication industry, regulatory agencies, and fIre departments. 

Task NF7--Spares Storage 

Collate available methods to protect components on shelves and open racks. Develop and 
document a standard practice. 

The estimated cost is $100K for two years. Potential developers are TCLEE, experts from the 
telecommunication industry, Bellcore, and consultants. 

Task NFS--Backup Generator 

Evaluate state-of-the-art design and installation practices. Identify and analyze design deficiencies 
related to earthquake performance. Produce a draft standard for generator design and installation 
practices. 

The estimated cost is $350K for a period of four years. Potential developers are manufacturers, 
consultants, and experts from the telecommunication industry. 

IV -2.4 Standards Plan For Existing Facilities (EF) 

The development of standards for retrofits and upgrades to bring eXIstmg systems to an 
acceptable level of risk can be pursued in parallel with that for new constructions. 

IV -2.4.1 Scope 

The standards should be applicable to all telecommunication systems: public, private, and 
wireless. The objective is to bring all the communications systems to a reasonable level of seismic 

IV-I8 



TELECOMMUNICATION LIFELINES 

protection. 

IV -2.4.2 Standards Plan 

Task EFI--Building Structure 

Investigate the seismic force resistance of existing buildings, including storage facilities, and 
determine the level of protection. Provide standard design practices to improve the level of 
survivability. The level of survivability should be established based on the degree of importance 
of the facilities in the system. More stringent requirements are necessary for critical facilities. 

FEMA has developed several reports that can assist in the effort, such as A Handbook For 
Seismic Evaluation Of Existing Buildings (FEMA 178) and Techniques For Seismically 
Rehabilitating Existing Buildings (FEMA 172), both of which are in the process of consensus 
review revision by the BSSC and will soon be reissued as NEHRP Handbooks. Additionally, 
the BSSC, together with ATC and ASCE, is initiating a project to develop consensus-based 
guidelines for seismic rehabilitation of buildings. The consensus versions of FEMA 172 and 178 
should be reviewed, and participation in the BSSC guidelines development effort should be 
established. 

The estimated cost is $200K for a period of two years. Potential developers are consultants, 
ATC, NCEER, and BSSC. 

Task EF2--Active Equipment (This task is combined with Subtask SP3A.) 

Investigate and evaluate the in-place equipment to determine their seismic force resistance 
according to existing specifications. Develop guidelines to bring the equipment to present design 
levels. 

The estimated cost is $150K for a period of two years. Potential developers are TCLEE, 
NCEER, Bellcore, and consultants. 

Task EF3--Cable-Handling System (This task is combined with Subtask SP3A.) 

Develop methods for retrofitting existing cable-handling system in parallel with Task NF3. 
Perform tests to verify retrofit methods. Prepare a report on design guidelines based on the test 
results. 

The estimated cost is $150K for a period of two years. Potential developers are Bellcore, research 
organizations, and universities. 

Task EF4--HV AC 

This task is covered under the development of the standard for new constructions. Guidelines 
produced in Task NF5 can be applied for upgrades. 

Task EFS--Support Facilities 

This task is identical to Task NF6. Guidelines produced in Task NF6 can be applied as retrofit 
guidelines. 
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Task EF 6--Spares Storage 

This task is identical to Task NF7. Standard practices produced in Task NF7 should be the same 
for retrofit and upgrade purposes. 

Task EF7--Backup Generator (This task is combined with Sub task SP3A.) 

Evaluate methods to protect generators and improve their seismic performance. 

Various methods for protecting generators exist at present. The effort required here is to evaluate 
these methods and the cost-effectiveness of upgrading. 

The estimated cost is $150K for a period of one year. Potential developers are consultants, 
experts from the telecommunication industry, and manufacturers. 

IV -3. OUTSIDE TRANSPORT FACILITIES 

IV -3.1 Introduction 

Outside transport facilities include all facilities connecting switching facilities. From a network 
modeling point of view transport facilities constitute branches of the network. In addition to the 
obvious links, such as cables, they include repeaters on long lines, which are used to step up the 
signal level and maintain signal quality. Large private exchanges may not need repeaters in 
connecting lines to remote offices unless they are more than 15 km away. 

Transport facilities are usually exposed to an environment that is more hostile than that for 
switching facilities. Consequently, they have received more attention in terms of design and 
installation. However, some of the precautions as practiced today are not adequate, and in some 
cases, seismic hazards such as ground motion are not considered. 

IV -3.2 State Of The Art 

IV -3.2.1 Vulnerability 

For outside transport facilities, evaluation of vulnerability can be divided into four areas: 

• Site Evaluation--Site and geology are important factors affecting outside transport 
facilities since they are widely and spatially distributed. Landslides, liquefaction, 
faulting, and lateral spreading are some of the hazards affecting the facilities. 
Collapse of structures, such as buildings, bridges, etc., can destroy outside plant 
cables instantly. Manholes and CEV s are vulnerable to the same hazards; even 
though they may be structurally undamaged, the cables entering and exiting the 
facilities may be severed. 

• Loop/Trunk Distribution--Site evaluation is an important part of loop/trunk 
distribution planning, and the method of routing is also important. The design of 
conduit joints is critical to prevent joint separation and, hence, cable damage. Buried 
cables without conduits are more susceptible to seismic hazards. 

Right-of-way crossing and access is another hazard to be considered when planning a loop/trunk 
route. A trunk that is secured to a bridge may meet the same fate as the bridge during an 
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earthquake. Redundant routes may be required to reduce the risk. 

With the forthcoming development of the next-generation signaling scheme, Common Channel 
Signalling (CCS} with Signalling System #7 (SS#7), this network should have alternate access to 
ensure system integrity. Special considerations for locating these central control facilities are 
mandatory. A call cannot be completed to a called party when the CCS with SS#7 link to the 
central office of the called party is severed, or when the facility is destroyed. 

Fibre optic cables as trunks provide enormous capacity compared to copper cables, and they 
promote concentration and consideration of lines. System vulnerability is increased. For instance, 
a severed fibre optic trunk can reduce 50 times more circuits than a copper trunk. Photo 10 
shows a buried fibre optic cable, while Photo 11 shows ~m above-ground fibre optic cable routing 
practice. The fibre optic cables, shown in Photo 11, are owned by different carriers; however, 
they are using the same right of way. 

• Towers (includes guided and nonguided)--Towers built on top of multistory 
buildings are subject to high seismic force due to amplification. The theory that wind 
load dominates seismic load should be carefully reevaluated. Old towers designed to 
old codes are especially vulnerable, and the impact of damage to these towers should 
be evaluated. 

Currently, there are no standards or codes for tower designs to resist seismic force. 
Infonnation and data on tower seismic performance are lacking. 

• Repeater stations (includes radio equipment)--The equipment used in 
repeater stations may be different from those in the switching facilities. However, the 
degree of vulnerability is the same, since a repeater station differs from a switching 
facility only in size and amount of equipment. Both have battery reserves, active 
equipment, etc. 

Emergency services have their own repeater stations with a different type of radio equipment. 
Some of these are small enough to be placed on a desk or a shelf, with battery backup located at a 
comer of an open space. Equipment of this type may fall off desks and shelves, thus disabling 
the emergency services. Precautionary measures to prevent such mishaps can be addressed by a 
guide or standard practice, rather than a standard or code. 

I V -3.2.2 Current Practices 

For BOCs, the installations for transport facilities follow the Bellcore specifications. They are 
TR-TSY-000043 (Above-Ground Electronic Equipment Enclosures) and TR-TSY-OOOO26 
(Below-Ground Electronic Equipment Enclosures). Much of this information originated from 
Bell System Practices. However, these specifications do not address seismic-related design and 
installation practices. Additionally, there is a knowledge gap in certain areas, such as fibre optic 
cable. 

It is common practice to leave cable slack between splice points or between poles. Though not 
driven by seismic considerations, this practice reduces the possibility of excessive strain on the 
cable due to ground movement. Historically, trunk groups are run in conduits, but conduits have 
a high initial cost and the investment can only be recouped in expansions. For new companies 
starting up their own trunks, conduits are high-cost items, which reduce their competitiveness. 
Studies of the construction and material used for the conduits, and the structural protection they 
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provide to cables, are required. 

IV -3.2.3 Existing Knowledge 

When the site conditions are known, methods of site treatment are available, and these can be 
used to mitigate damage due to ground strains. The appropriate site preparation practices for 
particular site conditions can be documented. 

For towers, there is a need to collect and study seismic performance data in order to understand 
their failure mechanism. Design criteria can then be established. 

The performance of fibre optic cable inside a conduit subject to ground shaking requires study. 
Installation techniques in the form of design specifications should be established. 

IV -3.3 Standards Plan For New Facilities (NF) 

IV -3.3.1 Scope 

The intent is to establish state-of-the-art design methods and criteria to reduce the impact of 
seismic hazards to outside transport facilities. The standards cover all systems, including public 
and private systems. 

IV -3.3.2 Standards Plan 

Task NF9--Underground Components (CEV, Manhole, And Conduit) 

Subtask NF9A--Review Of State Of The Art Of Underground Components And 
Development Of Guidelines 

Collect and evaluate the knowledge available through workshops and technology exchanges with 
Japan. Review studies on buried pipelines (liquid fuel, water and sewage) to improve 
understanding of the impact of ground strain on conduits. Correlate this information with induced 
cable strain. Prepare a report on guidelines for the standards unique to telecommunications 
applications. The guidelines can be used for upgrading existing installations. 

Fibre optic cable can be added to the pipeline field test set up at Parkfield, California, to obtain 
data. 

The estimated cost is $300K for a period of two years. Potential developers are research 
organizations and universities. The effort should be coordinated by EERI, NCEER, or TCLEE. 

Subtask NF9B--Trunk Routing 

In cooperation with telecommunication network owners, evaluate and review trunk routing. 
Identify critical links and study site conditions of these links. Prepare proposals to upgrade 
facilities so identified. The proposals should include design guidelines, procedures for upgrade, 
and material provisions. 

Draft a standard containing methods and design criteria for new installations of CEVs, manholes, 
and conduits specific to telecommunication networks. 
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The standard should include procedures for site preparation for each of the three components, and 
construction and material provisions. Design details of junctions between CEVs, manholes, and 
conduits should be specified. The standard should also specify site conditions. 

The estimated cost is $300K for a period of three years. Potential developers are Bellcore, 
consultants, and experts from the telecommunication industry. 

Task NF10--Towers 

Subtask NF10A--Performance Of Towers During Earthquakes 

Evaluate performance of towers during earthquakes and use findings to establish a baseline for 
the standard. The study should include analysis of damage to towers constructed according to 
existing practices. 

The estimated cost is $lOOK for a period of one year. Potential performers are consultants, 
research organizations, and manufacturers. 

Sub task NF10B--Guided And Nonguided Towers 

Prepare a draft standard that includes guided and non guided towers. Verify the design standards 
against analysis performed in Subtask NFlOA. Establish guidelines for retrofit design. 

The standard should include design criteria and provisions for location (e.g., on top of multistory 
buildings, on hilltops, etc.). Site preparation provisions should meet the standard developed 
under Task NF9. 

A committee formed under the subworking group EIA (Electronic Industry Association) of the 
TIA (Telecommunication Industry Association) has been developing standards related to tower 
construction. Its findings and efforts can be used in this task. A revision on the seismic protection 
portion can be added to RS222. 

The estimated cost is $200K for a period of three years. Potential developers are TIAlEIA 
TR14.7 RS222 c:ommittee, consultants, and tower manufacturers. 

IV -3.4 Standards Plan For Existing Facilities (EF) 

The task for this part of the plan requires full cooperation from the telecommunication network 
owners, without which the task may not be carried out. 

IV -3.4.1 Scope 

The intent is to cover critical links with high exposure to seismic hazards. The effort is not to 
eliminate damage but to minimize damage. 

IV -3.4.2 Stalildards Plan 

Task EF8--Underground Components (CEV, "Manhole, And Conduits) 

The studies and guidelines produced under Task NF9 cover the upgrades to existing facilities. 
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No additional work or cost is required. 

Task EF9--Towers 

Upgrade of existing towers is included in Subtask NFlOA. 

No additional work or cost is required. 

IV-4. SYSTEM AND SPECIAL SERVICES 

IV -4.1 Introduction 

Recent technology has extended the service of the telecommunication system from POTS to 
multiple function services, including ISDN, Centrex, data, 911 emergency, video, and other 
business-specific services. Both private and public sectors depend on the network as an integral 
part of their operations. Since this expansion is in response to various needs and trends, a lack of 
consistency in system development makes the system more vulnerable. This danger, aside from 
those posed by earthquake hazards, has been identified by the Committee on Review of 
Switching, Synchronization and Network Control in National Security Telecommunications. 
Furthermore, due to cost considerations, modem flexible equipment must operate in a network 
with a high percentage of inflexible equipment, or in an environment that cannot use any 
automated network management features. 

Network management is the part of the system that supervises and controls the switching 
network. The objective is to maintain the call completion capabilities of the network to the 
engineered capacity. 

The network management functions are: 

• To detect an adverse traffic condition 

• To determine which calls should be denied into the network, and at what level they 
should be blocked 

• To maintain the highest possible percentage of completed calls 

Hence, system-level performance standards are essential to restore consistency and to ensure 
interoperability when needed. They are needed for preventive management of seismic risks. 
System-level performance standards are important if the industry is to move forward together. 

IV -4.2 State Of The Art 

IV -4.2.1 Vulnerability 

A common occurrence in the telecommunication systems during an earthquake is focused 
overload. A system is not designed to handle calls above its capacity, which is set according to 
the traffic patterns of each central and toll office. It is not cost-effective to provide full-capacity 
connectivity to all subscribers when the highest demand at peak periods is only a small percentage 
of a full-capacity connectivity. Overload can be minimized by educating the public; they should be 
made aware that (l) indiscriminate use of the phone during and after earthquakes may cause 
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hardship for people who need assistance, (2) the phone should be used only for emergencies, and 
(3) a receiver should be placed back on its hook when it has been knocked off by an earthquake. 
This information can be disseminated by the telecommunication industry. 

Telecommunication operators can use network management features to direct or manage traffic to 
avoid overload. However, as the trend is moving toward unmanned offices, activating a special 
function for overload control may require human intervention. An alert mechanism should be in 
place to prompt key individuals to monitor and execute special functions (e.g., for essential 
services) in an emergency. Much of this planning has already been included in the system 
operator emergency response plan, which is set up to handle adverse situations, including 
earthquakes. 

As a backup mitigation measure, the number of alternate routes can be increased. This will reduce 
concentration and improve dispersion. Planners of the telecommunication network should have a 
checklist for seismic protection measures, and be educated on the need for considering these 
measures. 

On top of what the private sector can do to enhance the communication network, public policy 
can be established to improve circuit availability. Policy such as limiting the duration of 
conversation is a viable means to improve traffic. The policy of who has the authority of making 
a decision to put a time limit to phone connections during and after an emergency is important. 
This is a social, economic, and legal issue to be studied. NCEER has been working on this type 
of investigation, and their involvement will be valuable. 

As signalling and circuit connection path functions are moving away from the switching 
equipment to Switch Transfer Points (STPs) using Common Channel Signalling (CCS) with 
Signaling System #7 (SS#7), the redundancy inherent in the existing system is greatly reduced. 
Hence, the new control network should provide sufficient redundant routes to prevent failure. 
The STP and its peripheral data equipment should meet at least the existing design criteria. 
Routing of the control links must be reviewed to reduce exposure to seismic hazards. 

Hence, in summary, system performance can be improved by educating users, establishing 
policy, providing backup equipment, using diverse (redundant) routing, providing spare 
capacity, increasing number of switching points, improving network management, and imposing 
interoperability. 

IV -4.2.2 Current Practices 

There are no uniform practices across the different companies, although there are some remnants 
of the historic Bell System Practices (BSP) in most of the COs. Furthermore, private networks 
have practices that are different from the public networks. Telecommunication systems have 
evolved so quickly after divestiture that it is difficult to track what has changed. 

For emergency response, different companies establish different procedures and philosophies. 
However, the telephone companies and manufacturers have agreements to share/redirect spare 
parts and resources in the event of an emergency. Several companies own mobile switching units 
(a central office on wheels), which can be deployed if a switching facility is knocked out by an 
earthquake. Org,mizations such as the National Communications System (NCS) are working on 
emergency response operations. There is no need to duplicate the effort. However, it is 
important that FEMA and NIST follow through with the NCS effort. 
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Interdependence of lifelines is an area that has not been addressed in emergency response plans. 

IV -4.2.3 Existing Knowledge 

Network models for seismic risk assessment of water pipelines systems have been developed. 
Although the components in water pipelines systems are quite different from those of a 
telecommunication system, the methods, approaches, and philosophy can be used to develop a 
system-risk model for telecommunications. 

IV -4.3 Standards Plan For System And Special Services (SP) 

IV -4.3.1 Scope 

Network systems grow by expansion and evolution; new equipment and facilities are added to the 
old. It is seldom that a complete, new system is constructed from scratch. Performance standards 
related to seismic hazard mitigation are an extremely useful tool for planning of expansion and 
addition to the existing network. A major void exists in knowledge of system performance, and 
preliminary studies are required to gain insight into the performance requirement. 

Another void is modeling of postearthquake function, which can be helpful to expedite restoration 
and recovery, a good tool for emergency response planning after a damaging earthquake. 

This area is viewed as the highest priority topic in developing standards. The system standards 
development should be carried out in parallel with the research required to close the knowledge 
gap. 

IV -4.3.2 Standards Plan 

Task SPI--Network Risk Assessment And Simulation Model 

With the assistance of telephone companies, collect all relevant information on the 
telecommunication network with respect to the physical components and network configuration. 
Identify and list the vulnerable nodes (switching facilities) and links (transport facilities) of the 
network. For example, several switching facilities may be collocated in the same multistory 
building, requiring that several nodes be combined into a supemode. Geological location can be 
another dimension in the model. Hazards from sharing right-of-way should be considered in the 
links. Capacities of the branches are variables to be considered. 

The estimated cost is $400K for a period of two years. Potential developers are consultants, 
research organizations (NCEER), and universities. 

Task SP2--Postearthquake Restoration Model 

Develop a postearthquake restoration model to identify priorities of the components to be restored 
to enhance service. 

Similar studies have been performed before. Results from these studies should be analyzed and a 
model of restoration relevant to existing networks developed. The model can be exercised to aid 
emergency response planning or speed up decision-making after a damaging earthquake. 

The estimated cost is $400K for a period of two years. Potential developers are consultants, 
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research organizations, and universities. 

Task SP3--A System Performance Standard 

Establish a system performance standard. 

Many issues should be addressed in developing this standard: 

• Acceptable level of service reduction 
• Acceptable interval/duration of service outage 
• Acceptable level of capacity reduction 
• Performance of regular services 
• Performance of essential services, e.g., 911, emergency services 
• Level of restriction in service 
• Level of redundancy 
• Line load-control protocol 
• Lifeline interdependency 

The standards developed for equipment and components of the system described in the plan 
should be an applicable part of the documentation of system performance standard. 

Time period in which to implement the system performance standard can be established to allow 
the existing facilities to catch up to the criteria established. Cost impact versus level of 
performance has to be studied to determine the acceptable criteria for the system performance. 
Cost impact would include an increase in equipment cost, installation cost, maintenance cost, or 
subscriber basic rate. This is basically a socioeconomic issue to be resolved in this task. 

The estimated cost is $1,SOOK for a period of three years. Potential developers are consultants 
(including socioeconomic experts), telephone companies, manufacturers, research organizations 
(NCEER), and government agencies. 

Sub task SP3A--Design Guidelines And Practices (Existing Knowledge) 

In order to bring the system-level performance quickly to an acceptable level, existing knowledge 
of good design practices can be assembled in the form of a design guide and practice within the 
fIrst year. This will allow a head start for bringing the telecommunication system to a higher level 
of earthquake protection. This will also provide a platform for achieving the ultimate goal of 
totally uninterrupted telecommunication services. 

The necessary information is scattered within the earthquake engineering societies and 
organizations. FEMA documents should be reviewed and evaluated for inclusion in the 
guidelines. Documents from U.S.-Japan workshops organized by NCEER are another resource. 
This task is aimed at collating all design practices known for earthquake hazard reduction of 
telecommunication systems in a single volume of design guidelines and practices. This should 
include all facilities mentioned in this plan. 

The estimated cost of this task is $600K for a period of two years, and includes Tasks EF2; EF3, 
and EF7. Potential developers are ATC, TCLEE, NCEER, and consultants. 
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IV-S. SUMMARY OF STANDARDS PLAN SCHEDULE AND PRIORITY 

Schedule and priority are formulated based on the relative importance of the activities and the 
existing information available from earthquake experiences to bring the overall system to a 
standard level of performance. The schedule is based on completing the whole program in eight 
years. 

The priority is based on having the system level standard established prior to the components 
standards in order to provide a target for the components. 

With the existing knowledge base the first task is Subtask SP3A, since this will provide a good 
starting point in earthquake hazard reduction. 

Standards activities are grouped into five categories and priorities set as listed below: 

• SystemlNetwork Performance 
• Outside Transport Facilities 
• Reserve Power Facilities 
• Building and Support Systems 
• Equipment (Battery Racks and Cable Handling System) 

Specifications for earthquake protection exist for equipment, battery racks, and cable-handling 
systems. Postearthquake performance of equipment and battery racks was good when these 
specifications were applied. Therefore the need for enhancing these standards is low. 
Furthermore, ANSI Tl Yl.4 standards group is working on a standard for equipment protection 
against earthquake damage. 
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SUMMARY 
OVERALL SCHEDULE AND PRIORITY 

Priority# 1--SYSTEMINETWORK PERFORMANCE (Total $2,900K) 

Task# Description (cost $K) 1 2 3 4 5 6 7 8 

SP3A Design guidelines (600) xxxx 
SP3 System perfonnance Std (1,500) xxxxxxx 
SP2 Post EQ restoration model (400) xxx x 
SP1 Network risk assessment (400) xxxx 

Priority# 2--0UTSIDE TRANSPORT (Total $900K) 

Task# Description (cost $K) 12345678 

NF9 Underground components (600) 
NFlO Towers (300) 

Priority# 3--RESERVE POWER (Total $350K) 

xxxxxxxxx 
xxxxxxxxx 

Task# Description (cost $K) 12345678 

NF8 Backup generator (350) xxxxxxxxx 

Priority# 4--BUILDING and SUPPORTING SYSTEMS (Total $1 ,950K) 

Task# Description (cost $K) 1 2 3 4 5 6 7 8 

NFl Building structure (250) xxx x 
NF2 Raised floor (250) xxxx 
NF5 HVAC (500) xxx xxx xx 
EFt Budding structure (200) xxxx 
NF6 Support facilities (150) xxxx 
NF7 Spares storage (100) xxxx 
NF6A Fire suppression study (500) xxxx 

Priority# 5--EQUIPMENT and CABLE SUPPORT SYSTEM (Total $700K) 

Task# Description (cost $K) 12345678 

NF3 Active equipment/battery racks (200) xxxx 
NF3A Multiaxis test evaluation (250) 
NF4 Cable handling system (250) 

Grand total estimated cost is $6,800K 
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Figure 2. Cellular radio concept. 
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Figure 3. Simplified long distance network. 
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Figure 4. Number of COs in North America (including Canada). 
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Assume: center of gravity at rrud-height 
Base moment (M,) = F • H/2 
Balancing moment (M.) = Fl • L, + F:· L: 

F: and Flare anchor loads. F z is the 
load used for anchor selection . 

Figure 6. Simplified action vs reaction. 
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uprilbLS or rrames 

Figure 7. Open slot versus close slot shelf mounting. 
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Figure 8. Side post bracing applied to raised-floor application. 
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Figure 9. Cable bracing system using columns and walls. 
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Figure 10. Mechanical frame to stiffen a lineup of equipment. 
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Photo 1. Sylmer CO after San Fernando earthquake 1971. Overhead bracing 
failure resulted in switching equipment collapse. Cost $4.5 million to restore. 
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Photo 2. A typical MDF. The far side is the horizontal side. 
Trunk is connected to the near side. There is no structural 
strength to this frame. Note the overhead bracing. 
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Photo 3. Unanchored equipment does overturn during earthquakes. This picture 
shows a laboratory work bench toppled during Lorna Prieta earthquake 1989. 

Photo 4. Whittier Narrows earthquake in 1987. An overloaded cable rack collapsed. 
Note the friction clips used to splice sections of cable racks together. Note the pole 
supports the ironwork from falling. 
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Photo 5. Lorna Prieta earthquake 1989. An AC panel in a central office pulled away from the 
wall. Close up view on the left. 

Photo 6. Ironwork failure during Whittier Narrows eruthquake in 1987. Note the friction clips 
used. 
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Photo 7. Poor battery mounting, no restraint. 

Photo 8. Damaged batteries resulted from not restraining batteries to the rack. 
Note the rack is not damaged. 
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Photo 9. Structural pedestal for raised-floor application. Similar pedestals used in 
the Bay Area performed well during Lorna Prieta earthquake in 1989. 

Photo 10. Burying fibre optic cable in process. 
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Photo 11. Above ground fibre optic cable routing. Each is owned by a different carrier. 
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CHAPTER V: TRANSPORTATION LIFELINES 

IAN G. BUCKLE 

V -1. INTRODUCTION 

This chapter presents a plan for the development of nationally applicable seismic standards for the 
design and construction of both new and existing transportation lifelines. Four transportation 
lifelines are considered: highways, railways and mass-transit systems, ports and waterways, and 
air transportation facilities. Accordingly, eight standards are proposed, one for the design of new 
construction and one for the retrofit of existing facilities in each of the above four lifelines. 

Each lifeline standard is in fact presented in four parts and comprises a philosophy statement, a 
performance-bas,~d system standard, a collection of prescriptive component standards, and a 
collection of equipment and material provisions. Emphasis is placed on the importance of 
developing a consistent approach to all of the transportation lifelines. Several tasks are therefore 
common between these lifelines. Also, for the design of new construction many of the 
component standards (bridges, tunnels, pavements, slopes, retaining structures and general 
purpose buildings), should be generic standards which will preserve consistency and avoid 
duplication of effort. Unfortunately, this same approach does not seem feasible for the retrofit of 
existing components. 

The plan also provides for the field evaluation of the eight standards. Three sites will be chosen, 
one each from a high, a moderate, and a low seismic zone, and each standard will be tested for 
ambiguity, completeness, and cost impact. After this evaluation is complete, a final review is 
proposed, followed by the development of instructional materials for the education and training of 
engineers and responsible officials. 

To permit the timely development of these standards a research program is also proposed. Both 
basic and applied research is necessary in order to satisfy the anticipated demands for answers to 
critical questions, without which rational, defensible standards cannot be prepared. 

This development plan extends over eight years and comprises three distinct phases. The first 
phase includes criteria development and the research program noted above. It will last four years 
and will overlap the second phase in which the standards themselves are developed. This second 
phase is three years long. Evaluation, review, and education together make up the third phase, 
which is expected to take another three years to complete. 

The total budget for the development of all eight standards and the support of the accompanying 
research program is $31,310,000, over the eight-year period. This figure includes $12,720,000 
for the development of standards for new construction and $18,590,000 for standards for 
existing facilities. 

V -1.1 Transportation Systems 

Modem society is totally dependent on a complex network of infrastructure systems, which are 
frequently hidden from view and almost always taken for granted. These systems are lifelines in 
today's industrialized society and include the supply of energy and fresh water, the provision of 
transportation and communication services, and the disposal of wastewater and waste products. 
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Infrastructure systems together comprise the fabric by which society and its built environment is 
threaded together. They are the basic installations and facilities on which the continuance and 
growth of a community depend, and without which the high standard of living enjoyed today 
would vanish. 

Among the oldest of these lifelines are the transportation systems, which include highways, 
railroads, mass transit systems, ports, waterways, and airports. Some of these also depend on 
other lifelines, such as electric power, communication systems, and water and sewer facilities, 
for their successful operation. Furthermore, other lifelines depend on transportation systems, 
principally to provide access to key facilities and also to share right-of-way for routing purposes. 

Transportation lifelines, like many other lifeline systems, are a collection of diverse structural, 
mechanical, and electrical components. Individually, they may have little value; collectively, they 
play a vital role in modem society. For example, a highway system may be comprised of 
pavements, bridges, tunnels, slopes, embankments, control systems, toll structures and 
informational signs. Individually, these items have doubtful value, but as a system they have 
essential and mutually dependent roles to play. 

The vast array of lifelines in the United States, their diversity and multiple ownership, makes the 
accurate compilation of an inventory a nearly impossible task. It follows that the nation's 
investment in this infrastructure cannot be stated with certainty. Nevertheless estimates have been 
made for those transportation lifelines in the Public Works sector. Tables 1 and 2 present this 
data. It will be seen that there are over 6 million kilometers of roads and highways, 570,000 
bridges, 41,200 kilometers of waterways, and 23,300 airports (Table 1). The annual investment 
in these facilities totaled $60.0 billion in 1984 (Table 2), which was 1-1/2 percent of the GNP for 
1983. 

Transportation systems, like buildings, are susceptible to earthquake damage. By their nature, 
however, they respond differently than buildings and for many reasons deserve special treatment. 
Some of these issues are as follows: 

• Transportation lifelines may be sensitive to both permanent ground displacements 
and horizontal and vertical ground shaking. 

• Transportation lifelines almost always have elements that are configured as linear 
elements ranging in length from tens of meters to many hundreds of kilometers 
and may therefore also be sensitive to spatial variations in ground motion. 

• Some transportation lifelines are located on variable and poor soil conditions 
dictated by factors outside the control of the designer. They may therefore also be 
sensitive to site amplification and liquefaction effects, which may vary 
considerably over the length of the lifeline. 

The consequences of failure in a transportation lifeline due to an earthquake or other natural 
disaster can involve [2]: 

• Direct loss of life due to collapse or structural failure of the lifeline 

• Indirect loss of life due to an inability to respond to secondary catastrophes, such 
as fires, and/or provide emergency medical aid 
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• Release of hazardous products (e.g., derailed tank cars due to track failure, gas 
leaks from ruptured utility lines) 

• D:irect loss of property and utility service (e.g., damaged utilities carried by a 
collapsed bridge) 

• Losses due to interruption of access (e.g .. , export losses due to port damage) 

• Disruption of economic activity across the nation as well as in the impacted 
community 

Transportation lifelines are owned by both public and private sector agencies and corporations. 
Federal, State, and local governments have different, but frequently overlapping, roles in lifeline 
operation and regulation. For example, many Federal, State, and local government agencies 
own, operate, andlor fund construction of dams, roads, bridges, waterways, and airport 
facilities. Within the Department of Transportation, seven separate administrations (including the 
Coast Guard, Maritime Administration, and St. Lawrence Seaway Development Corporation) 
have collective responsibility for the construction operation or regulation of highways, railways, 
aviation, urban mass transit, and waterway systems. 

V -1.2 Scope 

The purpose of this chapter is to develop a plan for the preparation of seismic design and 
construction standards for transportation systems. 

A standard is defined by the American Society for Testing and Materials (ASTM) as "a rule for an 
orderly approach to a specific activity, formulated and applied for the benefit and with the 
cooperation of all concerned." In terms of construction practice this is interpreted to mean a 
specific set of requirements or instructions for the testing, design, manufacture, installation and 
use of a building material, component or system [5]. 

Given the diverse nature of lifeline systems and components and their characteristic dependence 
on each other, it is important to differentiate between performance standards and prescriptive 
standards. A prescriptive standard is specific in nature giving details of usage or design 
procedures for a building material, component or system. An example of a prescriptive 
requirement would be that wall framing shall be 2 x 4 wood studs on 0.41 m centers. A 
performance standard prescribes objectives, conditions, and criteria to be accomplished and 
allows broad leeway for the designer to achieve results. The performance statement for the above 
condition would indicate the wall system shall be designed to specified loading and deformation 
criteria, allowing an innovative designer freedom to select the materials and other specific 
construction details [5]. 

In this plan the development of both performance and prescriptive standards is required. In 
general, standards that relate to system performance are performance-based, whereas standards 
related to individual components are prescriptive in nature. 

Five separate transportation systems are addressed in this plan. These systems and their principal 
components are listed in Table 3. 

It is clear from Table 3, that although each system is uniquely different, similar components 
comprise the different systems. In other words many components are common to more than one 
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lifeline, and therefore, some repetition in the prescriptive requirements for these components will 
be unavoidable. However, performance standards for each system must be tailored to the needs 
of each individual lifeline. 

V -1.3 Concept 

The basic premise underlying this plan is that, for each transportation lifeline, a four-part standard 
should be drafted, and that each part should address one of the following four issues: 

• 
• 
• 
• 

V-1.3.1 

Philosophy of seismic design and construction 
System design and construction 
Component design and construction 
Equipment and material provisions 

Philosophy 

Each transportation standard (or set of standards) must contain a statement that describes the basic 
philosophy assumed when drafting the system and component provisions. Such a philosophy 
may, for example, be built on the principle of acceptable damage during a large earthquake. This 
may be stated for bridges as follows [6]. 

• Small to moderate earthquakes should be resisted within the elastic range of the 
structural components without significant damage. 

• Realistic seismic ground motion intensities and forces are used in the design 
procedures. 

• Exposure to shaking from large earthquakes should not cause collapse of all or 
part of the bridge. Where possible, damage that does occur should be readily 
detectable and accessible for inspection and repair. 

For other transportation systems, this philosophy might be expressed in terms of acceptable loss 
of function for a given period of time. 

Further, these standards should be applicable to all parts of the United States, and variations in 
seismic risk should be accounted for in a rational manner. Uniform seismic-risk maps are 
available and are recommended for use in such circumstances. 

V-1.3.2 System Design And Construction 

Since it is imperative that each transportation facility operate as a system, it is important that 
performance standards for each system be established. 

Such a standard will restate the philosophy adopted in the previous section but may go further 
and specify maximum tolerable restoration times for particular facilities for given earthquake 
events (small, moderate, large). Under these circumstances, criticality of the facility to 
emergency response and short- and long-term recovery will determine restoration times. The 
required level of system performance may be so specified, leaving it to the designer to achieve the 
required standard. On the other hand, the provisions could also spell out various sublevels of 
performance, highlighting critical elements within the overall systems that need particular 
attention. To do this, vulnerable and/or nonredundant links must be identified in the standard, 
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and in view of the present state of the art, this is the preferred course of action. 

This same standard should also address the interdependence of these lifelines both within the 
transportation field and with other nontransportation systems. The issues concerned with 
collocation of lifelines should also be identified in this standard. 

V-1.3.3 Component Design And Construction 

As noted in Section 1.2 (and Table 3) transportation systems are composed of a number of 
discrete structural components. Prescriptive standards for these components that are consistent 
with the overall system performance requirements need to be developed. 

The following components are identified. 

• Bridges 
• Pavements 
• Slopes and embankments 
• Retaining walls 
• Tunnels 
• Buildings 
• Special structures (rock shelters, platfonns, signs, locks, control towers ... ) 

Mechanical and electrical components and subsystems are also integral parts of these lifelines. 
Standards for such items are discussed in the following section. 

V -1.3.4 Equipment And Material Provisions 

Electrical and mechanical equipment, which are found to a greater or lesser extent in all 
transportation facilities, must also be covered by prescJiptive standards. Reference to existing 
provisions may be possible but should not be taken for granted. Adequate seismic provisions for 
restraint of equipment and/or continued safe operation are not universally adopted. 

Material specifications are available from current codes and standards and should be immediately 
accessible by cross-reference with little or no difficulty. 

V-2. PLAN FOR TRANSPORTATION STANDARDS 

V-2.1 State Of The Art 

V -2.1.1 Introduction 

As noted in Table 1, there are more than 6 million kilometers of roads and highways in the United 
States and approximately 575,000 bridges, ranging from 6 m in length to 40 kilometers. The 
bridge inventory varies from single, simple-span structures to multi span suspension bridges. 
About one-half are state-owned, and of these, 47,000 are on the interstate system. Approximately 
72 percent ofthE:se bridges were constructed prior to 1935 with little or no consideration given to 
seismic resistance. 

In addition to bridges, highway systems also comprise pavements, tunnels, slopes, 
embankments, retaining walls, and some special structures, such as informational signs and 
rock/avalanche shelters. 
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Railroads share many of the same features as highway systems in that they also comprise vast 
networks of interconnecting links of similar structural components. Amtrak passenger service 
carries 20 million passengers a year over 40,000 kilometers of track to 530 locations using 350 
locomotives and 2,000 railcars. Freight totaling 985 billion metric ton-kilometers in 1975, was 
hauled over 320,000 kilometers of track using 27,700 locomotives and 1,700,000 railcars. On 
the other hand, mass transit systems are used almost exclusively for passenger traffic 
(commuters) in subway systems throughout major metropolitan areas. Some are relatively old 
(New York City, Chicago), whereas new systems have recently been completed in San Francisco 
and Washington, DC, and several are currently under construction (e.g., Los Angeles). 

There are more than 41,000 kilometers of inland waterways in the United States, which include 
170 dams and 225 locks. In addition, there are approximately 2,200 ports operating as marine 
terminals. Total traffic includes 4,400 tow boats; 28,700 barges; and 575 oceangoing vessels. 
Ports and waterways not only comprise bridges, wharves, and paved areas (like highways) but 
also have railroads and many special structures, such as retaining walls (bulkheads and sea 
bunds) and container cranes, which are essential to their continuing operation. 

Airports and air traffic control centers are comparatively new additions to the transportation 
infrastructure in the United States. Today there are approximately 14,500 airports through which 
more than 200,000 commercial and private aircraft operate. In addition to airport facilities, there 
are 23 Air Route Traffic Control Centers (ARTCC) in the United States and corresponding 
navigational guidance systems for the control and guidance of aircraft traffic between airports. 
San Francisco International Airport has daily traffic in excess of 1 ,300 flights with an annual 
passenger flow of approximately 31 million people. In addition, 570,000 metric tons of freight 
are handled annually. Land facilities are extensive, and more than 31,000 people are employed 
onsite. Airports generally have few nonbuilding structures, but the most important are the control 
towers and their contents. Pavements, bridges, buildings, fuel-storage facilities, and freight- and 
passenger-handling equipment comprise the remainder of the physical inventory at these sites. 
The ARTCCs are usually located away from airports, in buildings that contain electronic 
equipment for radar control and communication with aircraft. 

V-2.1.2 

• 

Vulnerability 

Highways--The most vulnerable element in the highway system appears to be 
the bridge component. Historically, bridges have proven to be vulnerable to 
earthquakes, sustaining damage to substructures and foundations and in some 
cases being totally destroyed as substructures fail or superstructures are unseated 
from their supporting elements (Figures 1 and 2). In 1964 nearly every bridge 
along the partially completed Cooper River Highway in Alaska was seriously 
damaged or destroyed. Seven years later, the San Fernando earthquake damaged 
more than 60 bridges on the Golden State Freeway in California. This 1971 
earthquake is estimated to have cost the State approximately $100 million to repair 
and replace these bridges, including the indirect costs due to bridge closures. In 
1989, the Loma Prieta earthquake in Northern California damaged more than 80 
bridges in a five-county region, and caused the deaths of more than 40 people in 
bridge-related collapses alone. The cost of the earthquake to the transportation 
system was $1.8 billion of which the damage to State-owned viaducts was about 
$200 million and to other State-owned bridges about $100 million [7]. 

Pavements are also vulnerable to earthquake damage due principally to ground 
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failure, such as liquefaction. Recent examples include the failure of the 
approaches to the San Francisco-Oakland Bay Bridge in October 1989, and the 
closure of the highway between Limon and San Jose in Costa Rica due to the 
Valle de la Estrella earthquake of April 1991. Pavements can also be damaged due 
to fault-rupturing as observed during the Hegben Lake earthquake in Montana in 
1959. 

Landslides are another common reason for highway closure, especially in 
mountainous regions (e.g., Montana (1959), Highway 17 during the Lorna Prieta 
earthquake (October 1989), and the Philippines (Bagiuo, 1990)). 

• Railroads And Mass-Transit Syst(~ms--Although railroad systems suffer 
damage similar to that caused to highways, their operation is much more sensitive 
to permanent ground deformation than is a highway's. A survey of damage to 
ra.ilroad components during past earthquakes in the United States and Japan [10] 
shows damage to bridges, embankment failures, vertical and horizontal track 
misalignments (Figure 1), tunnel misalignments, failure of tunnel linings, 
structural damage to railroad buildings, and overturned railcars and locomotives. 

Mass transit systems have generally behaved well during large earthquakes 
(Mexico City, 1985, and San Francisco .. 1989). This is most probably because 
they are essentially buried structures, and few lines actually cross active faults. 
However, loss of electrical power can disrupt service, as was experienced in San 
Francisco during the Lorna Prieta earthquake of 1989. 

• Ports And Waterways--Ports and waterways are, by their nature, constructed 
on soft saturated sites that are susceptible to site amplification effects and/or soil 
failure (Figure 4). Historically, damage due to earthquakes has included flooding 
due to tsunamis (Anchorage, 1964), massive flows and flooding due to 
liquefaction (Seward, Prince William Sound, 1964), and structural damage to 
wharves and container cranes (Oakland, 1989). Even relatively minor damage can 
dose a port for an extended period of time, and loss of export revenue can have a 
crippling effect on some economies (e.g .. , Chile, 1985). 

• Air Transportation Facilities--Failures of airport runway pavements have 
occurred in the past due to ground deformation and/or liquefaction effects. In 
1989, 900 m of the north end of the 3,000 m runway at Oakland Airport were 
damaged due to liquefaction, causing the closure of this section of the runway. 
However, flight operations were not severely impacted in this case, due to an 
adequate length of remaining undamaged runway. At San Francisco Airport, 
however, damage to the windows and contents of the control tower caused 
temporary closure of the facility, followed by restricted operations for a period of 
36 hours. The airport terminal building also experienced widespread secondary 
damage to non structural components [12]. The potential for severe structural 
damage to airports appears to be less than for other transportation systems 
principally because the basic components are pavements and buildings. However, 
even minor structural damage can cause closure of a facility and severely impede 
recovery efforts. Current building codes are life-safety oriented and do not protect 
against damage to secondary or nonstmctural components. Control centers at 
airports or at en-route centers (ARTCCs) are particularly vulnerable to damage of 
contents and consequential loss of operation. Similarly, loss of electric power, 
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V -2.1.3 

telecommunication, or radar equipment due to relatively minor structural damage 
can have a major impact on both local and regional air traffic operations (Figure 
3). 

Current Practice 

There are very few standards that have been explicitly written for the design and construction of 
transportation lifelines. Those that do exist are only for components (e.g., bridges), and none are 
available that address system-wide performance. 

Current practice is therefore based on sound professional judgment, which means that where 
relevant codes or standards are available, they are used and where absent, design guidelines are 
based on judgment. This judgment may, in tum, be based on previous experience in the same 
field or borrowed from similar experience in related fields (e.g., building design). 

Of all the transportation components, the highway bridge has been the most closely studied for 
seismic vulnerability, and standards have been prepared for bridge seismic design. 

The best example of such a standard is the seismic specification for new highway bridges, 
adopted by the American Association for State Highway and Transportation Officials (AASHTO) 
in 1990. These requirements are philosophically defensible and nationally applicable [6]. Some 
States, such as California, have developed their own seismic specifications for bridges, which 
take into account regional differences in seismicity and design practice. These alternate 
requirements must meet or exceed the AASHTO specification as determined by the Federal 
Highway Administration (FHW A) in order for the State to receive Federal aid for highway 
construction projects. In the case of California, the State's provisions are judged to be more 
stringent than the AASHTO specification. 

On the other hand, standards for upgrading existing highway bridges are not as well developed. 
A set of retrofit guidelines was issued by FHW A in 1983 [8], and the California Department of 
Transportation (CalTrans) has prepared in-house material for its bridge engineers, but there is no 
standard or universal guide for the seismic retrofit of existing bridges at this time. 

The same situation is also true for other common modes of transportation, such as railroads and 
rapid-transit systems. Nationally accepted seismic design requirements do not exist for these 
systems, and hence considerable differences exist in seismic design requirements and practice. 
However general recommendations for bridges are included in Chapters 8 and 15, for concrete 
and steel railroad structures, respectively, of the current American Railway Engineering 
Association (AREA) Manual for Railway Engineering, but these are not considered to be as 
rigorous as the AASHTO highway bridge requirements. 

In the absence of a unified code, current design practice for mass-transit systems in seismic areas 
appears to use a selection of codes and standards drawn from various sources. For example, 
Roberts and Kershaw [11] describe the seismic design criteria used for the light-rail-transit 
system for Sacramento. The seismic design of the major facilities (bridges, a maintenance 
building, passenger platforms and shelters, and the overhead electrical catenary support system) 
was based on the 1982 Uniform Building Code and criteria developed for similar highway and 
railroad bridges. Similar approaches have been adopted for the Los Angeles Metro Rail System 
as well as for the Boston SUbway. 

The situation for the other transportation lifelines appears to be similar. There are no codes or 
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standards written specifically for these systems. Even performance-oriented standards are 
lacking, and in such a situation reliance is placed on voluntary strategies (e.g., the self-imposition 
of performance criteria, drawn from various sources and modified to suit the case in hand by the 
designer in consultation with the owner). 

V-2.1.4 Existing Knowledge 

Whereas signific:mt progress has been made in earthquake engineering research in recent years, 
most of this progress has been in the area of building response. By comparison, lifeline 
earthquake engineering is still in its infancy, and there remain considerable gaps in the 
engineering community's knowledge with regard to lifeline seismic design and response. 
Transfer of knowledge from the building field is not straightforward because building codes are 
oriented towards life-safety issues, whereas lifeline standards must also be concerned with 
serviceability. Furthermore, geotechnical issues playa much greater role in the response of 
lifelines than for building structures, and soil-structure interaction problems remain largely 
unresolved. 

One exception to this general observation (that existing knowledge is scarce in the lifelines area) 
is in the highway bridge field. Since the 1971 San Fernando earthquake in California, 
considerable effort has been directed toward improving the seismic performance of bridges. 
Research programs were initiated, new standards developed, and instructional material prepared 
to assist the dissemination of this knowledge. This 20-year effort has culminated in three training 
courses, which are currently being offered as follows: 

• "Seismic Design of Highway Bridges" (4-1I2-day course), prepared by the 
H:~deral Highway Administration, offered by the National Highway Institute 

• "Seismic Analysis, Design and Retrofitting of Bridges" (4-day course), prepared 
by R.A. Imbsen, offered by University Extension, University of California, 
Berkeley 

• "Seismic Retrofit of Bridges" (2-day seminar), prepared by MJ.N. Priestley, F. 
Seible, and J. Roberts, offered by Department of Applied Mechanics and 
Engineering Sciences, University of California, San Diego 

Further, the Federal Highway Administration is currently seeking proposals under Solicitation 
No. DTFH-61-91-R-0094 for the development of a training course on the seismic design of 
bridge foundations. 
In general, however, specialty conferences devoted to lifeline earthquake engineering are 
infrequent. The best example is the series of conferences organized by the American Society of 
Civil Engineers (ASCE) Technical Council on Lifeline Earthquake Engineering (ASCEffCLEE). 
Held at seven-year intervals, three conferences have been convened to date (Los Angeles, 1977; 
San Francisco, 1984; and Los Angeles, 1991). Topics covered at the Los Angeles meeting 
included: 

• Transportation, electric power, gas and liquid fuel, communication, water and 
sewer lifelines 

• Seismic hazard, reliability, vulnerability, system behavior, mitigation and 
planning, lifeline performance 
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• Fault crossings, large ground defonnations, dynamic analysis, experimental 
projects 

• Highway bridges and pipelines 

The increasing number of papers and attendees at this sequence of conferences is a reflection of 
the growing awareness of the importance of the subject and the shortage of infonnation in the 
existing literature. Other significant symposia include: 

• "Recent Developments in Lifeline Earthquake Engineering," held in conjunction 
with the 1989 Pressure Vessel and Piping Conference in Honolulu, jointly 
sponsored by the American Society of Mechanical Engineers (ASME), the Japan 
Society of Mechanical Engineers (JSME), and the National Center for Earthquake 
Engineering Research (NCEER) 

• "Liquefaction, Large Ground Defonnation, and Effects on Lifelines," U.S.-Japan 
Workshops (November 1988, September 1989, and December 1990), sponsored 
by National Center for Earthquake Engineering Research and Japanese 
Association for the Development of Earthquake Prediction 

In addition to sponsoring national conferences, TCLEE has also produced advisory notes on 
lifeline earthquake engineering [9]. TCLEE also maintains an Investigation Sub-Committee, 
which perfonns reconnaissance work following major earthquakes. A comprehensive training 
manual has been prepared for committee members to facilitate field investigations related to 
lifeline perfonnance. 

Learning from past earthquakes is a well-recognized strategy for mitigating future damage. In 
addition to TCLEE's work noted above, several institutions in the United States also perfonn 
reconnaissance work. These include, but are not limited to: 

• National Research Council, Committee on Natural Disasters 
• Earthquake Engineering Research Institute 
• National Center for Earthquake Engineering Research 
• Interagency Committee on Seismic Safety on Construction 
• Disaster Research Center (University of Delaware) 

V -2.2 Standards Plan For Transportation Systems 

Seismic standards for both new and existing transportation systems are required. A plan for their 
development is given in this chapter along with the outline of a research program, which is 
considered essential to the successful completion of the standards plan. 

Figure 5 outlines this plan and shows the relationship between new and existing construction and 
between research and standards development. 

It will be seen that each lifeline standard is in fact composed of four parts: philosophy, system 
design (or retrofit), component design (or retrofit), and equipment/materials provisions. A 
critical evaluation and review stage is also included in the plan. Here it is proposed that three 
sites be chosen from areas of different seismicity (high, moderate, and low) and that each 
standard be tested for ambiguity, completeness, and cost impact. It will also be seen that an 
educational component has been included in this plan. Here it is envisaged that instructional 
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material will be prepared and pilot workshops be held for the purpose of educating design 
professionals and responsible owners about the implication and application of the new standards. 
Adoption of these standards as codes may then proceed more rapidly. 

The development plan extends over eight years and comprises three distinct phases. These are 
shown in Table 4 where it will be seen that Phase I includes criteria development and research, 
Phase II include5: the development of the standards themselves, and Phase III is the evaluation, 
review, and education phase noted above. 

Details of the plan, the accompanying research program, schedules, and budgets are given in 
subsequent sections of this chapter under the headings of new construction (Section 2.3) and 
existing facilities (Section 2.4). A summary of the overall budget for both sections (new and 
existing) is given in Table 5. The total cost is estimated to be $31 ,310,000 for all eight 
standards, spread over eight years. 

Given limited resources, an argument can be made that standards for new construction should 
have higher priority than those for the retrofit of existing construction. This argument is based on 
the relatively poor state of the art in retrofit and that more can be achieved with fewer dollars if 
they are assigned principally to new construction standards. Also, until the criteria are 
established for new systems, it is difficult to establish the criteria for retrofit. However, with 
perhaps the exception of mass-transit facilities, very few new transportation systems will be 
constructed in the next decade; almost all construction-related activity will be directed toward 
upgrades and/or expansions of existing facilities. The need for retrofit standards is therefore 
urgent, and it is accordingly recommended that new and retrofit standards be given equal priority. 

V -2.3 Standards Plan For Design Of New Construction 

V -2.3.1 Scope 

The development of a four-part standard for new transportation systems is not only feasible, but 
also overdue. A plan for the preparation of these standards is therefore given in this section and 
further described in Section 2.3.2. A research program to support the development of these 
standards is given in Section 2.3.3 Schedules, budgets, and personnel are discussed in Section 
2.3.4 and priorities are given in Section 2.3.5. 

It will be seen that five basic tasks are common to each transportation plan. These tasks are 
compatible with the need to develop four separate and distinct parts for each standard and the 
need to test each standard through trial applications in the field. Some tasks also require research 
projects to be undertaken. Finally, an education and evaluation phase is necessary to aid the 
implementation of the new standards. In summary these tasks are: 

• Develop a philosophy of seismic design that is consistent across all transportation 
systems 

• Develop a performance-based, system-wide standard that shall also consider 
system interdependence and collocation 

• Develop prescriptive component standards 

• Develop equipment and material provisions 
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• Evaluate the standards through field trials and develop instructional material for 
use in pilot workshops 

It is proposed that for each transportation lifeline, a subcontractor be appointed and an advisory 
panel of consultants, researchers, and industry representatives be formed. Early in the process a 
workshop should be held to establish parameters and in particular to lay the foundation for the 
philosophy statement and the system performance standard. To ensure that consistent 
philosophies are developed for all transportation lifelines, this workshop (or workshop series) 
should cover all four systems and be organized by the same agency or subcontractor. 

V -2.3.2 Plan 

As noted in Section 2.3.1, each transportation standard will comprise both performance and 
prescriptive standards. These standards will be developed and evaluated under five tasks, which 
are described in further detail in this section. 

A basic premise used in developing these tasks is that there are both technical and financial 
reasons for developing transportation standards simultaneously. Technically, every lifeline 
system should be designed using the same philosophy, i.e., the same seismic criteria and the 
same expected performance. However, this may not be possible across all lifelines, but it should 
be feasible within the transportation sector. Even here the goal may be elusive if some 
transportation systems are considered more important than others. This plan assumes that this is 
not the case and recommends that a consistent approach be used and that to achieve this goal, 
Tasks I and 2 be undertaken simultaneously for all transportation systems. 

Further, many components (bridges, walls ... ) are common to all four transportation modes. 
Since it is desirable that the same component standards be used regardless of lifeline, this plan is 
based on the assumption that it is technically feasible to write such a set of component standards. 
Structures and facilities that are unique to particular lifelines will of course require special 

treatment, but in general, common standards for common components should be feasible. 

While there will be logistic difficulties to such a plan (e.g., obtaining consensus across many 
different professional boundaries and from many different owner agencies), there are distinct cost 
savings to be realized if a simultaneous approach is used. 

The budgets presented in Section 2.3.4 are based on this premise (i.e., that cost-sharing between 
lifelines is possible). 

Task 1--Philosophy Of Seismic Design 

The underlying philosophy for the seismic design of new transportation systems will be 
developed under this task. Such a philosophy will determine the levels of seismic risk to be 
considered in the standards development phase and the expected performance of the various 
transportation systems. Such performance criteria might be expressed in terms of acceptable loss 
of function in a given timeframe, which may be formulated in terms of one or more restoration 
functions. 

Performance for different-size earthquakes will be considered, and the need for a dual-level set of 
criteria will be examined under this task. Such criteria might be based on serviceability 
requirements for small-to-moderate earthquakes and survival issues (immediate response and 
recovery) for catastrophic earthquakes. Issues of risk, redundancy, and criticality need to be 
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rationally addressed in this task. 

These standards s,hould be nationally applicable to all four transportation modes, and variations in 
seismic risk should be accounted for in a rational manner. Uniform seismic risk maps are 
available and are recommended for use in this exercise. 

The principal vehicle for executing this task will be a workshop (perhaps comprising two separate 
meetings) in which experts will be asked to develop these criteria. Preworkshop position papers 
should be prepared by selected authors to stimulate and focus discussion. 

Task 2--Systel1l1 Design Standards 

This task is clost:ly linked to Task I and will involve the formulation of a set of four standards 
that reflect the philosophy developed in Task 1. One standard for each transportation mode 
(highway, railroad, ports, and air transportation) will need to be developed in which the general 
philosophy (Task 1) will be customized for each mode. Further, each standard will reflect issues 
of risk, redundancy, and criticality that are peculiar to that particular mode. It is envisaged that 
whereas this task will be specific about the required level of system performance, it will not 
address the mechanics of achieving such performance. 

Components that are essential to each particular system will be identified and performance criteria 
for these components developed. For example, performance criteria for bridges based on 
acceptable structural damage (no collapsed spans even for major earthquakes) will be developed 
as subtasks to this task. Other components will be similarly treated under this overall task to 
ensure consistency of treatment within and between lifelines. 

Two additional issues that must also be addressed in this task are the interdependence of lifelines 
and the added vulnerability of those lifelines that share the same right -of-way. 

To adequately address interdependence and collocation, lifelines other than transportation need to 
be considered (e.,g., electric power supply for mass-transit systems, and pipelines, which may be 
collocated with highways or share bridge crossings). 

To avoid undue conservatism in these standards, research is required to define the issues and 
develop rational criteria that are not only defensible but also cost-effective. Realistic levels of risk 
need to be detennined in this regard. A research program to support this task is described in 
Section 2.3.3.1. 

Task 3--Component Design Standards 

Prescriptive standards for the design of various components of transportation systems will be 
developed under this task. These standards will be consistent with the performance criteria 
proposed under Task 2. 

For components that are common to more than one lifeline, generic standards are proposed. 
Components in this category include bridges, tunnels, pavements, slopes, retaining structures, 
and general purpose buildings. Special components and structures, however, will require 
individual attention. Such components include avalanche and rock shelters, runways, railroads 
(track), cranes, freight and passenger loading and unloading facilities, platforms, signs, locks, 
wharves, and special buildings that include, for example, underground structures and control 
centers for such facilities as air transportation and mass-transit systems. 
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With regard to buildings, existing codes such as the Uniform Building Code are judged to be 
adequate for general purpose buildings. However, these are minimum standards that are 
primarily intended to save lives. Continuing operability is not an objective of these codes, and 
significant structural and nonstructural damage must be expected. Special buildings such as those 
noted above must be designed to remain functional during and after an earthquake, and thus, new 
building codes, based on serviceability requirements, need to be developed under this task. 

Approximately 15 to 20 component standards need to be developed under this task, for the four 
transportation modes. This total counts the bridge standard (and other generic standards) as one 
standard even though some customizing will be necessary to meet the unique requirements of 
each individual lifeline. 

Research projects will also be undertaken to support this task in order to permit rational standards 
to be developed. These projects include work on seismic hazard and ground motions, 
geotechnical hazards, soil-structure interaction, and structural response as described in Sections 
2.3.3.2,3, and 4 respectively. 

Task 4--Equipment And Material Provisions 

Prescriptive standards for the design and installation of various items of mechanical and electrical 
equipment found in transportation systems will be developed under this task. These provisions 
will be consistent with the performance criteria proposed under Task 2. 

For items common to more than one transportation lifeline, generic standards are proposed. 
Indeed the principal source for these standards is expected to come from nontransportation 
lifelines where such items are more commonly found (e.g., electric power, gas and liquid fuels, 
telecommunications, water and sewage). Standards developed or adopted for these lifelines are 
expected to be generic in nature and to be "portable" to those transportation systems that have 
these components. 

Standards for fuel storage and distribution systems (including electric power distribution) are also 
to be developed under this task. Again it is expected that these can be obtained from appropriate 
nontransportation lifelines, and the effort involved here will be one of customizing generic 
standards to meet the particular requirements of individual transportation facilities. 

Material provisions must also be developed at this time. In most instances they will be available 
from the existing standards literature (for nonseismic applications) and may be incorporated into 
these lifeline standards by reference. It is expected that those material requirements that are 
unique to seismic loading will be developed as part of the component standards under Task 3. 

Task 5--Evaluation And Education 

The fmal task in this sequence is in two parts: first, an evaluation of the four-part standard, and 
second, preparation of instructional materials and the conduct of two pilot workshops to 
introduce the standards to the design profession and responsible officials. 

To effectively evaluate each of the transportation standards, it is proposed that three trial sites be 
selected, one each in a region of high, moderate, and low seismicity. Selected design 
professionals in each of these areas will be asked to apply the draft standard to a case study and 
document ease of application, inconsistencies, omissions, ambiguities, and cost impact. An 
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evaluation of these findings will then be used to modify each standard as appropriate before 
promoting the standard for consensus review. 

An essential step to the eventual adoption of these standards is the education of design engineers 
and responsible officials. Therefore, the second part of this task will involve the development of 
instructional material for use in a four- to five-day intensive course, on each of the four new 
standards. To te~:t the effectiveness of this material, two pilot workshops are proposed (in areas 
of different seismicity), after which the material may be modified according to student and 
instructor comments. Again, these two workshops will be offered for each of the four 
transportation standards. It is noted that the actual cost of holding follow-on courses throughout 
the United States is considered to be outside the scope of this present exercise. 

V-2.3.3 Research Program 

Before definitive standards can be prepared, both basic and fundamental research must be 
undertaken. A research program is therefore proposed in this plan, which embraces the 
following topics: 

• System vulnerability assessment 
• Geotechnical and seismic hazards 
• Soil-structure interaction 
• Structural response 

Examples of research projects to be undertaken in each of these areas are given below. These 
examples have been assembled from previous research needs workshops, principally the FEMA­
sponsored meeting in Denver in 1986 [1]. Proposed funding levels for each area are also given. 
The total research budget is $7,760,000. 

V -2.3.3.1 System Vulnerability 

Methodologies tor the assessment of lifeline vulnerability to earthquake hazards need to be 
developed in a consistent format. Such methodologies will be necessary if system design 
standards that are based on acceptable loss of function and specify maximum restoration times are 
developed. 

The proposed funding level is as follows: 

Highways: 
Railways: 
Ports and waterways: 
Airport transportation: $ 

Subtotal 

$ 500,000 over 2 years 
$ 400,000 over 2 years 
$ 500,000 over 2 years 

500,000 over 2 years 
$1,900,000 

Examples of res(:arch topics to be funded under this topic are: 

Develop Proc(~dures For Performing Vulnerability Assessments Of 
Transportatiolll Lifelines 

Procedures that assess the seismic vulnerability of various transportation systems are required. In 
general, such procedures will use a seismologic and geologic database to estimate intensities of 
ground shaking for different earthquake scenarios. The impact of such shaking is then 
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detennined, taking into account structural features, sensitivity to damage, attenuation 
relationships, and capacity of the affected elements. The development or adoption of component 
fragility curves is an integral step in this process. To obtain restoration curves, the relationship 
between degree of damage and repair time needs to be assessed for each of the affected 
components, as well as the impact of network redundancy on throughput, for varying degrees of 
damage (to the network). Only very few studies have been completed in this area, and much 
more remains to be done to develop and apply the methodology to each of the transportation 
lifelines in tum. 

V -2.3.3.2 Geotechnical And Seismic Hazards 

Current research into strong ground motion has been directed toward the determination of force 
level and frequency content for site-specific situations. Spatial variation in ground motion is 
largely ignored. However, for those lifeline systems that extend over large distances, such as 
elevated highways and mass transit systems, it is an important design variable about which little 
is known. Site response studies, which include soil amplification effects, liquefaction, and the 
effect of large ground deformation on transportation lifelines, are also required. 

The proposed funding level is as follows: 

Highways: 
Railways: 
Ports and waterways: 
Air transportation: 

Subtotal 

$ 250,000 over 2 years 
$ 250,000 over 2 years 
$ 350,000 over 4 years 
$ 300,000 over 2 years 
$1,150,000 

Examples of research topics to be supported under this heading are discussed below. 

Study Out-Of-Phase Motions And Traveling Wave Effects 

The amount of out-of-phase displacement present over distance comparable to the length of a long 
bridge is currently unknown. Even more important is the design problem of dealing with these 
displacements once they become known. Much of this information is available in the 
seismological community; the rest must be acquired by strong-motion recording. This must be a 
cooperative project between the seismological and engineering communities. Additional arrays 
are needed in seismically active regions to supplement existing arrays by the U.S. Geological 
Survey (USGS) and others to ensure adequate coverage from a large event. 

Support Free-Field Strong-Motion Instrumentation, Improved Active Fault 
Identification, And Improved Fault-To-Site Attenuation Knowledge Nationwide 

To check the results of analyses, develop attenuation relationships and increase the knowledge of 
structure responses, more complete and extensive information on earthquake shaking is needed. 
This task should encourage and support strong-motion programs, similar to those in California, 
throughout the country in areas where earthquakes are expected to occur with some certainty. 
Some of the instruments should be placed close enough together so that strains can be detennined 
by integrating the accelerations measured and the strain information used to design components of 
transportation systems. 

Identification of active (capable) faults and improved knowledge of fault-to-site attenuation is 
essential to the continued advance of seismic design. Current efforts should be increased 
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nationwide. This. particularly applies to the area east of the Rocky Mountains. 

Evaluate Liquefaction Hazards To Foundations Of Transportation Structures 

A comprehensive study of liquefaction hazard for both deep and shallow foundations of 
transportation structures needs to be undertaken. Large ground deformations (which include both 
translation and rotation) need to be quantified, and analytical models developed for their 
prediction. Correlation with field observations should be undertaken. Factors affecting ground 
deformation need to be identified so as to assist with site selection and/or to determine the 
feasibility of site stabilization. 

v -2.3.3.3 Soil-Structure Interaction 

Soil-structure interaction is a key component in the seismic response of many transportation 
elements. Nevertheless, little is known about the topic, and considerable research remains to be 
done before adequate standards and design procedures can be formulated. Issues that will be 
addressed under this part of the research program include piled foundations, underground 
structures, retaining structures, wharves, and bridge abutments. 

The proposed funding level is as follows: 

Highways: 
Railways: 
Ports and waterways: 

Subtotal 

$ 500,000 over 4 years 
$ 850,000 over 4 years 
$ 700,00Q over 4 years 
$2,050,000 

Examples of research topics to be supported under this heading are described below. 

Perform Soil-Structure Interaction Tests 

Some limited experimental research on soil-structure interaction of bridges has been conducted, 
and it has provided insight into the interaction phenomenon. However, some important issues 
are still unresolved. These include the interaction between backfill soils and rigid and flexible 
abutment walls. Of particular interest are the active and passive pressure distributions, and the 
stiffness and damping characteristics of these foundation elements. Further experimental study of 
the dynamic interaction of piles, pile bents, and piers also should be undertaken to better 
understand their stiffness and damping characteristics during moderate and high levels of 
excitation. 

Although some tests (mostly static and cyclic) have been conducted on some of these types of 
foundations for other applications (e.g., offshore platforms and retaining walls), dynamic tests 
need to be conducted on typical bridges with these foundations, prototype models of these 
foundations, and small-scale models. The advantages of full-scale and prototype testing are well 
established. TIle testing of small-scale models has recently become much more viable and 
attractive, especilally with the advent of geotechnical centrifuges, which are being increasingly 
used to study a variety of complex soil-structure interaction problems. 

Develop Methods To Estimate Soil Failure 

From the standpoint of the stability of bridge foundations, a topic requiring further research is the 
phenomenon of soil failure. For example, the ultimate load and stress distribution imparted by an 
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abutment to the adjacent backfill soil prior to the soil's failure is not well known. The ultimate 
loads and capacities of pile and pier foundations during static and dynamic loading is also 
uncertain. It is generally acknowledged that the ultimate capacity of foundations is much more 
uncertain than the ultimate capacity of the superstructures. This is true for all types of structures. 
However, to reduce the suspected conservatism inherent in bridge foundation design, more 

research must be conducted on the ultimate capacity of a variety of bridge foundations founded on 
different types of soils, including saturated cohesionless soils that are prevalent at many river 
crossings. The testing to failure of prototype foundations in the field or scale models in the 
centrifuge is recommended to obtain a better understanding of the failure mechanisms and 
ultimate loads. More research on constitutive modeling at high strain levels is also appropriate. 

Evaluate Past Performance Of Embankments And Retaining Structures 

Earthquake damage to ports and waterways frequently occurs when there are deficiencies in slope 
stability of embankments or cuts, and failure in waterfront earth-retaining structures (retaining 
walls, bulkheads, cofferdams, relieving platforms, caissons, etc.). These can occur above or 
below water, but the greatest risks are clearly in the area of underwater slopes and submerged 
retaining structures. These risks include liquefaction in loose, cohesionless soils due to 
porewater pressure effects and shear failures or excessive settlements in cohesive soils. 

It is recommended that information be collected from most recent earthquakes on the behavior of 
soil materials, where failure did or did not occur, and on the effectiveness of soil improvement 
techniques. Much of this information is applicable to foundations for other transportation 
facilities. 

Develop Analytical Methods For Embankments And Retaining Structures 

To reduce potential failures of slopes and retaining structures due to earthquakes, significant 
research efforts are needed for the further development of experimental and analytical procedures 
and for the evaluation of current methods of seismic analysis in the following areas: (1) 
prediction of possible occurrence and extent of soil failures, (2) soil improvement techniques 
(vibratory, compaction, etc.), (3) detailed evaluation of existing procedures and development of 
improved procedures for estimating earthquake-induced lateral pressures on retaining structures, 
and (4) soil-structure interaction analyses that incorporate porewater pressure effects under two­
dimensional and three-dimensional conditions. 

Evaluate Past Performance Of Underground Structures 

Underground transportation structures include tunnels, terminal structures (i.e., stations), and 
cut-and-cover structures. These are key elements in highway, railroad, and urban mass transit 
systems. Underground transportation structures have historically performed well in strong 
earthquake environments. However, there are many examples of highly used underground 
highway and railroad tunnels in seismic regions for which severe earthquakes could threaten the 
life safety of users as well as the post-earthquake recovery of the region. Extensive underground 
mass transit systems in earthquake-prone regions are now under construction (e.g., in Los 
Angeles and Boston). 

It is important to carefully evaluate all existing earthquake performance data for underground 
structures and systems to assess (l) reasons why particular underground systems have exhibited 
favorable seismic performance (e.g., the Mexico City Metro during the 1985 Mexico City 
earthquake), (2) conditions of ground shaking and/or site conditions that might lead to less 
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favorable perfomlance, and (3) the behavior in potentially critical regions of underground system 
structures (e.g., portals, tunnel/station interfaces). 

Utilize Detailed Analysis Techniques To Evaluate Underground Structures 

Two-dimensional and three-dimensional fInite element techniques, although expensive, are 
particularly well suited for evaluating the behavior of underground structures in a strong 
earthquake environment. Such techniques should be used to evaluate and develop guidelines for 
the following aspects of underground structure behavior that are not well known to practicing 
engineers: (1) medium-structure interaction effects at tunnel-station interfaces or other locations 
of stiff structural elements; (2) effects of geologic discontinuities on the behavior of underground 
structures of extended length; (3) effects of through-soil interaction between buildings and 
underground subway structures; (4) depth-dependent effects on the behavior of underground 
structures; and (5) conditions leading to earthquake-induced spalling, rock fall, rock joint 
openings, and block motion for unlined tunnels in rock or cracking, spalling, and liner failure for 
lined tunnels. 

Develop Experimental Procedures To Evaluate Full-Scale Underground 
Structures 

A major potential source of damage to underground structures may be associated with rock or soil 
slides, liquefaction, soil subsidence, etc., particularly at portals and in shallow excavations. 
Accordingly, the continued development of experimental procedures for gaining further insight 
into the potential for occurrence of these soil and rock instabilities at a given location is 
recommended. Such experimental evaluations should be supplemented by analytical studies and 
the compilation of data from past earthquakes. 

V -2.3.3.4 Structural Response 

Although signifIcant progress has been made toward understanding the structural response of 
conventional buildings, the same progress has not been made for lifeline structures. In particular, 
the performance of long-span bridges, multispan elevated structures, rail bridges, joints, 
connections and intersections in large structural sections, container cranes, vessel berths, and 
passenger and freight loading/unloading systems need attention. Further the protection of 
non structural components and contents in buildings that house control centers and sensitive 
equipment needs immediate study. 

The proposed funding level is as follows: 

Highways: 
Railways: 
Ports and waterways: 
Air transportation: 

Subtotal 

$ 800,000 over 4 years 
$ 900,000 over 3 years 
$ 400,000 over 3 years 
$ 560,00Q over 3 years 
$2,660,000 

Examples of research topics to be supported under this heading include: 

Conduct Full-Scale Tests On Individual Bridg(~ Columns 

Several mathematical idealizations have been proposed to model the nonlinear behavior and 
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energy dissipation that occurs in a ductile bridge column. Unfortunately, there is a shortage of 
physical test data on the large reinforced concrete columns typically used in bridges. Additional 
testing is needed on large reinforced concrete bridge columns to subject them to axial loads and 
bi-directionallateral displacements similar to those experienced during earthquakes. 

Conduct Full-Scale Laboratory Tests On Skewed Multiple-Column Bridge Bents 

The overall response of a bridge system is affected by the behavior of the individual components. 
Multiple-column bents are often used in bridges having skewed supports. Reports on 

earthquake damage to bridges indicate that bridges supported on skewed supports are more 
vulnerable to damage because of the tendency of the bridge to respond in a horizontal rotational 
mode as well as in longitudinal and transverse translations. This overall response, which is 
characteristic of skewed bridges, should be investigated in greater detail by conducting model 
studies on shake tables. A prerequisite, however, to the model tests is a defInition of the 
behavior of the multi-column bent. In addition, the effect of enhanced vertical loads on the 
exterior columns and the influence of this effect on the response of the column should be 
evaluated. The current design specifIcation for highway bridges includes a provision for 
reducing the design forces in accordance with the plastic hinging that is expected to occur in the 
columns of a multicolumn bent. This reduction factor should be verifIed by physical testing. 

Conduct Full-Scale Laboratory Tests On Typical Bridge Support And Hinge 
Connections 

The primary areas of a bridge vulnerable to earthquake damage are the discontinuities at support 
and hinge connections. The majority of collapse failures are caused by large movements in these 
areas, and the overall dynamic response of a bridge is greatly affected by the discontinuity in 
these areas. Depending on the bearing, these connections may be characterized by a combination 
of several types of nonlinear behavior that include impacting, sliding, and yielding. Physical data 
on the behavior of these connections at present are nonexistent and are needed for improved 
modeling and analysis. 

Conduct Full-Scale In-Situ Tests On Bridge Abutments And Roadway 
Embankments 

The interaction of the bridge with the roadway embankment is an exceptionally complicated 
problem. Very little information is currently available to assist the designer in determining the 
influence of the abutment foundation and roadway embankment on the overall seismic response 
of the bridge. Full-scale tests on prototype bridge abutments constructed on earth-fill 
embankments should be conducted. In many cases, bridge abutments that are constructed prior 
to the completion of the bridge superstructure may be utilized for such a test. This would provide 
an economical opportunity to test the abutment full-scale. 

Evaluate Past Performance Of Vessel Berths 

Earthquake hazards to freestanding vessel berths (those that are not also retaining structures) will 
depend in large measure on the dead weight of the structures and their resistance to lateral forces. 
In addition, there are hazards associated with cargo-handling equipment and storage installations 
supported by all types of structures. Severe damage has been reported during recent earthquakes 
in Latin American ports due to the collapse of rail-mounted cranes, elevated conveyor belt 
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supports, and the headhouse structures and weighing scales of a large grain terminal. 
Accordingly, in~ormation should be collected on the performance of such elements in past 
earthquakes to identify the conditions under which damage did and did not occur. 

Develop Seismic Design Methods For Vessel Berths 

There is a need to investigate the potential impact of tsunamis on vessel berths (such as those 
associated with the September 1985 earthquake in Mexico). While vessels are tied up during 
loading and unloading operations, it cannot be assumed that there will be advance warning of 
tsunamis that may be created by nearby earthquakes; therefore, it may not be feasible to adjust or 
to have vessels dear berths before the tsunami hits. Major damage to both vessels and berth 
structures is therefore possible. Very little is known on this subject. 

The response of rail-mounted mobile cranes to earthquakes is another critical issue. While 
resistance to wind forces is normally provided, research is recommended to gain further insight 
into the dynamic seismic response characteristics of cranes and to establish a basis for appropriate 
design criteria and safe operating procedures in earthquake areas. This is particularly relevant for 
high-capacity bulk loaders and modem container-handling cranes. These are associated with 
heavy loads at high elevations, wide gauges (up to 30 m), and major capital investments. Their 
resistance to overturning due to ground shaking and the stresses that could be induced by 
differential movements of rail supports could be critical. 

Develop Methods For The Protection Of Contents In Essential Buildings 

Current building codes are life-safety oriented and do not prevent the occurrence of secondary 
damage in even small-to-moderate earthquakes. For large earthquakes collapse will be prevented 
but major structural damage must be expected. Heavy losses to buildng contents must also be 
expected under these circumstances, which if the building is essential for response and recovery 
following a disaster, will be an unacceptable situation. Such essential buildings include control 
towers at airports, the air route transportation control centers, telecommunication installations, 
computer facilities, navigational centers, and other traffic control centers. 

Conventional methodologies involve adding strength to the building, the bracing of equipment, 
making design modifications to equipment to ensure continued operation and the restraint of non­
structural components such as partition walls and ceiling fixtures. Nonconventional techniques 
involve using passive and/or active control systems to protect either the complete building, parts 
of the building (isolated floor systems) or individual items of equipment. Much research is 
required to develop cost-effective strategies for contents protection in this neglected area of 
building design. 

V -2.3.4 Budgets, Schedules, And Personnel 

Tables 6 and 7 present summary budgets and schedules for the development of these standards 
and include the (;ost of the supporting research program described above. Detailed schedules and 
budgets for individual lifelines are given in the Appendix.. 

The following assumptions have been made when preparing these tables: 

• The level of effort required for standards development for lifelines can be judged 
from similar experience in parallel fields (e.g., in buildings) modified by the 
availability of existing knowledge and the perceived difficulty of achieving the 
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stated objective. 

• Each person-year of effort costs $100,000. 

• Cost sharing between lifelines is available. 

• The cost ratio between research effort and standards development (for new 
construction) is approximately 4: 1 based on Federal Highway Administration 
experience with developing seismic design criteria for bridges. 

It will be seen from Table 6 that the total cost for all four lifelines is $12,720,000, which includes 
$4,960,000 for standards development and $7,760,000 for research. It is noted that the research 
subtotal is less than that estimated in 1986 ($11 ,745,000 for transportation lifelines research, 
excluding retrofit [1]), but this earlier figure included several research needs that are not judged to 
be essential to the development of standards. 

Schedules showing duration and budget allocations by year are given in Table 7. Both the 
research program and the standards plan are shown in this table. An eight-year schedule is 
presented that, as illustrated in Table 4, comprises three phases as follows: 

• Phase 1--Years 1-4: research program and criteria development 
• Phase II--Years 3-5: standards development 
• Phase III--Years 6-8: evaluation and education 

Personnel are listed below by agency/institution. Two categories are used to classify these 
agencies; those that are system dependent and those that have expertise in more than one system 
or lifeline. 

• System Independent 

National Institute of Standards and Technology 
ASCE - Technical Council on Lifeline Earthquake Engineering 
National Center for Earthquake Engineering Research 
Applied Technology Council 

• System Dependent 

Federal Highway Administration 
American Association of State Highway and Transportation Officials 
National Cooperative Highway Research Program 
Federal Railway Administration 
Urban Mass Transportation Administration 
American Railway Engineering Association 
Coast Guard 
American Association of Port Authorities 
American Waterway Operators 
Federal Aviation Administration 
American Association of Airport Executives 
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V-2.3.S Priorities For New Construction Standards 

Priorities need to be set between new and retrofit construction and then, within new construction, 
between the various tasks of the standards development plan. 

Given limited resources, an argument can be made that standards for new construction should 
have higher priority over those for the retrofit of existing construction. This argument is based 
on the relatively poor state of the art in retrofit and that more can be achieved with fewer dollars if 
they are assigned principally to new construction standards. Also, until the criteria are 
established for new systems, it is difficult to establish the criteria for retrofit. However, with 
perhaps the exception of mass-transit facilities very few new transportation systems will be 
constructed in the next decade; almost all construction··related activity will be directed toward 
upgrades and/or expansions of existing facilities. Therefore, the need for retrofit standards is 
urgent, and it is accordingly recommended that new and retrofit standards be given equal priority. 

For new construction, priorities are given in Table 8. Since it is strongly recommended that all 
four transportation modes be studied simultaneously, no priorities have been assigned between 
the four individual lifelines (highways, railways, ports, and air transportation facilities). 

V - 2.4 Standards Plan For Retrofit Of Existing Facilities 

V -2.4.1 

The development of a four-part standard for retrofitting each of the transportation lifelines follows 
the concept of the plan for new construction standards outlined in Section 2.3. This plan is 
described in Section 2.4.2. A research program is proposed in Section 2.4.3, which focuses on 
the need to provide basic information on evaluation and strengthening as well as to develop 
manuals of practilce for seismic retrofit. 

This program is complementary to that already proposed for new construction. Schedules and 
budgets are discussed in Section 2.4.4 and priorities are given in Section 2.4.5. 

Five basic tasks (similar to those developed in the phm for the design of new construction) 
comprise this retrofit plan, as follows: 

1 . Develop a philosophy of seismic retrofit that IS consistent across all transportation 
systems 

2. Develop a performance-based, system-wide standard that shall also consider system 
interdependence and collocation 

3 . Develop prescriptive component standards 

4 . Develop equipment and material provisions 

5 . Evaluate the standards through field trials and develop instructional material for use in 
pilot workshops 

Just as for the new design standards, a subcontractor should be appointed, along with an 
advisory panel of consultants, researchers and industry representatives, to guide the development 
of these retrofit standards. 
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V -2.4.2 Plan 

As noted in Section 2.4.1, each retrofit standard will comprise both performance and prescriptive 
standards. These standards will be developed and evaluated under five tasks, which are 
described in further detail in this section. 

In developing this retrofit plan, two assumptions were made. First, that it is feasible to develop 
the philosophy and system retrofit standards for all four transportation lifelines simultaneously. A 
similar position was taken in this regard in Section 2.3.2 for new construction. Second, that 
even though many components (e.g., bridges, walls) are common to all transportation modes, 
there are sufficient differences in existing construction (e.g., age, condition, material types, 
structural form) to warrant separate retrofit standards for the components of each transportation 
lifeline. This is the opposite of the position taken for new construction in Section 2.3.2. 

Whereas the cost-savings might not be as dramatic as for the development of a common set of 
standards, there are cost-sharing opportunities between the development of retrofit and new 
construction standards, and this has been assumed when preparing the budget in Section 2.4.5. 

Task 6--Philosophy Of Seismic Retrofit 

The underlying philosophy for the seismic design of retrofit of existing transportation systems 
will be developed under this task. Such a philosophy will determine the levels of seismic risk to 
be considered in the standards deVelopment phase and the expected performance of the various 
transportation systems. Such performance criteria might be expressed in terms of acceptable loss 
of function in a given timeframe, which may be formulated in terms of one or more restoration 
functions. 

Performance for different-sized earthquakes will be considered, and the need for a dual-level set 
of criteria will be examined under this task. Such criteria might be based on serviceability 
requirements for small-to-moderate earthquakes and survival issues (immediate response and 
recovery) for catastrophic earthquakes. Issues of risk, redundancy, and criticality need to be 
rationally addressed in this task. 

It is expected that the performance requirements for retrofitted systems and components will not 
be the same as for new construction. Instead, various classes of retrofit will be defined, ranging 
from a minimum performance level (less than new construction) to a superior performance level 
(better than new construction). These classes will be defined during this task. 

These standards should be nationally applicable to all four transportation modes, and variations in 
seismic risk should be accounted for in a rational manner. Uniform seismic-risk maps are 
available and are recommended for use in this exercise. 

The principal vehicle for executing this task will be a workshop (perhaps comprising two separate 
meetings) in which experts will be asked to develop these criteria. Preworkshop position papers 
should be prepared by selected authors to stimulate and focus discussion. 

Task 7--System Retrofit Standards 

This task is closely linked to Task 6 and will involve the formulation of a set of four standards 
that reflect the philosophy developed in Task 6. One standard for each transportation mode 
(highway, railroad, ports, and air transportation) will need to be developed in which the general 
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philosophy (Task 6) will be customized for each mode. Further, each standard will reflect issues 
of risk, redundancy, and criticality that are peculiar to that particular mode. It is envisaged that 
whereas this task will be specific about the required level of system performance, it will not 
address the mechanics of achieving such performance. 

Components that are essential to each particular system will be identified, and performance 
criteria for these components developed. For example, performance criteria for bridges based on 
acceptable structural damage (no collapsed spans even for major earthquakes) will be developed 
as subtasks to this task. Other components will be similarly treated under this overall task to 
ensure consistency of treatment within and between lifelines. 

Two additional issues that must also be addressed in this task are the interdependence of lifelines 
and the added vulnerability of those lifelines that share the same right-of-way. 

To adequately address interdependence and collocation, lifelines other than transportation need to 
be considered (e.g., electric power supply for mass-transit systems, and pipelines, which may be 
collocated with highways or share bridge crossings). 

Research is required to support this task, particularly in the area of system vulnerability 
assessment, which will include the development of methodologies for prioritizing the retrofit of 
system components. 

Task 8--Component Retrofit Standards 

Prescriptive standards for the retrofit of various components of transportation systems will be 
developed under this task. These standards will be consistent with the performance criteria 
proposed under Task 7. 

Components in this category include bridges, tunnels, pavements, slopes, retaining structures, 
and general purpose buildings. Special components and structures, however, will require 
additional attention. Such components include avalanche and rock shelters, runways, railroads 
(track), cranes, freight and passenger loading and unloading facilities, platforms, signs, locks, 
wharves, and special buildings that include, for example, underground structures and control 
centers for such facilities as air transportation, and mass-transit systems. 

With regard to buildings, existing retrofit guidelines for evaluation and repair are judged to be 
adequate for general purpose buildings. However, these are minimum standards that are 
primarily intended to save lives. Continuing operability is not an objective of these guidelines, 
and significant structural and non structural damage must still be expected. Special buildings such 
as those noted above must be designed to remain functional during and after an earthquake, and 
thus, retrofit criteria, based on serviceability requirements, need to be developed under this task. 

Approximately 50 to 60 component standards need to be developed under this task, for the four 
transportation modes. 

Research projects will also be undertaken to support this objective in order to permit rational 
standards to be developed. These projects include work on evaluation and strengthening of 
existing systems as well as the development of guidelines and manuals for the seismic retrofit of 
lifelines. 
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Task 9--Equipment And Material Provisions 

Prescriptive standards for the design and installation of various items of mechanical and electrical 
equipment found in transportation systems will be developed under this task. These provisions 
will be consistent with the performance criteria proposed under Task 7. 

For items common to more than one transportation lifeline, generic retrofit standards are 
proposed. Indeed the principal source for these standards is expected to come from 
nontransportation lifelines where such items are more commonly found (e.g., electric power, gas 
and liquid fuels, telecommunications, water and sewage). Standards developed or adopted for 
these lifelines are expected to be generic in nature and to be "portable" to those transportation 
systems which have these components. 

Retrofit standards for fuel storage and distribution systems (including electric power distribution) 
are also to be developed under this task. Again it is expected that these can be obtained from 
appropriate nontransportation lifelines, and the effort involved here will be one of customizing 
generic standards to meet the particular requirements of individual transportation facilities. 

Material provisions must also be developed at this time. In most instances they will be available 
from the existing standards literature (for non-seismic applications) and may be incorporated into 
these lifeline standards by reference. It is expected that those material requirements that are 
unique to seismic loading will be developed as part of the component standards under Task 3. 

Task IO--Evaluation And Education 

The final task in this sequence is in two parts: first, an evaluation of the four-part standard, and 
second, preparation of instructional materials and the conduct of two pilot workshops to 
introduce the standards to the design profession and responsible officials. 

To effectively evaluate each of the transportation standards, it is proposed that three trial sites be 
selected, one each in a region of high, moderate, and low seismicity. Selected design 
professionals in each of these areas will be asked to apply the draft standard to a case study and 
document ease of application, inconsistencies, omissions, ambiguities, and cost impact. An 
evaluation of these findings will then be used to modify each standard as appropriate before 
promoting the standard for consensus review. 

An essential step to the eventual adoption of these standards is the education of design engineers 
and responsible officials. Therefore, the second part of this task will involve the development of 
instructional material for use in a four- to five-day intensive course, on each of the four new 
standards. To test the effectiveness of this material, two pilot workshops are proposed (in areas 
of different seismicity), after which the material may be modified according to student and 
instructor comments. Again, these two workshops will be offered for each of the four 
transportation standards. It is noted that the actual cost of holding follow-on courses throughout 
the United States is considered to be outside the scope of this present exercise. 

V -2.4.3 Research Program 

As noted above an aggressive research program is necessary to support the development and 
implementation of these retrofit standards. The program proposed in this plan therefore embraces 
the following topics: 
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• Acceptable perfonnance criteria 
• Vulnerability assessment 
• Evaluation of existing capacity 
• Strengthening of existing systems and components 
• Guidelines and manuals for the retrofit of existing transportation systems 

The proposed funding level is as follows: 

Highways: 
Railways: 
Ports and waterways: 
Air transportation: 

Subtotal 

$ 3,750,000 
$ 4,650,000 
$ 3,750,000 
$ 2,500,000 
$14,650,000 

Examples of research projects to be undertaken in each of these areas are given below. These 
examples have been assembled from previous research needs workshops, principally the FEMA­
sponsored meeting in Denver in 1986 [1]. 

v -2.4.3.1 Plerformance Criteria 

Develop Acceptable Performance Criteria For Strengthened Facilities 

Nonnally, it is not feasible to strengthen an existing facility to meet the requirements of codes for 
new construction. Such strengthening is, in many cases, simply impossible, if not prohibitively 
expensive. CriteJia that define acceptable perfonnance for strengthened facilities currently do not 
exist. Such criteria, however, are essential for effective implementation of seismic strengthening 
programs nationwide. These criteria must acknowledge the fact that previously constructed 
facilities may not confonn to the applicable construction documents, must define acceptable 
damage and loss of function, and must address the issue of acceptable risk. 

This project seeks to develop the required perfonnance criteria for strengthened facilities. These 
criteria can best be developed in a project involving qualified and knowledgeable engineers, 
researchers, and legal representatives from all regions, of the country. Issues that must be 
addressed include (1) justification for strengthening a facility to a perfonnance level less than the 
current code requirement, (2) potential liabilities and limitations on liability, and (3) acceptable 
loss of function after strengthening. 

V -2.4.3.2 Vulnerability Assessment Of Existing Systems 

In addition to the research needs previously described under this heading for new construction 
(Section 2.3.3.1), methods to assign retrofit priorities ,md procedures for preliminary screening 
of transportation facilities also need to be developed. 

Develop Criteria For Setting Retrofit Priorities 

Numerous factors affect the decision to strengthen individual or groups of facilities. These 
include site conditions, structural characteristics, seismic exposure, required seismic-resistance 
capacity, and importance. To help local jurisdictions concentrate their efforts and resources on 
those facilities that should be strengthened first, a consistent means for setting priorities for 
strengthening should be established. 
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A methodology has been developed for bridges, and this provides a useful starting point for other 
facilities. Agreement on the criteria should be reached through a comprehensive development and 
review process, involving experienced earthquake engineers from all regions of the country. 

Develop Preliminary Screening Procedures 

Facilities identified as potentially hazardous must be screened to identify those.that require a more 
detailed assessment. This evaluation requires a review of construction documents and the general 
condition of the facility as well as some simple calculations. Ideally, approximately one to three 
engineer-days of effort per facility would be required for this preliminary evaluation. A 
methodology has been developed for bridges, but this must be extended to other facilities. 

Current techniques need to be studied and applied experimentally to a sample of existing facilities 
so that an optimum technique can be developed. This should lead to a nationally applicable 
methodology capable of producing comparable results in different seismic zones. 

Verification of the proposed methodology can be accomplished by its use on selected samples of 
facilities in various locations that have previously undergone both preliminary and detailed 
evaluation for other purposes. The suitability of the proposed preliminary evaluation procedure 
can thus be established by comparing its results with the results of detailed evaluations. Data 
representing a large sample of facilities are needed, however, and the verification process should 
be guided by a team or panel of specialists from all regions of the country who have extensive 
experience in evaluating earthquake threats to facilities. 

Any proposed methodology verified as suitable should be documented in a simple and concise 
format written specifically for design professionals and local authorities. 

V -2.4.3.3 Evaluation Of Existing Systems 

Determine The Strength And Deformation Characteristics Of Existing Facilities 
And Components 

Most experimental research on the strength/deformation characteristics of structural components 
and systems during the past decade has been directed at new components and systems. The 
priorities for supplemental experimental research on existing components need to be identified. 
The initial phase of this project should therefore involve a workshop at which the experimental 
needs would be determined. Following this workshop, a series of laboratory and full-scale 
experiments should be performed to establish the strength and deformation characteristics (to 
failure) of connections, components, and systems common to existing facilities. 

Evaluate And Develop Field Condition Assessments 

Structural engineering plans often are not available for existing facilities. Even if such plans 
exist, the facility may differ significantly from the original design plans. Therefore, a critical part 
of the evaluation process is assessing the current condition of the facility. Appropriate equipment 
and techniques for in-situ evaluation of the strength and condition of materials should be 
evaluated and new options fostered. 

The initial step in this project should be a workshop or seminar to identify currently available 
evaluation techniques and instrumentation. Requirements for improved techniques and 
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instrumentation should be identified. Subsequent portions of this project should be devoted to 
research and development of new instrumentation by manufacturers and improved techniques for 
visual assessment and measurement. 

V -2.4.3.4 Strengthening Of Existing Systems 

Identify Practical And Effective Strengthening Methods 

Structural engineers currently use a variety of techniques to strengthen the seismic resistance 
capabilities of existing facilities. Many of these techniques are developed separately by structural 
engineering finns on an ad-hoc basis because little information on practical and cost-effective 
strengthening techniques is available to the profession at large. This lack of available information 
reflects both the fact that existing strengthening techniques have not been assessed for practicality 
and effectiveness and that measures do not exist within the structural engineering profession for 
effectively transfi~rring technical information on strengthening techniques. 

This task seeks to assess currently available seismic strengthening techniques in tenns of 
practicality and effectiveness. The assessment process should consist of a compilation of existing 
techniques followed by an in-depth evaluation of individual techniques. The results of the 
evaluations should be presented and discussed in a workshop attended by experienced design 
professionals from all regions of the United States. The ultimate goal of the subtask is to rank 
ex~st~ng methods in order of practicality and effectiveness on the basis of expert engineering 
OpInIOn. 

Examples of practical methods that can be evaluated include (l) procedures for retrofitting 
underground structures against ground failure effects and soil-improvement methods that reduce 
the potential for future earthquake-induced ground failures at underground structures sites, (2) 
procedures for retrofitting underground structures damaged by earthquake-induced fault 
displacement, (3) retrofit procedures for large rail-mounted cranes, and (4) retrofit procedures for 
viaducts and other large bridge structures. 

Conduct Exp.~rimental Research To Determine Performance Of Strengthened 
Facilities 

Following the identification of practical retrofit methods, full-scale field experiments, or large­
scale laboratory experiments, need to be performed on those strengthening techniques considered 
to be most practi,cal and effective in order to verify their strength and deformation characteristics. 
It is only through such experiments that information on reliability, structural integrity, and 
possible failure modes can be established. The laboratory and field investigations should be 
conducted on a cooperative basis involving design engineers and researchers to ensure that the 
most effective research techniques and design considerations are used. 

V -2.4.3.5 Guidelines And Manuals For Seismic Retrofitting 

Prepare State··Of-The-Art Detailed Evaluation Guidelines 

This document should be based on the information developed under the above research projects 
on evaluation as well as previously developed systems and should include discussions and 
methods for handling all aspects of the evaluation process. For example, the guidelines should 
include a method for determining the parameters that characterize the seismic environment (e.g., 
response spectra, estimates of strong-motion duration, and other factors), discussions of the form 
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and accuracy of the equations used to estimate loads, methods for determining and evaluating 
capacities and deformations, and information on acceptable levels of damage and risk. The 
guidelines should be applicable to all types of existing facilities. 

Prepare State-Of-The-Art Guidelines For Seismic Strengthening 

This document should be based on the information developed under the above research projects 
on strengthening and is intended to provide comprehensive state-of-the-art guidelines for 
designing appropriate seismic strengthening measures for all major types of existing hazardous 
transportation facilities nationwide. Optimal technical details are not expected to be fully available 
at the time the document is developed; nevertheless, the document is required in order to provide 
the practitioner with usable information on the most effective ways to strengthen the facilities. 

To ensure acceptance of the seismic strengthening guidelines by the profession at large, it is 
essential that the guidelines be developed through a comprehensive review and revision process 
involving experienced and qualified earthquake engineers from all regions of the country. The 
guidelines should be written in a concise format and made available to practicing design 
professionals nationwide. 

Develop Cost Estimates For Alternative Strengthening Techniques 

Essential ingredients of any local strengthening program are reliable data on the costs involved in 
strengthening existing facilities. Such costs will largely determine the political resolution of 
decisions concerning the development and implementation of viable strengthening programs. 
Estimation of these costs must be related to the proposed standards, composition of the 
inventory, and seismic exposure. Such estimates also are necessary before public financial 
proposals can be prepared. 

This project will involve compilation and assessment of cost data on facilities already 
strengthened. The results should be applicable nationwide. 

V -2.4.4 Budgets, Schedules, And Personnel 

Tables 9 and 10 present summary budgets and schedules for the development of these standards 
and include the cost of the supporting research program described above. 

The following assumptions have been made when preparing these tables: 

• The level of effort required for standards development for existing lifelines can be 
judged from similar experience in parallel fields (e.g., buildings) adjusted for the 
lack of existing knowledge and experience in this field. 

• Each person-year of effort costs $100 ,000. 

• Cost sharing between lifelines is available. 

• The cost ratio between research effort and standards development (for existing 
facilities) is approximately 9: 1 based on Federal Highway Administration 
(FHWA) experience for new standards (Section 2.3.4) and California Department 
of Transportation (CalTrans) experience with bridge retrofit (see below). 
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It will be seen from Table 9 that the total cost for all four lifelines is $18,590,000, which includes 
$3,940,000 for standards development and $14,650,000 for research. It is noted that this latter 
figure is more than that estimated in 1986 ($10,355,000 [1]), but this earlier figure did not 
specifically address several issues considered in this plan (e.g., airports and air transportation 
systems). It is allso noted that the above figure for research expenditure (which averages $3.66 
million over 4 years) is less than current CalTrans expenditure on bridge retrofit research, which 
is approximately $5 million per year. 

Schedules showing duration and budget allocations by year are given in Table 10. Both the 
research program and the standards plan are shown in this table. 

An eight-year schedule is presented, which, as illustrated in Table 4, comprises three phases as 
follows: 

• Phase 1--Years 1-4: research program and criteria development 
• Phase II --Years 3-5: standards development 
• Phase 111--Years 6-8: evaluation and education 

Personnel are listed below by agencylinstitution. Two categories are used to classify these 
agencies: those that are system dependent and those that have expertise in more than one system 
or lifeline. 

• System Independent 

National Institute of Standards and Technology 
ASCE - Technical Council on Lifeline Earthquake Engineering 
National Center for Earthquake Engineering Research 
Applied Technology Council 

• System Dependent 

V -2.4.5 

Federal Highway Administration 
American Association of State Highway and Transportation Officials 
National Cooperative Highway Research Program 
Federal Railway Administration 
Urban Mass Transportation Administration 
American Railway Engineering Association 
Coast Guard 
American Association of Port Authorities 
American Waterway Operators 
Federal Aviation Administration 
American Association of Airport Executives 

Priorities For Existing Construction Standards 

As previously discussed in Section 2.3.5, which concerns priorities for new construction 
standards, equal priority between standards development for new and retrofit construction is 
recommended. 

Within the retrofit plan, priorities are assigned as in Table 11. 
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TABLE 1 

PARTIAL INVENTORY OF TRANSPORTATION FACILITIES 
IN THE UNITED STATES 

L.lFELINE SIZE/NUMBER COMPONENT 

Roadways 3,200,000 Rural Road Miles (3) 
683,000 Urban Street Miles (3) 
834,500 Highway Miles (4) 
574,000 Bridges (4) 

MeiSS Transit 6,900 Rail Miles (4) 
Waterways 25,500 Miles (3) 

2,400 Marine Terminals (3) 
225 Locks (3) 
270 Waterway Dams (3) 

Airports , 4,500 Airports (3) 
Ra.ilroads 500 Passenger Stations (3) 

24,000 Passenger Rail Miles (3) 
200,000 Freight Rail Miles (3) 

Sources: References 3 and 4 as noted 

TABLE 2 

PUBLIC WORKS CONSTRUCTION, OPERATIONS, AND 
MAINTENANCE IN TRANSPORTATION ANNUAL SPENDING 

(IN BILLIONS OF 1984 DOLLARS) 

UFELINE 1960 1970 1980 1984 

-
Highways 36.3 48.1 4'.6 40.1 

I'irports 2.7 5.4 6.2 6.6 

Mass Transit 2.4 4.4 10.6 13.3 

'rotals 41.4 57.9 58.4 60.0 

Source: Reference 4 
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TABLE 3 

TRANSPORTATION SYSTEMS AND THEIR COMPONENTS 

TRANSPORTATION SYSTEM COMPONENTS 

Highways Pavements. bridges. tunnels. embankments. slopes. avalanche 
and rock shelters. retaining walls. signal and lighting systems. 
maintenance facilities 

Railroads Track. bridges. tunnels. embankments. slopes. avalanche and 
rock shelters. retaining walls. stations. platforms. signal and 
control systems. freight handling facilities. rolling stock. 
maintenance facilities 

Mass Transit Elevated track and station structures. bridges. tunnels, subway 
stations. platforms. rail power. overhead catenary. signal and 
control systems. rolling stOck. maintenance facilities 

Ports and Wharves. quays. wails. bulkheads. cofferdams. sea bunds. 
Waterways breakwaters. dry dOcks (with vessel). freight handling facilities. 

roll-on and roll-off structures. bridges. pavements, aprons. canal 
locks. terminals. buildings. fuel storage facilities 

Air Transportation Runways. control towers. bridges. embankments. air traffic 
Facilities control eqUipment. terminals. buildings. passenger loading/ 

unloading bridges. shuttle/mobile lounges, fuel storage facilities. 
freight handling equipment. signal and control systems. 
maintenance facilities. air route traffic control centers and 
associated telecommunication facilitieS 

Note that. although listed separately in Table 3. railroads and mass transit systems are considered 
together in subsequent sections. 
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TABLE 4 

OVERA,LL SCHEDULE FOR DEVELOPMENT OF SEISMIC STANDARDS FOR 
NEW AND EXISTING TRANSPORTATION FACILITIES 

I Criteria Dtwelopment 
Research Program 

" Standards Development 
(System and 
Componel1t Standards. 
Equipment and 
Materials Provisions) 

III Evaluation, Review 
and Educiition 

, 2 3 

TABLE 5 

YEAR 

4 5 6 7 8 

BUDGET SUMMARY FOR SEISMIC STANDARDS FOR NEW AND 
EXIST1NG TRANSPORTATION FACILIT1ES 

NEW EXISITNG 
CONSTRUCTION CONSTRUCTION TOTALS 

Standards Dt;lVelopment 4,960,000 3,940,000 8,900.000 

Research PnJgram 7,760,000 14,650,000 22,410,000 

Totals 12,720,000 18,590,000 31,310,000 
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TABLE 7 

SCHEDULE AND BUDGET SUMMARY STANDARDS FOR 
DESIGN OF NEW TRANSPORTATION FACILITIES 

($ THOUSANDS) 

T.G.SKS YEAR 

ALL SYSTEMS , 2 3 4 5 6 7 

,. PHILOSOPHY OF SEISMIC DESIGN 
• Develop Philosophy 240 
• Review 80 

Budget Sub1total ($000'5) 

2. SYSTEM STANDARDS 
Research Tasks 
• Vulnerability Assessment 950 950 
Standards De'lfelopment 
• Develop Standards and 

CommentariEtS 360 
• Review 140 
Budget Subtotal ($OOO's) 

3. COMPONENT STANDARDS 
Highway SyS1tems 
• Research Tasks SOO 450 300 300 120 
• Standards Davelopment 120 120 
Railroad Systjlms 
• Research Tasks 400 600 500 SOO 120 
• Standards D9velopment 180 180 
Ports and Waterways 
• Research Tasks 4SO 4SO 400 150 120 
• Standards D9velopment 120 120 
Air Transportiltlon Facilities 
• Research Tasks 260 350 200 120 120 
• Standards D9velopment 
Budget Subtotal ($000'.) 

4. EQUIPMENT ~~ND MATERIALS 
• Develop Provisions 400 
• Review 200 
Budget Subtotal (OOO's) 

5. EVALUATION AND EDUCATION 
• Field Trials SOO 500 
• Develop Instl'UCtional Material 650 
• Conduct Pilot Workshops 
Budget Subtotal ($OOO's) 

TOTAL ($000'8) 2.850 3.240 1.960 1.890 680 SOO 1,150 

V-37 

TOTALS 
8 

320 

2.400 

7,300 

600 

450 

2.'00 

450 12.720 



RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

1. 

2. 

3. 

4. 

S. 

TABLE 8 

PRIORITIES FOR THE DEVELOPMENT OF STANDARDS 
FOR NEW CONSTRUCTION 

TASK- PRIORITYt 

Philosophy Of Seismic Design H 

System Design - Performance Standard H 

Component Design - Prescriptive Standards 

Bridges H 
Pavements L 
Slopes And Embankments M 
Retaining Walls H 
Tunnels H 
Buildings to 
Special Structures: Rock And Avalanche Shetters L 

Platforms And Signs L 
Locks M 
Cranes H 
Control Towers And Centers H 
Airport Runways M 
Terminal Buildings to 

Equipment And Materials Provisions H 

Evaluation And Education H 

NOTES: • No attempt is made here to prioritize between the four separate transportation lifelines. 

t H. High M. Medium L. Low 

to • For general structures. building standards exist (e.g .• UBC). and the assigned 
priority in above table should be low. However. seismic provisions are not 
necessarily adopted by municipalities. state and federal agencies especially for 
public structures; in such cases adoption of UBC or similar should be a high priority. 

• For critical structures (buildings whose contents are essential to response and 
recovery), codes such as UBC are inadequate since they are based on life-safety 
issues and not on serviceability requirements; in these cases new standards need to 
be developed, and the assigned priority in above table should be high. 
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TABLE 10 

SCHEDULE AND BUDGET SUMMARY STANDARDS 
FOR RETROFIT OF EXISTING TRANSPORTATION FACILITIES 

($ THOUSANDS) 

TASKS YEAR 

ALL SYSTEMS 
1 2 3 4 5 6 7 

1. PHILOSOPHY OF SEISMIC RETRORT 
• Develop Philosophy 240 
• Review 80 

Budget Subtotal (SOOO's) 

2. SYSTEM STANDARDS 
Research Tasks 
o Vulnerability Assessment 950 950 
Standards Development 
• Develop Standards and 

Commentaries 360 
• Review 140 
Budget Subtotal (SOOO's) 

3. COMPONENT STANDARDS 
Highway Systems 
• Research Tasks 1050 1050 575 575 
• Standards Development 60 60 60 
Railroad Systems 
• Research Tasks 1200 1200 925 925 
• Standards Development 90 90 60 
Ports and Waterway. 
o Research Tasks 1000 1000 625 625 
• Standards Development 60 60 60 
Air TransportatIon Facllltle. 
• Research Tasks 750 750 500 
• Standards Oevelopment 60 60 
Budget Subtotal (SOOO's) 

4. EQUIPMENT AND MATERIALS 
• Develop Provisions 200 
• Review 100 
Budget Subtotal (OOO's) 

5. EVALUATION AND EDUCATION 
• Field Trials 500 500 
• Develop Instructional Material 650 
• Conduct Pilot Workshops 
Budget Subtotal (SOOO'.) 

TOTAL (SOOO's) 5,190 5,390 2,975 2,595 340 500 1,150 
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Figure 1. Collapsed bridge on the Seward Highway. Also track damage on approaches to 
adjacent railroad bridge. Prince William Sound earthquake, March 27, 1964. 

Figure 2. Collapsed bridges on the Golden State Freeway at Interchange 5/14. San Fernando 
earthquake, February 9, 1971. 
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Figure 3. Collapsed control tower at Anchorage International Airport. Prince William Sound 
earthquake, March 27,1964. 

Figure 4. Failure of fill supporting inboard crane rail at Port of Oakland. Lorna Prieta 
earthquake, October 17, 1989. 
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SEISMIC STANDARDS FOR TRANSPORTATION LIFELINES 
(Highways, Railways, Ports and Waterways, 

Air Transportation Facilities) 

I I 
[ NEW CONSTRUCTION I I EXISTING CONSTRUCTION _I 

I I 
• + f + 

Standards Research Standards Research 
Development Program Development Program 

1 • ,. Philosophy ,. Philosophy 

~ 
, 

t 
, 

2. System Design ~ Vulnerabil~y 

~l 2. System Retrofit ~ Vulnerabilrty 
Assessment Assessment 

• • 3. Component , 3. Component 
Design Retrofit 

• Bridges Geotechnical And • Bridges 
• Tunnels Seismic Hazards 

• Tunnels Evaluation 
• Pavements Soil-Structure • Pavements And 
• Retaining ~ Interaction r--+ • Retaining ~ Strengthening 

Structures StructUI'8S 

• Slopes Structure • Slopes 
• Special Response • Special 

Structul'8s Structu I'8S 

+ .. 
4. Equipment And 4. Equipment And 

Materials Provisions Materials Provisions 

~ • 
Evaluation Review Evaluation Review 

~ And Education And Education Retrofit Manuals 

Figure 5. Flowchart for the development of seismic standards for transportation lifelines. 
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V -5. APPENDIX 

The appendix consists of tables that present budget, schedule, and personnel data for the 
development of seismic standards for the construction of the following new transportation 
systems: highways, railways, ports and waterways, and air transportation, as follows: 

• Table AI--Budget and Personnel for Highway Standards for New Construction 

• Table A2--Schedule and Budget for Highway Standards for New Construction 

• Table A3--Budget and Personnel for Railway Standards for New Construction 

• Table A4--Schedule and Budget for Railway Standards for New Construction 

• Table A5--Budget and Personnel for PortlWaterway Standards for New Con­
slruction 

• Table A6--Schedule and Budget for PortlWaterway Standards for New Con­
slruction 

• Table A7--Budget and Personnel for Air Transportation Standards for New Con­
slruction 

• Table A8--Schedule and Budget for Air Transportation Standards for New Con­
struction 
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TABLE A1 

BUDGET AND PERSONNEL FOR HIGHWAY STANDARDS 
FOR NEW CONSTRUCTION 

TASKS EFFORT BUDGET" AGENCIES 

1. PHILOSOPHY OF SEISMIC DESIGN 0.5 person yrs. S80,OOO ATC 
• Assemble consultanvreview panel ASCEITCLEE 
• Conduct workshop (part 1) AASHTO/NCHRP 
• Prepare statement 
• Review 

2. SYSTEM DESIGN 
R ... arch Task (24 months)t 500,000 UNIVERSITIES 
• System vulnerability assessment CONSULTANTS 
Standards Development 1 .5 person yrs. 150,000 ATC 
• Workshop (part 2) ASCEITCLEE 
• Develop performance standard NIST 

and commentary AASHTO/NCHRP 
• Review 

3. COMPONENT DESIGN 
R .... rch T.sks UNIVERSITIES 
" Seismic hazard, site response, (24 months) 250,000 CONSULTANTS 

liquefaction, large ground NIST 
deformation, coherence 

• Soil-structure interaction, piled 
foundations, retaining structures, 

(48 months) 500,000 

underground structures 
• Structural response, large-scale 

experiments, long-span bridges, joints, 
(48 months) SOO,OOO 

conned ions, intersections 
Standards Development 3.0 person yrs. 360,000 NCEER 
• evaluate existing standards NIST 
• Develop draft standards and AASHTO/NCHRP 

commentaries for bridges, pavements, UNIVERSITIES 
slopes and embankments, tunnels. 
retaining walls, buildings (as needed), 
special structures 

• Review 

4. EQUIPMENT AND MATERIALS 1 .5 person yrs. 150,000 NIST 
• Evaluate existing provisions AASHTOfNCHRP 
• Develop revisions as appropriate 
• Review 

5. EVALUAnON AND EDUCAnON 5.5 person yrs. 550,000 NCEER 
• F .. 1d trials ASCEITCLEE 
• Evaluation FHWA 
• Prepare instructional material DOTS 
• Conduct pilot workshops UNIVERSITIES 

TOTAL $3,340,000 

• Assumes cost-sharing between transportation lifelines 
t Figures In parentheses represent project duration, not effort 
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TABLE A2 

SCHEDULE AND BUDGET FOR HIGHWAY STANDARDS 
FOR NEW CONSTRUCTION 

($ THOUSANDS) 

YEAR 
TA,SKS , 2 3 4 5 6 7 

, . PHILOSOPHY OF SEISMIC DESIGN 
• Develop phiklsophy 60 
• Review 20 

Budg.t Subtotal ($000'.) 

2. SYSTEM STANDARDS 
Research Tasil(s 
• Vulnerability assessment 250 250 
Standards De'/elopm.nt 
• Develop star,dards and 

commentaries 100 
• Review 50 
Budget Subtotal ($000'.) 

3. COMPONENTSTANOAROS 
R .... rch Ta.k. 
• Seismic hazllrd and ground motion 150 100 
• Soil StructUfil interaction ISO ISO 100 100 
• Structural rltlsponse 200 200 200 200 
Standards Dev.lopment 
• Develop starldards and 

commentarills 120 120 
• Review 120 
Budg.t Subtotal (SOCO'.) 

4. EQUIPMENT JlND MATERIALS 
• Develop provisions 100 
• Review SO 
Budget Subtotal (OOO's) 

5. EVALUA nON AND EOUCA nON 
• Field trials al,d evaluation ISO ISO 
• Develop instructional material 150 
• Conduct pilot workshops 
Budg.t SubtClltal ($OOO") 

TOTALS S10 820 470 520 170 150 300 
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TOTALS 
8 

60 
20 
80 

500 

100 
50 

650 

250 
500 
800 

240 
120 

, .910 

100 
50 

150 

300 
ISO 

100 100 
550 

100 3.340 
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TABLE A3 

BUDGET AND PERSONNEL FOR RAILWAY STANDARDS 
FOR NEW CONSTRUCTION 

TASKS EFFORT BUDGET· AGENCIES 

1. PHILOSOPHY OF SEISMIC DESIGN 0.5 person yrs $80,000 ATC 
o Assemble consultant/review panel ASCEtTCLEE 
o Conduct workshop (part 1) 
o Prepare statement 
o Review 

2. SYSTEM DESIGN 
Research Task (24 months)t 400,000 UNIVERSITIES 
• System vulnerability assessment CONSULTANTS 
Standards Development 1.5 person yrs 150,000 ATC 
• Workshop (part 2) ASCEITCLEE 
• Develop performance standard NIST 

and commentary FAA 
• Review 

3. COMPONENT DESIGN 
R .... rch T.ak. UNIVERSITIES 
o Seismic hazard, site response, (24 months) 250,000 CONSULTANTS 

liquefaction, large ground NIST 
deformation, coherence 

o Soil-structure interaction, piled (48 months) 850,000 
foundations, retaining structures, 
underground structures 

• Structural response, large-scale (36 months) 900,000 
experiments, joints, connections, 
intersections 

Stand.rds Development 4.5 person yrs 480,000 NCEER 
o Evaluate existing standards NIST 
o Develop draft standards and UNIVERSITIES 

commentaries for bridges, track, 
slopes and embankments, tunnels, 
retaining walls, buildings (as needed), 
special structures 

o Review 

4. EQUIPMENT AND MATERIALS 1.5 person yrs 150,000 NIST 
(includes electric power and fuel 
storage facilities) 
• Evaluate existing prOVisions 
• Develop revisions as appropriate 
• Review 

S. EV ALUA nON AND EDUCA nON 6.5 person yrs 650,000 NCEER 
• Field trials ASCEITCLEE 
• Evaluation AREA 
• Prepare instructional material ATC 
• Conduct pilot workshops UNIVERSITIES 

TOTAL $3,910,000 

o Assumes cost-sharing between transportation lifelines 
t Figures in parentheses represent project duration, not effort 
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TABLE A4 

SCHEDULEANDBUDGETFORRALROADSTANDARDS 
FOR NEW CONSTRUCTION 

($ THOUSANDS) 

YEAR 
TASKS , 2 3 4 5 6 7 

1. PHILOSOPHY OF SEISMIC DESIGN 
• Develop philosophy 60 
• Review 20 

Budget Subtlotal ($OOO's) 

2. SYSTEM STANDARDS 
Research Tas.:. 
• Vulnerability ilSsessment 200 200 
Standards De~'elopment 
• Develop stan·dards and 

commentarie!l 100 
• Review 50 
Budget Subtotal ($000'.) 

3. COMPONENT STANDARDS 
Research Ta •• t. 
• Seismic hazard and ground motion 150 100 
• Soil structure interaction 250 200 200 200 
• Structural response 300 300 300 
Standard. o."eloprnent 
• Develop standards and 

commentatie:s 180 180 
• Review 120 
Budget Subtotal ($000'.) 

4. EQUIPMENT .a.ND MATERIALS 
• Develop provisions 100 
• Review 50 
Budget Subtotal (000'.) 

5. EVALUATION AND EDUCAll0N 
• Field trials arid evaluation 150 150 
• Develop instructional material 200 
• Conduct pilot worKshops 
Budget Subtolt.1 ($OOO'.) 

TOTALS 660 920 730 780 170 150 350 
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TOTALS 
8 

60 
20 
80 

400 

100 
50 

550 

250 
850 
900 

360 
120 

2.480 

100 
50 

150 

300 
200 

150 150 
650 

150 3.910 
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TABLE AS 

BUDGET AND PERSONNEL FOR PORTIWATERWAY STANDARDS 
FOR NEW CONSTRUCTION 

TASKS EFFORT BUDGET" AGENCIES 

1. PHILOSOPHY OF SEISMIC DESIGN 0.5 person yrs sao,ooo ATC · Assemble consultant/review panel ASCEITCLEE 
• Conduct workshop (part 1) 
• Prepare statement 
• Review 

2. SYSTEM DESIGN 
Research T.sk (24 months)t 500,000 UNIVERSITIES 
• System vulnerability assessment CONSULTANTS 
Standards D.velopment 1.0 person yrs 150,000 ATC 
• Workshop (part 2) ASCEITCLEE 
• Develop performance standard NIST 

and commentary 
• Review 

3. COMPONENT DESIGN 
R •••• rch T •• ka CONSULTANTS 
• Seismic hazard, site response, (48 months) 350,000 UNIVERSITIES 

liquefaction, large ground NIST 
deformation, coher.nce 

• Soil-structur. int.raction, piled 
foundations, retaining structures, 

(48 months) 700,000 

und.rground structures 
• Structural response, large-scal. 

experiments, joints, connections 
(36 months) 400,000 

Stand.rds D.velopment 3.0 person years 360,000 NCEER 
• Evaluate existing standards NIST 
• Develop draft standards and UNIVERSITIES 

commentaries for wharves, 
pavements, slopes and embankments, 
retaining walls, buildings (as n.eded), 
special structures (including container 
cranes, roll-on·roll·off structures) 

• Review 

4. EQUIPMENT AND MATERIALS 
1.5 person yrs 150,000 NIST 

(includes electric power and fuel 
storage facilities) 
• Evaluate existing provision. 
• Develop revisions •• appropriate 
• Review 

4.5 person yrs 450,000 NCEER 
5. EVALUAnON AND EDUCAnON ASCEITCLEE 

• Field trial. AREA 
• Evaluation ATC 
• Prepare instructional material UNIVERSITIES 
• Conduct pilot workshops 

TOTAL 
$3,090,000 

• Assumes cost-Sharing between transportation lifelines 
t Figures in parentheses represent project duration, not effort 
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TABLE AS 

SCHEDULE AND BUDGET FOR PORTtWATERWAY 
STANDARDS FOR NEW CONSTRUCTION 

($ THOUSANDS) 

Y-EAR 
TA!3KS , 2 3 4 5 6 

,. PHILOSOPHY IJF SEISMIC DESIGN 
• Develop philosophy 60 
• Review 20 

Budget Subt.)tal ($OOO's) 

2. SYSTEM ST ANIDARDS 
Research Tasks 
• Vulnerability ~lSsessment 250 250 
Standards Development 
• Develop standards and 

com mentaries, 80 
• Review 20 
Budget Subtotal ($OOO'.) 

3. COMPONENT !STANDARDS 
Re.earch Tasle:. 
• Seismic hazard and ground motion 100 100 100 SO 
• Soil structure interaction 200 200 200 100 
• Structural response 150 150 100 
Standards [)e..,elopment 
• Develop standards and 

commentanell 120 120 
• Review 120 
Budget Subtotal ($OOO's) 

4. EQUIPMENT A.ND MATERIALS 
• Develop provisions 100 
• Review 50 
Budget Subtot.al (OOO's) 

5. EVALUAnON AND EDUCAnON 
• Field trials and evaluation 100 
• Develop instructional material 
• Conduct pilot worXshops 
Budget SubtOl:a1 ($000'.) 

TOTALS 760 800 540 370 170 100 

V-51 

TOTALS 
7 8 

60 
20 
80 

500 

ao 
20 

600 

350 
700 
400 

240 
120 

1,810 

100 
50 

150 

100 200 
150 150 

100 100 
450 

250 100 3,090 



RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

TABLE A7 

BUDGET AND PERSONNEL FOR AIR TRANSPORTATION STANDARDS 
FOR NEW CONSTRUCTION 

TASKS EFFORT BUDGET" AGENCIES 

1. PHILOSOPHY OF SEISMIC DESIGN 0.5 person yrs $8C,000 ATe 
• Assemble consultant/review panel ASCEITCl.EE 
• Conduct workshop (part 1) 
• Prepare statement 
• Review 

2. SYSTEM DESIGN 
R •••• rch T •• k (24 months)t 500,000 UNIVERSIT1ES 
• System vulnerabiUty assessment ATC 
St.nd.rds Developm.nt 1.0 person yrs 100.000 ASCE'TCLEE 
• Workshop (part 2) NIST 
• Develop performance standard 

and commentary 
• Review 

3. COMPONENT DESIGN 
Reseerch T.sks CONSULTANTS 
• Seismic hazard, site response, (24 months) 300,000 UNIVERSITIES 

liquefaction, large ground NIST 
deformation, coherence 

• Structural response, joints, (36 months) 560,000 
connections 

Stand.rds Development 2.0 person yrs 240,000 NCEER 
• Evaluate existing standards NIST 
• Develop draft standards and UNIVERSI"rlES 

commentaries for pavements, 
control towers, buildings, spacial 
structures (including passenoerlfreight 
loading/unloading facilities) 

• Review 

4. EQUIPMENT AND MATERIALS 1 .5 person yrs 150,000 NIST 
(includes electric power and fuel 
storage facilities, 

• Evaluate existing provisions 
• Develop reviSions as appropriate 
• Review 

5. EVALUAnON AND EDUCATION 4.5 person yrs 450,000 ATC 
• Field trials NCEER 
• ev.luation ASCEITCLEE 
• Prepare instructional material FAA 
• Conauct pilot woritshops 

TOTAL I 52.380,000 

• Assumes cost-sharing between transportation lif.lines 
t Figures in parentheses represent project duration, not effort 
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TABLE AS 

SCHEDULE AND BUDGET FOR 
AIR TRANSPORTATION STANDARDS FOR NEW CONSTRUCTION 

($ THOUSANDS) 

YEAR 
TASKS 

1 2 3 4 5 6 7 

1. PHILOSOPHY 'OF SEISMIC DESIGN 
• Develop philosophy 60 
• ReVIew 20 

Budget Subt.:»tal (SOOO's) 

2. SYSTEM STA"IDARDS 
Rasearch Task:s 
• Vulnerability llSsessmen! 250 250 
Standards Development 
• Develop stanljards and 

commentarie!! 80 
• Review 20 
Budget Subtotal ($000'.) 

3. COMPONENT:sT ANDARDS 
R .... rch T •• ~:. 
• Seismic hazard and ground motion 150 150 
• Strudural response 160 200 200 
Standards o.,,'elopment 
• Develop standards and 

commentarie!; 120 
• Review 120 
Budgat Subtotal ($OOO'S) 

4. EOUIPMENT AND MATERIALS 
Standards o. .. 'llopmant 100 
• Develop provisions 50 
• Review 
Budget Subtotal (000'.) 

5. EVALUATION AND EDUCAll0N 
• Field tnals and evaluation 100 100 
• Develop instructional material 150 
• Conduct pilot workshops 
Budget Subtotal ($OOO's) 

TOTALS 620 700 220 220 170 100 250 
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WATER AND SEWER LIFELINES 

CHAPTER VI: WATER AND SEWER LIFELINES 

DONALD BALLANTYNE 

VI-I. INTRODUCTION 

Water and sewer systems are damaged by earthquakes. The purpose of this chapter is to develop 
a plan for the development of design and construction standards for water and sewer facilities, 
which will reduce the consequences of an earthquake. 

It is not the intent of the National Institute of Standards and Technology (NIST) to develop 
standards directly, but to facilitate standards development by existing standards organizations 
with the support of the technical community--not duplicating relevant existing standards but 
identifying and incorporating them by reference into the proposed standards documents. 

VI-I.1 Elements Of A Lifeline Standard: Water And Sewer Facilities 

A lifeline earthquake code or standard for water and sewer facilities should consider the five 
elements listed bdow. 

1. Policy Statement--Defming the system performance requirements and operational 
expectations during and following an earthquake 

2. System Evaluation Standards--Defining how the system performance 
requirements and operational expectations during and following the earthquake 
c,m be evaluated in comparison with the policy statement and indicating 
deficiencies to be corrected 

3. Component DesignlEvaluation Standards--Defining the detailed engineering 
design/evaluation of new, replacement, or existing components, which would also 
serve as input to the system evaluation 

4 . Equipment and Material Standards 

5. System Emergency Operation Planning, Response, and Recovery 

Public Law 101 .. 614 is explicit about addressing design and construction methods for new and 
existing structures, as included in Elements 1, 3, and 4, above. Lifeline systems are 
differentiated from building structures because of the system component interaction, as addressed 
in Element 2. A detailed discussion on including Element 2 is included. Element 5, System 
Emergency Operation Planning, Response, and Recovery, is critical to minimize system 
disruption following an earthquake and to provide a road map to system restoration. Therefore 
Element 5 is included. 

VI-I.2 VVater And Sewer System Components 

Water systems are made up of individual components that work together to provide water for fire 
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protection, drinking, sanitary needs, industrial use, and irrigation. Similarly, sewer systems are 
comprised of components that work together to collect, transmit, treat, and dispose of sewage. 
Each component may include equipment and materials. 

Water and sewer system component functions include the following: 

• Potable Water Systems 

Supply sources 
Transmission 
Treatment 
Pumping 
Storage 
Distribution 
Pressure regulation 
System control 
Operation, maintenance, and storage facilities 

• Sewer Systems 

Collection 
Pumping 
Transmission 
Treatment 
Disposal 
System Control 
Operation, maintenance, and storage facilities 

In general, these components may include: 

• Dams and diversion structures 
• Conveyance (pipelines, tunnels, aqueducts, canals) (see Figure 1 showing a 

typical pipeline earthquake failure repair) 
• Storage (buried, at grade, and elevated 
• Wells 
• Equipment and plant piping (mechanical, electrical, and instrumentation) 
• Building and other structures 
• Nonstructual components 
• Electric power plants and substations 

Fire-suppression systems using nonpotable water may have many of the same components as a 
water system, and are subject to earthquake damage. 

The intent here is only to relate building structures to existing building codes and standards, and 
identify any required modification to design criteria for lifeline systems. Electric power plants 
and substations will be included in the electrical power systems component of this Federal 
Emergency Management Agency (FEMA)INIST program. All other components listed will be 
discussed herein. 
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VI-l.3 Historic Performance Of Water And Sewer Systems In Earthquakes 

Providing water for fIre suppression is the most critical requirement for water-system function 
following an earthquake. The City of San Francisco was largely destroyed by fIre following the 
1906 San Francisco earthquake because the water system was inoperable. Following the 1906 
earthquake, San Francisco constructed an auxiliary water system specifIcally to be earthquake 
resistant to provide water for fire suppression for the next earthquake. 

Neither the municipal nor the auxiliary water systems were functional in areas in San Francisco 
requiring water for fIre suppression following the 1989 Lorna Prieta earthquake. The City was 
extremely fortunate that there was no wind the evening of the earthquake to spread the fires that 
resulted. In both the 1906 and 1989 earthquakes the predominant factor impacting system 
disfunction was pipeline failure in liquefIable soil areas. Following the Lorna Prieta earthquake, 
system operational hardware also failed. 

Other area water systems were signifIcantly impacted in the Lorna Prieta earthquake. Reservoirs 
in higher pressure zones in the Santa Cruz water system quickly drained because of extensive 
pipeline damage in soft-soil areas along the San Lorenzo River. This resulted in not being able to 
provide water service to the two local hospitals. The power outage prevented the pumping of raw 
water to the treatment plant serving the area. The area was extremely lucky that there was no 
wind that evening to spread fIre. Water supply to some parts of the City was not restored for up 
to one week. 

Five water tanks collapsed in the San Lorenzo water district immediately north of Santa Cruz. 
One one-million gallon tank drained in Scotts Valley, just east of Santa Cruz, when it rocked on 
its foundation, snapping the connecting piping. The Redwood Estates water system, located in 
the Santa Cruz Mountains near the epicenter, was not restored for fIve months following the 
earthquake. 

Water-treatment facilities were damaged in the Lorna Prieta earthquake. Process equipment and 
baffles were broken up by sloshing water in treatment plants in the Santa Clara Valley and San 
Jose, putting them out of operation for up to one month. The earthquake occurred after the peak 
demand period for water, which occurs during the summer months. As a result, water purveyors 
could keep up with the demand. A mid-summer earthquake would have had a greater impact on 
meeting water demands. 

Sludge digesters at sewage treatment plants were damaged as far away as 160 kilometers in 
Sacramento and Oakland. Methane gas could have been released if damage had been more 
severe, as would be expected in a longer-duration event. 

In Washington State, the 1949 7.1-magnitude earthquake broke water lines, leaving the State's 
capital city of Olympia without water for one day. In 1965 a 6.5-magnitude earthquake broke 
water lines in Seattle, making one waterfront area vulnerable to fIre without water. A recent 
study of the Sealttle water system concluded that a signifIcant portion of the system would be 
inoperable following a 6.5-magnitude event (Kennedy IJenks/Chilton 1990b). 

Because of low(~r recurrence intervals of earthquakes in areas such as Memphis, Tennessee, 
Charleston, South Carolina, and Boston, Massachusetts, we have not seen the impact of 
earthquakes on their water systems. We do know that t.hey have had earthquakes exceeding the 
magnitude levels of those having significant impacts on water systems in other areas. 
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VI-l.4 Current Status Of Standards 

Information on the current status of standards in the lifeline industry is inventoried under the 
headings of the standards elements presented above. 

• 

• 

• 

• 

• 

VI-1.S 

Element l--Existing codes and commentaries establish seismic design policy for 
building structures. There is no nationally or regionally recognized document 
establishing a parallel policy for lifeline systems, required by Standards Element 
1, Policy Statement. Also as part of the policy statement, levels of function 
should be defined for moderate and major earthquake events for each region. The 
criteria for those events should be given in terms of a return period. 

Element 2--Vulnerability assessment approaches have been developed for 
pipelines; storage; wells; mechanical, electrical, and instrumentation equipment; 
building structures; and non structural items. Postearthquake system-function 
models, which estimate water pressure and fire flow, are available in a preliminary 
form. Those system-function models incorporate component vulnerability 
assessment relationships. These system function models are the type that could be 
used for Standards Element 2, System Evaluation Standards. 

Element 3--Current design and construction practices have been documented by 
the American Society of Civil Engineers Technical Council on Lifeline Earthquake 
Engineering (ASCE TCLEE) primarily using a "guideline" approach. Guidelines 
and/or standards of practice have been specifically developed for water and sewer 
systems by the military, the Japan Society of Civil Engineers (JSCE), a municipal 
utility, and a consultant. These documents are in varying levels of detail, 
incorporate an inconsistent list of considerations, and do not have consensus 
among a wide range of users in the United States. Appropriate sections of these 
existing guidelines should form the basis of Standards Element 3, Component 
DesignJEvaluation Standards. 

Element 4--Equipment and materials standards considering seismic design are 
available in some categories for tanks, pipe, plant piping, and electrical 
equipment. Current well design standards do not include seismic considerations. 
Buildings and equipment are addressed in existing building codes. Standards do 
exist for most materials and could have seismic provisions added, if necessary. 
These standards correspond to Standards Element 4, Equipment and Material 
Standards. 

Element 5--System Emergency Operation Planning, Response, and Recovery 
planning documents for water and sewer are available but with varying usefulness 
and availability. 

Standards Development 

A detailed discussion on incorporating Element 2 as part of the standard is presented later under 
subsection 3.3. 

Elements 1 through 5 are described in detail herein establishing an inventory of standards that are 
required for each element in order to provide a comprehensive standard. Organizations 
recommended to take responsibility for standards development are identified, and priorities, 
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estimated budgets, and schedules are developed. 

Research required to complete these standards development tasks is listed as part of each element 
description. 

VI-2. STATE OF THE ART 

VI-2.1 Introduction 

This section disclUsses state-of-the-art references for vulnerability assessments and current design 
and construction practices. General documents discussing state-of-the-art strategies are discussed 
below. 

In 1989, NIBS assembled an ad-hoc panel to develop strategies for implementing a 
comprehensive program to mitigate risk to lifelines from earthquakes (NIBS 1989). 
Recommendations for design criteria and standards development tasks resulting from this 
document, applicable to water and sewer systems, include: 

1 . Develop manuals for low-cost seismic hazard reduction 
2. Establish pipeline deformation capability 
3. Upgrade ASCE TCLEE Advisory Notes on Lifeline Earthquake Engineering 
4 . Develop a manual for small water and sewer lifelines 
5 . Develop a manual for treatment facilities 
6. Develop a manual for tanks, basins, channels, and vaults 
7 . Prepare a booklet on seismic design for electrical and mechanical equipment 
8 . Develop test equipment for fragility levels 

All but two recommendations from this document applicable to water and sewage systems were 
for manual development, not standards. 

In 1987, FEMA assembled a group of experts to develop an action plan for seismic hazard 
abatement (FEMA 1987a). The action plan summarized water and sewer abatement needs 
presented in a separate volume (FEMA 1987b). The action plan to develop codes or standards 
for design, construction, and retrofitting of seismic-resistant water and sewer facilities included 
items 3,4, and 5 from the list above as well as the following: 

1. 
2. 

VI-2.2 

Develop a manual for water and sewer piping systems 
Develop a manual for design of treatment, pumping, and well facilities 

Vulnerability Assessments 

The Earthquake Engineering Research Institute and others have published reconnaissance reports 
for specific earthquakes with anecdotal damage information. System vulnerability must include 
both system function and economic impact. The following referenced documents are 
comprehensive in nature, covering multiple earthquakes or a methodology that is applicable to 
generic systems. 

• Overall Approach--A general overview of vulnerability assessments is 
presented by the NRC (1989). FEMA. assembled a student manual entitled 
Earthquake Hazard Mitigation for Utility Lifeline Systems (undated), which 
provides a more detailed approach focusing on utilities but no quantitative 
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assessment approach. Recently, the Applied Technology Council, ATC, assessed 
lifeline earthquake risk nationally (ATC-25, 1991). The ATC document develops 
lifeline vulnerability functions for generic components for all lifelines, and applies 
them to a national lifeline inventory. It also applies the methodology to a specific 
selected prototype water system. 

• Pipeline Vulnerability--Pipeline vulnerability assessment considers various 
pipe material types, ground motion criteria, and ground deformation criteria. Early 
work was done by Katayama in 1979, who proposed damage (breaks/km) from 
both wave propagation and permanent ground deformation versus peak ground 
accelerations algorithms. That data, supplemented with information from more 
recent earthquakes, was applied to the Portland, Oregon, water and sewer system 
(Wang 1990). The ASCE TCLEE Water and Sewage Committee estimated losses 
to a hypothetical water system using a pipeline damage versus an intensity 
algorithm with Katayama's data as a basis (ASCE 1991a). 

Eguchi (1983) proposed damage (breaks/km) versus Modified Mercalli Intensity 
(MMI) algorithms which were applied to the Seattle, Washington, water system, 
(Kennedy/Jenks/Chilton 1990b), and again to the Everett, Washington, water 
system (Kennedy/Jenks/Chilton 1991). Figure 2 shows the damage algorithm for 
cast iron pipe. The Seattle water-system study also presents a method for 
liquefaction microzonation mapping. 

Barenberg (1988) proposes pipeline damage (repairs/km) for wave propagation 
versus peak ground velocity as well as pipe damage versus permanent ground 
displacement. 

A study of liquefaction impact on utilities in San Francisco developed a 
methodology to estimate permanent ground deformation. Algorithms showing 
pipe damage rates in unit-break rate or percent-replacement versus net-permanent 
ground deformation for various types of water and sewer pipe were produced. 
Figure 3 depicts water main failures in the San Francisco Marina District resulting 
from the Lorna Prieta earthquake (Harding Lawson Associates 1991). This 
pipeline failure data was used, as one resource, for developing the damage 
algorithms for the study. The same study also looks briefly at large open channel 
conduits constructed of brick or reinforced concrete. 

There is a lack of credible seismic damage data on large diameter steel conduits 
although O'Rourke and Ayala (1991) suggest that the damage ratio for large 
diameter prestressed concrete cylinder pipe for wave propagation is similar to 
smaller diameter asbestos cement and cast-iron pipe. 

All the references for pipeline vulnerability are appropriate for planning level 
studies only. They do not incorporate detailed site, or soils information. 

• Wells--A planning-level document for the Metropolitan Water District of 
Southern California, MWD, estimated damage to well facilities for varying MMI 
and liquefaction probabilities for a given earthquake scenario (Dames & Moore 
1991). There was damage to wells in the City of San Fernando during the 1971 
San Fernando earthquake which was considered in the MWD report (NOAAlEERI 
1973). There was significant damage to municipal water supply wells in the 1990 
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Philippine earthquake which corroborated the MWD study. 

• "Mechanical, Electrical, And Instrumentation Equipment And 
Nonstructural Elements--Engineering judgment during a walk-through, 
focusing on equipment anchorage, potential for differential movement, system 
geometry, empirical equipment fragility, coupled with simple calculations result in 
vulnerability assessment decisions. Anchored equipment has historically 
performed well. Spring vibration isolators have not performed well. Figure 4 
shows a spring vibration isolator on an engine-generator set, damaged in an 
earthquake. Figure 5 shows a precariously mounted electrical power transformer 
serving an 80 million gallon per day sewage pump station, very vulnerable to 
earthquakes. 

A TC assembled experts to quantify expected damage to, among other categories 
of facilities, equipment over a range of earthquake intensities (ATC-13 1985). 
ATC again assembled experts to review equipment and non-structural element 
design approaches (ATC-29, 1991). 

• At Grade And Elevated Steel Tank Structures--There is not a good 
vulnerability assessment approach to assess existing tanks because there is a lack 
of empirical earthquake damage information. The American Water Works 
Association (A WW A) Standard for Weld,~d Steel Tanks for Water Storage DlOO-
84, which has had a seismic provision since 1979, is widely used in the water 
supply industry. The AWWA Dl00 design has not been subjected to a major 
earthquake. 

There have been several preliminary approaches to tank damage algorithm 
development not considering the AWWA Dl00 standard. ASCE TCLEE (1991) 
proposed damage versus intensity algorithms for various tank ages, geometries, 
and types. ATC (1985) provided a tank damage algorithm which was later 
modified to make the curve more tank specific (Kennedy/Jenks/Chilton 1990a). 

Several consulting firms have assessed existing elevated tanks and standpipes 
analytically but did not relate the results to the AWWA DlOO standard (Cygna 
1989; URS 1987). 

The Uniform Building Code, UBC, (1988) defines seismic force levels for 
ground supported tanks. Depending on height to diameter ratios, the loads 
specified can be higher than those specified by A WW A Dl00-84. 

hnplementation of flexible pipe connection designs for tanks to accommodate 
dilfferential movement has not been widely carried out. The Lorna Prieta 
earthquake demonstrated the success of good flexible connection designs and the 
failure of rigid designs. 

• At And Below Grade Concrete Tanks, Treatment Facilities, And 
Vaults--Damage to this category of structures is closely related to permanent 
ground deformation. Damage, other than from permanent ground deformation, 
has not been significant. ATC-13 (1985) proposes damage algorithms for similar 
types of massive concrete structures, but are not specific to tankage. 
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• Tank Immersed And Floating Appurtenant Structures-­
Kennedy/Jenks/Chilton (1990c) evaluates damage to water and wastewater 
treatment facilities subjected to the Lorna Prieta earthquake and presents a design 
approach to mitigate damage to submerged elements. Figure 6 shows sloshing 
damage to a clarifier at the Rinconada Water Treatment Plant resulting from the 
Lorna Prieta earthquake. 

There was significant damage to sewage sludge-digester floating covers in the 
Lorna Prieta earthquake. There is currently no documented approach to estimate 
damage or a design technique to mitigate earthquake damage to these covers. 

• Building Structures--A TC has assembled three documents for assessing the 
seismic vulnerability of existing buildings (ATC-14, 1987; ATC-21, 1988; ATC-
22, 1989). 

• Postearthquake System Function Models--Water distribution system 
network models, incorporating expected earthquake damage, have been developed 
by a number of people (Shinozouka 1981; Eguchi 1981; Kennedy/Jenks/Chilton 
1990b; Trautmann 1986). These models estimate water pressure and flow 
available for fire suppression. Both probablistic and deterministic approaches 
have been used. Two deficiencies in these models are 1) negative system 
pressures and 2) inaccuracy of pipeline damage estimates. Existing refined 
models are proprietary . 

Nevertheless, postearthquake water-system modeling is still in its developmental stages. There is 
vulnerability assessment information available, with varying degrees of accuracy, for most water­
system components except those listed below. 

• 

• 

• 

VI-2.3 

VI-2.3.1 

Large diameter steel and concrete pipelines 

Above grade and elevated tanks 

Immersed/floating structures 

Current Design And Construction Practices And Standards 

ASCE TCLEE Documents 

ASCE TCLEE has been a leader in providing design guidelines for lifeline systems. Documents 
include: 

• Advisory Notes on Lifeline Earthquake Engineering (1983)--Primarily component 
design/evaluation 

• Guidelines for the Seismic Design of Oil and Gas Pipeline Systems (1984)-­
Primarily component design/evaluation 

• ASCE Water Treatment Plant Design (1990)--Primarily component 
design/evaluation in TCLEE-authored chapter 

• Water Pollution Control Federation (WPCF) Wastewater Treatment Plant Design 
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(1991 )--Comments on seismic resistant design of wastewater treatment plant 
fadlities in applicable chapters provided by the TCLEE Water and Sewage 
Committee 

ASCE Pipeline Design for Water and Wastewater (1991b)--Chapter on seismic 
resistant design of pipeline. 

Guidelines And Standards Of Practice Specifically Developed For 
Sc~ismic Resistance Of Water And Sewer Facilities 

A consultant (Environmental Quality Systems, Inc. (EQSI, 1980), a utility (East Bay Municipal 
Utility District (EBMUD) 1980), the Japan Society of Civil Engineers (JSCE) (1988), and the 
military (Departments of the Army, the Navy, and the Air Force 1982) have all developed 
guideline type documents for seismic-resistant design of water and sewer facilities. 

The EQSI report was thorough but was not presented for consensus approval. It is now 
somewhat outdated. The EBMUD standard was less comprehensive, had a focused audience, 
and primarily considered component design/evaluation. The JSCE guideline considers many 
relevant issues, but primarily considers component design/evaluation. 

While the tri-service manual was not developed specifically for water and sewage facilities, it may 
have the most complete coverage available for such facilities. This document considers some 
policy, system evaluation, and component design. It includes relevant chapters on mechanical 
and electrical elements; structures other than buildings, including elevated tanks, vertical tanks, 
horizontal tanks, and buried structures; and utility systems, including earthquake considerations 
for utility systems, general and specific planning considerations, and design considerations. 
Design details are also included. 

VI-2.3.3 Standards And Guidelines That Address Or Could Potentially 
Address Water And Sewer Facility System Components 

For the most part, these documents are for specific pieces of equipment or material and do not, 
with several exceptions, discuss the overall system design or installation of the particular 
equipment or material. Individual component standards include the following: 

• Tanks--The AWWA has standards for steel (AWWA D100-84), bolted steel 
(A WW A D 103-87), and prestressed concrete tanks (A WW A D 11 0-86). Each of 
these three standards has specific requirements for seismic resistant design of 
these three categories of tanks. 

The American Concrete Institute (ACI), Committee 350-2, in Concrete Sanitary 
Engineering Structures, Seismic Design (1987), is completely revising the 
standard with a chapter addressing seismic design under development. It will 
address structural concrete design that differs from ACI 318. ACI Committee 
344, Prestressed Concrete Tanks, is currently considering whether to update, 
jointly with A WW A, A WW A D110-86 and ACI 344, specifically addressing 
seismic design. NSF funding is being sought. 

• Buried Pipe--The AWWA has standards for ductile iron, steel, concrete, and 
asbestos cement pipe, fittings, valves, and hydrants. They also have standards 
for pipe installation. While these standards address such things as materials 
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controlling ductility, and bell dimensions controlling spigot insertion length and 
allowable rotation, there is no specific reference to seismic design. Ductility and 
bell dimension criteria need to be developed to define the seismic resistance. 

A WW A does not have standards addressing joint restraint or flexible coupling 
systems. 

A Japanese firm (Kubota 1981) presents an exhaustive earthquake-design 
approach for ductile iron. It is also applicable, to some degree, to other types of 
segmented pipe. Design for wave passage, permanent ground deformation, and 
dynamic water-pressure gradients are provided. 

• Plant Piping--Four professional and manufacturer organizations have standards 
and guidelines for plant piping. The American Society of Mechanical Engineers 
(ASME) Pressure Vessel and Piping Code 31.1 includes detailed requirements for 
design of pipe/support structural systems. The code is used in the energy and 
manufacturing industries. One of the main considerations is for thermal 
expansion. In general, this approach is much more sophisticated than what is 
used, or needed, in the water and sewage design industry. 

The National Fire Protection Association (NFP A) standard for installation of fIre 
sprinklers includes seismic-resistant pipe-support details (NFP A 1989). This 
standard is usually only applied to sprinkler systems, although it is a good 
reference for other types of pipe-support detailing. The American Society of 
Plumbing Engineers (ASPE) also has developed a good reference source (1986). 

The Manufacturers Standardization Society (MSS) has three standards (MSS 58, 
69, 89) governing different aspects of pipe supports, none of which considers 
seismic design (MSS 1975, 1976, 1978). Earthquake design considerations 
would need to be added. 

• Electrical Equipment--The Institute of Electrical and Electronic Engineers 
(IEEE) has a standard for seismic qualification of equipment for the nuclear 
industry (IEEE 1987). This standard is not applied in the water and sewage 
industry because of the extreme additional cost of the equipment. There may be 
an opportunity to take what has been learned in nuclear industry equipment design 
and apply it to commercial-grade electrical equipment at a moderate cost. 

The National Electrical Manufacturers Association (NEMA) is equipment 
manufacturers driven. They have no provisions for seismic resistance in their full 
spectrum of electrical equipment specifications normally applied in the water and 
sewage facility designs. Mitigation activities have focused on the anchorage of 
this equipment in accordance with the UBC. Anchored electrical equipment has 
performed well in earthquakes. 

• Wells--In a telephone conversation with Dave Carpenter of the National Water 
Well Association, he indicated that the Association has no provisions for seismic 
design in its guidelines. 

• Buildings And Equipment--Building codes contain seismic provisions. One 
of three model building codes listed below is typically used in any given location 
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throughout the United States. 

Uniform Building Code, UBC, International Conference of Building 
Officials, ICBO, Whittier, California 

BOCA/National Building Code, Building Officials and Code 
Administrators International, Country Club Hills, Illinois 

Standard Building Code, of the Southern Building Code Congress 
International, Birmingham, Alabama 

The NEHRP Recommended Provisions for the Development of Seismic 
Regulations for New Buildings (Building Seismic Safety Council 1985) presents 
a seismic design approach for buildings., while the ASCE Standard 7-88 (ASCE 
7··88) presents minimum design loads for buildings and other structures, including 
earthquake loads. 

• Dams And Diversions--Congress passed the National Dam Inspection Act of 
1972 (Public Law 92-367) as a result of the failure of dams at Canyon Lake, 
Rapid City, ND; Buffalo Creek Tailings Dam, VA; and dam failures related to 
Hurricane Agnes. The act required the U.S. Army Corps of Engineers (COE) to 
inventory, inspect, and review the safety of all non-Federal dams in the United 
States. The COE was to inspect and review all dams that met criteria related to the 
height of the dam and capacity of the reservoir behind the dam, following the law 
used in California since 1929. The COE could delegate and provide funds for this 
task to the States that could do their own inspection and review. 

The COE, with limited funds, began compiling an inventory of non-Federal dams 
on July 1, 1974, using the California criteria. It was not until December 1977, as 
a result of the Kelly Bam Dam, Tocca Falls, Georgia, failure that President Jimmy 
Carter authorized the funding of a four-year program to complete the inventory 
and inspect about 9,000 non-Federal dams. The inventory identified 63,000 
(80,000 in 1991) non-Federal dams, and the program inspected 8,819 potentially 
high-hazard dams. Since the completion of the program the Federal Emergency 
Management Agency (FEMA) has supported the Association of State Dam Safety 
Officials training program for dam safety and updating the inventory of non­
Federal dams. 

In October 1979, as a result of the failure of the Teton Dam on the Snake River in 
Idaho in 1976, President Carter directed the implementation of the then newly 
developed Federal Guidelines for Dam Safety on all Federal dams. Reports were 
to be provided to the Director of FEMA on the implementation program. FEMA 
coordinated the formation of the Interagency Committee on Dam Safety (ICODS) 
bringing together all Federal agencies involved in design and construction of dams 
and reservoirs. This committee included the COE, U.S. Bureau of Reclamation, 
Soil Conservation Service, Tennessee Valley Authority, Nuclear Regulatory 
Commission, Bureau of Mines, Federal Energy Regulatory Commission (FERC), 
etc. 

1be United States Committee on Large Dams (USCOLD 1985) Earthquake 
Committee is developing seismic guidelines on appurtenant structures such as 
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VI-2.4 

spillways, inlets, and outlets, for dams and reservoirs. 

The Bureau of Reclamation has developed several documents on design and 
instrumenting dams (Bartholomew 1987 a,b). The California Department of Water 
Resources has publications on small dam design (1986). The National Research 
Council published several documents on dam safety specifically addressing 
seismic issues (1983, 1985). 

Dams and reservoirs are designed on a case-by-case basis, since they are 
constructed at different site conditions with different geology and seismicity. It 
would be difficult to develop standards; therefore a plan to develop standards for 
dams and reservoirs will not be included in this Water and Sewer chapter. 

Current System Emergency Operation Planning, Response, and 
Recovery Documents 

Recent emergency management guides for cities (lCMA 1991), and emergency management 
guides for water systems (California Department of Water Resources 1985) are available but not 
widely used. 

VI-2.S A vailable Knowledge To Improve Existing Practice 

A literature search was conducted through the National Center for Earthquake Engineering 
Research (NCEER) and the ASCE Engineering Societies Library to identify any additional 
seismic standards documents previously unknown to the author. The Quakeline Search, National 
Technical Information Service, COMPENDEX PLUS, and TRIS databases were investigated and 
pertinent references not previously identified reviewed. 

VI-3. STANDARDS DEVELOPMENT ACTIVITIES 

VI-3.t Introduction 

This section discusses elements of a lifeline standard, presents a brief scope statement for each 
standard, provides a recommended priority for development, proposes an estimated schedule and 
budget, and identifies possible organizations for draft standard development. 

If inadequate information is available for development of a standard, it is so identified, and 
required research with associated costs and schedule estimated. The basis of this section is the 
inventory and review developed in the previous section. 

It is important that standards be developed in the technical arena where they will be used. For 
example, there are some ASME pressure vessel and piping standards used in the energy industry 
that incorporate seismic considerations. Other standards, which do not consider seismic 
considerations, are used in the water industry. This plan proposes activities to facilitate 
appropriate technology transfer. 

VI-3.2 Elements Of A Lifeline Standard--Water And Sewer 

A lifeline earthquake code or standard should consider the five elements listed below. 

1. Policy Statement--Defining the system performance requirements and 
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operational expectations during and following the earthquake. 

2. System Evaluation Standards--Defining how the system performance 
requirements and operational expectations during and following the earthquake 
can be evaluated vis-a-vis the policy statement, indicating deficiencies to be 
corrected. 

3. Component Design/Evaluation Standards--Defining the detailed 
engineering design/evaluation of new, replacement, or existing components, 
which would also serve as input to the system evaluation. 

4. Equipment And Material Standards 

5. System Emergency Operation Planning, Response, And Recovery 

A lifeline standard should ideally address both new and existing construction when modified. 
Policy and system evaluation apply to all systems. Essentially, all systems are existing, but have 
new components added as the system expands, and replace system components that have worn 
out. Component design/evaluation and equipment and material standards ideally relate to both 
new and existing facilities; new for design and equipment specification, and existing for 
performance evalluation. 

Public law 10 1-614 is explicit about addressing design and construction methods for new and 
existing structures. Elements 1, Policy Statement, 3, Component DesignlEvaluation Standards, 
and 4, Equipment and Material Standards, are clearly included in those categories. In addition, 
there has been discussion in the industry that, because of the" system" nature of lifelines, Element 
2, System Evaluation Standards, and Element 5, System Emergency Operation Planning, 
Response, and Recovery, should be incorporated in any comprehensive approach to post­
earthquake system functionality. 

VI-3.3 Need for a System Seismic Vulnerability Assessment 

Lifeline systems differ substantially from buildings with regard to seismic resistance. System 
evaluation, not a part of building codes, should be considered for lifeline systems. 

System evaluation is not required in building design, since there is no interrelationship between 
buildings, new or existing. As new buildings are constmcted in accordance with seismic design 
codes, the overall vulnerability of real estate is decreased. 

If the system evaluation approach is not incorporated in lifeline standards, there would be a 
concern that the vulnerability of lifeline systems could remain high for many years, even though 
new facilities were being designed in accordance with seismic resistance standards. 

Lifeline system vulnerability is not necessarily reduced as new components are constructed. In 
general, most exclsting or new lifeline systems have key components, such as cast-iron pipe, that 
will last for many years before replacement would be warranted. However, if that cast-iron 
pipeline is located in a liquefiable area, it is highly vulnerable to earthquake damage, and could 
cause a significant portion of the distribution system to become inoperable following an 
earthquake. Therefore, achieving system component earthquake standards alone may not result 
in a system's meeting the criteria identified in the policy statement, and thus, a system evaluation 
standard should be required. 
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Conducting a system-wide seismic vulnerability assessment also offers the opportunity to identify 
system deficiencies and develop an awareness of potential earthquake damage. 

There are disadvantages to including system evaluation as part of the standard. Technically, 
writing a standard for system evaluation may be much more complicated than doing the same for 
system components. A system evaluation standard could rely on earthquake damage algorithms 
that are still early in their development. Liquefaction micro zonation mapping is still in its infancy, 
making quantitative liquefaction maps suspect. The premise of system evaluation is that system 
owners will be required to upgrade their systems based on the results. Even if compliance is 
required over a long time period, it may still be expensive. 

The author and the advisory panel have concurred that it is appropriate to develop a design 
guideline for system evaluation as part of this program. 

VI-3.4 Basis For Schedule And Cost Estimates 

The author, the TCLEE Water and Sewage Committee project advisors, and the ASCE Codes and 
Standards staff were involved in estimating budgets and schedules presented herein by comparing 
the proposed scope with projects of the same approximate size. Each proposed activity was 
compared with other proposed activities to assess relative budgets. In general, one person year 
of professional labor cost was budgeted at $100,000. Each activity was budgeted by adding 50 
percent to the professional labor cost to cover travel and support services. 

It is the intent that standards will be initially developed as pre standards or draft standards 
followed by a consensus building and approval process. The pre standard development process 
could be undertaken by one of many organizations. The consensus/approval process would be 
undertaken by a codes and standards organization such as ASCE. The proposed budgets include 
development of the prestandard and the fmancial support for a facilitator during the consensus 
building/approval process. The schedules include time for both processes. 

VI-3.S Common Areas Between Lifelines 

There are a number of administrative and technical areas that are common to multiple types of 
lifeline systems. Policy development should be a coordinated effort between all lifelines areas 
because of their interdependence. Also it is appropriate that overall lifeline earthquake mitigation 
be balanced between lifelines. 

Dams and diversions are significant components of water systems, hydroelectric power 
generation systems, and transportation systems. Standard guidelines should be developed for 
seismic design and evaluation of dams. Activities and associated budgets for dams are not 
included in the water and sewer chapter. 

Liquefaction mapping is valuable for all buried utilities, particularly water, sewer, gas, liquid 
fuels, and buried electrical and communications cables and conduits. Activities and budgets are 
included in this chapter to address liquefaction mapping. It would be appropriate to conduct these 
activities jointly with other lifelines. 

A standard for retaining-wall load criteria is important for water and sewer facilities, including 
treatment structures and pump stations as well as transportation facilities, including highway 
bridge abutments and marine terminal facilities. One standard task is included for water and 
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sewer. That effoJrt should be coordinated with the transportation area. 

Buildings are found in all lifeline systems. In water and sewer systems they are used for 
operations, maintenance, treatment facilities, and pump stations. This author and document 
reviewers agreed that it is appropriate to rely on existing earthquake building design standards, 
with appropriate importance factors, and building retrofit standards under development. If the 
other lifeline systems develop standards for buildings focusing on postearthquake functionality, 
the water and sewer technical community would likely make use of them. Those standards 
however are considered to have a low priority. No task is included for water and sewer. 

Steel pipelines and steel tanks are used in both the water and sewer industry as well as the gas 
and liquid fuels area. However, the range in geometry of steel tanks used in the liquid fuels 
industry is only a small segment of the range used in the water industry. Similarly, steel pipe is 
only a small segment of the total pipe installed in the water industry. The water and sewer 
industry designers are essentially a completely different group of professionals than those 
designing gas and liquid fuel systems. Therefore, it is recommended that research and 
development work in these areas be common, but that standards development should be 
coordinated but separate. 

Nonstructural items, electrical and mechanical equipment, and plant piping are common to many 
lifelines. A common standard should be developed for electrical and communications cabinets, 
emergency engine-generator sets, equipment anchorage, small diameter pipe, and nonstructural 
items. Activities and associated budgets are included in the water and sewer section for several of 
these activities. 

VI-3.6 Policy Statement 

The policy statement would define postearthquake system operating expectations. The statement 
would be parallel to the policy statement in the SEAOC Blue Book which defines building 
earthquake performance. The policy statement would set requirements for two earthquakes. For 
example: 

• 'Moderate Earthquake--Minor damage, no loss of function 

• :Major (Catastrophic) Earthquake--Moderate damage, system 75 to 90 
percent functional to provide fire protection to key areas. Essential system 
functional restoration within 7 to 14 days. Limited exposure of employees or 
public to injury and property damage. 

For a major earthquake, fire protection capability would be required for key areas, for example, 
areas with a real estate density exceeding some given level. A mechanism to supply drinking 
water within three days following the earthquake would be required, even if it was provided 
through temporary facilities. Essential system functional restoration would be required within 
some predefinedl period. Establishing the required restoration schedule would provide useful 
information for emergency planners. 

In defining key areas, consideration might be given to vulnerability to fire for the fire protection 
requirement. For example, more stringent major earthquake requirements (no loss of function) 
might be applied to sections of systems serving central business district areas with a high 
population density and areas with a type of construction that would be particularly vulnerable to 
fire. 
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The policy statement should be developed in a coordinated effort with the other lifelines. As 
lifelines rely on each other for operation, it is important system functionality expectations be 
developed with the other systems taken into account. For example, telecommunication systems 
rely on a water supply for system cooling requirements. Similarly, ground water supplies rely on 
electrical power to operate well pumps. 

The policy statement should tie the earthquake designation requirements to some existing seismic 
zonation mapping system such as UBC or NEHRP. Earthquake ground shaking and the 
associated return periods in those maps define earthquake hazard. 

The policy statement would provide guidance on a schedule for meeting the policy requirements. 
It would be expected that those schedules would be based on risk as defmed in the adopted 
seismic zonation map system. For example, West Coast facilities would have a shorter time to 
reach compliance than those on the East Coast. 

In general, it would be the intent that all new construction and component replacement be 
designed in accordance with the new standard upon its approval. The system evaluation would 
be conducted within a reasonable time period following approval, say two to three years. 
Depending on the specific requirements of the third and fourth standard elements, there may be 
requirements to upgrade special categories of deficiencies within a reasonable time period 
following system evaluation. A period of five years is proposed for a starting point for 
discussion. These special categories would include things such as equipment anchorage and 
addition of snubbers to vibration isolator mounted equipment. 

It is the intent that each system comply with the policy statement postearthquake functional 
requirements within an extended planning period depending on risk. For example, for Los 
Angeles and New York, the compliance schedule might be 20 and 50 years, respectively. The 
compliance schedule is a significant discussion point to be addressed during policy development. 
It would be the intent that each system would be upgraded continuously over the compliance 
period, so that at the end, a major upgrade program would not be required. The concept is that, 
for the most part, system owners could incorporate seismic planning and design into the regular 
capital improvement planning program. When considered as one of many criteria in developing 
their capital improvement plan, the cost specifically for seismic upgrade would be minimal. 

As part of the policy statement, resistance to damage from an earthquake should be prioritized 
considering both system component failures and loss of function of the overall system. 
Earthquake damage to water systems should be mitigated in accordance with the following 
priority: 

1. Loss Of Life And Injury--Fire protection, flooding, building collapse, 
hazardous chemical release, etc. 

2. Public Health--Drinking water and sanitary needs, contamination of drinking 
water, with a priority for emergency health care facilities. 

3. Economic Impact--Flooding damage, business interruption, recovery costs 

4. Residential Uses 

5 . Irrigation 
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Earthquake damage to sewer systems should be mitigated in accordance with the following 
priority: 

1. Loss Of Life And Injury--Fire (combustible gas), building collapse, 
hazardous chemical release, etc. Figure 7 shows a vulnerable chlorine container 
installation that could potentially release chlorine following an earthquake. 

2. Plllblic Health--Sanitary disposal, control of sewage backup. Sewage 
overflowing from damaged sewers is a source of pollution and possible cause of 
disease. 

3A. E,conomic Impact--Flooding damage, business interruption, residential impact, 
recovery costs. 

3B. Environmental Impact--Sewage treatment. 

Federal agencies likely to have responsibility for policy are NIST, FEMA, and the EPA. They 
should enlist ASCE TCLEE and/or NCEER, with support from the A WW A for water, and the 
WPCF for sewer. The first priority for water supply is tire protection. Therefore, organizations 
such as the National Fire Protection Association and the Insurance Services Office, Inc. (who 
provide a fIre protection rating service, considering fire department and water system capabilities, 
to insurance companies), should be involved. The organization given the responsibility for 
development of the policy statement should be organized to either have paid staff to develop the 
statement or to hire a consultant to carry out the work under direction of the organization. 

The policy statement should be developed jointly with the system evaluation standard. The 
details included 1m the system evaluation will impact compliance schedules and cost impacts to 
system owners. Refer to the system evaluation section, following, for a budget for this process. 

VI-3.7 System Evaluation 

The system evaluation standard would provide detailed direction on assessing each system to 
allow comparison of the results with the policy statement. It is the intent that it be a planning 
level vulnerability assessment, with allowance for input of detailed vulnerability assessment 
results when they were available. Detailed component vulnerability assessment standards would 
be included in this third element. The system evaluation standard would include a procedure and 
evaluation data to assess the system's expected performance. Both facility component loss 
estimates and repair times would be included. 

Recent studies have involved large systems, but with many simplifying assumptions. They have 
all been computer based. The standard should allow several approaches, both computerized and 
manual, depending on the size and complexity of the system. A simple approach to system 
evaluation should be available for small systems. If a computer-based approach is included in the 
standard, it should be available in public domain software. 

The focus of additional research and development, with NEHRP funding, should be in areas 
where upgrade costs are high, such as pipelines and tanks, and avoid areas where upgrade costs 
are low such as equipment anchorage. 

One of the areas requiring additional study to increase accuracy of loss models is geotechnical 
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hazard microzonation techniques, particularly in areas of liquefaction. These are local maps that 
would be developed by local or regional jurisdictions. This type of information is not found in 
regional hazards mapping previously developed in the NEHRP program. Figure 8 shows 
liquefaction microzonation mapping for a portion of Seattle (Kennedy/ Jenks/Chilton, 1990b). 
Recent approaches have considered both probablistic liquefaction occurrence and permanent 
ground deformation mapping. These approaches must be standardized and simplified to allow 
their economical application. By observation it would appear that even more pipeline damage is 
associated with ground failure than what has been recorded. It may have been recorded as failure 
associated with wave passage because there have been no obvious surface displacements. This is 
also related to liquefaction micro zonation mapping problems. 

There is a concern that failure rates developed for steel pipe have used smaller diameter steel pipe, 
possibly heavily corroded, as a basis. Large diameter steel pipelines and aqueducts form key 
elements of many major water systems. An accurate assessment of their vulnerability should be 
developed. There is a similar but lower priority concern for smaller diameter pipe for both water 
and sewer. Figure 9 shows a damage algorithm for sewers subjected to permanent ground 
deformation (HLA, 1991). 

A WW A Dl00 has had seismic provisions since 1979. With each earthquake, steel tanks continue 
to be damaged. While some work has been done to correlate tank damage to height to diameter 
ratios (Eguchi, 1983) there has been no work to correlate that damage with A WW A DlOO. 

Federal agency responsibility could again be assumed by NIST, FEMA, and the EPA. They 
should employ the assistance of professional organizations currently involved in water and sewer 
system earthquake vulnerability assessment, with support from NIST. Currently, ASCE TCLEE 
and NCEER are the only organizations and members actively involved in the issues discussed 
above. The organization given the responsibility for development of Elements 1 and 2 
pre standards (Tasks 1.1 through 2.1.3) should be organized to either have paid staff to develop 
the documents or work with a consultant to carry out the work under direction of the 
organization. A standards organization with a broad representation from the industry, similar to 
the ASCE Committee on Codes and Standards, should conduct the consensus building and 
approval process. Development of Element 2 should be done in conjunction with Element 1. 

The remaining tasks, 2.2.1 through 2.4, are technically oriented and should require a minimum 
amount of policy guidance. They should be carried out by private contractors or universities. 

Policy statement and system evaluation tasks, including standards development, research and 
development, training materials development, and field applications, should include: 

1 .1 Develop a policy statement standard and accompanying commentary. The statement 
would include postearthquake operating expectations for two "design" earthquakes, tie the 
standard to existing seismic zonation mapping, establish mitigation priorities, provide 
guidance on a compliance schedule, and define categories where upgrade would be 
required. Priority 1, $100,000. 

2.1 .1 Develop system planning and evaluation standard guideline and accompanying 
commentary. This document should provide guidelines for both large and small systems 
with the commensurate requirement level of effort for each. This is an overall standard 
guideline and would use the standard guidelines for liquefaction mapping and treatment 
plant evaluation described below. Note that this task requires extensive technical work in 
standardizing current system evaluation approaches. Priority 1, $250,000. 
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2.1.2 Develop a quantitative liquefaction mapping standard procedure for use in liquefaction 
microzonation mapping for pipeline damage evaluation. This standard procedure would 
be based on current technology that could be widely applied throughout the United States. 

Priority 1, $100,000. 

2.1.3 Develop a treatment plant system evaluation standard guideline to assess the vulnerability 
of the overall treatment plant functionality. The guideline should provide direction on 
assessing the vulnerability of individual treatment plant components and their required 
interaction to provide a functional treatment system. Priority 1, $100,000. 

2.2 Research and Development Tasks--Each of the tasks in this group are independent. 

2.2.1 Further develop a standardized method for quantitative liquefaction mapping for use in the 
system t:valuation standard. Considerations should include methods to estimate 
permanent ground deformations and patterns of those deformations based on the local 
geotechnitcal configuration. This should be developed as a plug-in module to task 2.1 .2, 
above. This task should be performed in two phases; Phase 1, Establish Practicality, 
Priority 2, $100,000; and Phase 2, Continued Research, Priority 3, $150,000. 

2.2.2 Develop improved pipeline loss algorithms specifically addressing large diameter (over 
36-inch) steel and concrete pipe. The focus of this task should be on damage associated 
with permanent ground deformation. This should be developed as a plug-in module to 
task 2.1 J, above. Priority 1, $100,000. 

2.2.3 Develop improved pipeline loss algorithms addressing pipeline damage for a range of soil 
condition s. The focus of this activity is to further define wave propagation and permanent 
ground deformation (liquefaction, lateral spread, settlement) pipeline damage data and 
mechanisms for commonly found pipeline materials and designs for diameters ranging 
from 4-inch to 30-inch. This task should be developed as a plug-in module to activity 
2.1.1, above. Priority 3, $150,000. 

2.2.4 Develop improved loss algorithms for elevated steel tanks and standpipes based on tank 
age, geometry, and basic structural characteristics. This should be developed as a plug­
in module to task 2.1.1, above. Priority 3, $100,000. 

2.3 Develop a training program and documentation for standards implementation. Note that 
this task excludes the actual training. Priority 2, $200,000 

2.4 Application by field trials of policy and system evaluation draft standards, including 
estimated cost impacts, to four water and one sewer system representing a distribution of 
system size and location. The field trials should be undertaken by those not associated 
with the development of the standard. They could be performed by either a consultant or 
by "in-house" staff. Priority 2, 3 at $100,000 each for a subtotal of $300,000, and 
Priority 3, 2 at $100,000 each for a subtotal of $200,000. 

The budget subtotal for Elements 1 and 2 is $1,850,000 divided into priority 1, $650,000; 
priority 2, $600,.000; and priority 3, $600,000. 
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VI-3.8 Component Design/Evaluation 

This section defines the engineering detailed design of new and replacement components and 
evaluation for existing components to input into the system evaluation. A policy statement 
defining functional expectations of the particular component should also be included. Design of 
pipeline, well, tank, and equipment installations will be addressed, but design of the materials 
and equipment components is excluded. This role has historically been taken on by professional 
organizations, such as ICBO, ASCE TCLEE, ASME, and to some degree, AWWA tank 
standards. 

Component design codes are found in such documents as the Uniform Building Code and the 
American Water Works Association's D100, Standard for Welded Steel Tanks for Water Storage. 
Additional standards can be developed where they do not exist, such as seismic-resistant design 

of pipelines (ASCE, 1991b) and existing tank evaluation and upgrade. Figure 10 shows a 
seismic upgrade to a standpipe. Component design would be used both to specify new facilities 
as well as assess the vulnerability of existing facilities. 

There is a substantial amount of background information available such as advisory notes, 
guidelines, and criteria covering various segments of this area in the water and sewer industry. 
However, it is not in standards format nor approved through a consensus process. 

There is a lack of detailed seismic design information for wells although the National Well Water 
Association and the California Department of Water Resources have well design documents to 
which seismic design considerations could be added. There is also a lack of detailed design 
information covering submerged elements in tanks and, to a lesser degree, pipelines. 

Tasks should include: 

3 .1 Develop an umbrella design standard for water and sewer. It is the intent to develop a 
comprehensive standard for application to water and sewer facilities. The umbrella 
standard would reference appropriate existing or soon to be existing guidelines, 
standards, or codes such as those listed below, as well as new guidelines, standards, or 
codes to be developed herein. It should also define appropriate criteria required as input 
to the referenced documents. 

• Tank Design - A WW A 
• Tank Design - ACI 350 
• Pipeline Design - ASCE, A WW A 
• Building Codes, ASCE 7-88, etc. 
• Plant Piping Design - NFPA, ASME, etc. 
• Bridge design - A TC-6 
• Equipment installation 
• Nonstructural elements 

Priority 1, $250,000, ASCE TCLEEINCEER 

3 .2 .1 Develop a design standard for above and below ground pipelines (excluding plant 
piping), both continuous and segmented, including permanent ground deformation and 
wave propagation effects due to earthquakes. Also include pipeline and appurtenance 
design details such as manholes, building connections, services, valve boxes, and 
pressure reducing valve installations. Priority 1, $400,000, NCEER, ASCE TCLEE, 
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ASCE Pipeline Division, A WW A, with contractor support. 

3.2.2 Conduct pipe testing required in the development of the pipeline standard above. Priority 
2, $200,000 

3.3 Conduct research in the area of active control systems for postearthquake water system 
control. This should include evaluation of automatic versus manual operation, system 
operation and vulnerability considerations, telemetry, actuator energy supply, water 
contamination, and system shutdown liability issues. Priority 1, $150,000. 

3 .4 Develop a design standard for plant piping. Pipe diameter and content support policy, 
earthquake loading, support type and spacing, thermal expansion/contraction 
considerations, flexibility/offset requirements, and pipe material requirements, should be 
included. Priority 3, $100,000 

3.5 Develop a standard for earthquake generated eruth pressures on retaining walls, buried 
tanks, and basins. Priority 3, $100,000, NCEER with contractor support. 

3.6 Develop a standard to mitigate the effects of sloshing water in tanks, including loadings, 
wave heights and submerged and floating trulk appurtenances design. Priority 1, 
$150,000, ACI,A WW A, WPCF, ASCE TCLEE, university or contractor. 

3.7 Further develop a standard for steel tanks to be used by all lifelines, particularly water and 
liquid fuel. Priority 3, $250,000, A WW A, American Petroleum Institute, ASCE TCLEE, 
ASME, with support from contractor. 

3.8.1 Develop a standard to evaluate existing steel elevated tanks and standpipes. Priority 2, 
$150,000, ASCE TCLEE or A WW A with support from contractor. 

3.8.2 Develop a standard guideline to retrofit existing steel elevated tanks and standpipes. 
Priority 2, $150,000, ASCE TCLEE or A WW A with support from contractor. 

3.8.3 Conduct lab tests support development of the tank retrofit guideline to retrofit existing 
steel tanks. Priority 2, $250,000. 

3.9 Develop a design standard for intake towers. Priority 3, $100,000, ICODS, USCOLD, 
ASCE, FERC, with support from university or contractor. 

3.10 Develop design standard for water wells to be included in existing standards. Priority 3, 
$150,000, National Well Water Association, ASCE, A WW A, with contractor support. 

3.11 Develop a design and retrofit standard to be used by all lifelines for non structural items. 
Priority 2, $150,000, ATC, ASCE TCLEE, ASME, with support from contractor. 

3 .12 Develop a standard to be used by all lifelines for emergency generator systems and battery 
installations (This excludes generator qualification). Priority 1, $100,000, ASCE 
TCLEE, ASME, ATC, NEMA, IEEE, with support from contractor. 

3.13 Develop a training program to educate the design/owner community on use of the 
standards developed in this section. Priority 2, $200,000, ASCE TCLEE, NCEER, 
A WW A, WPCF, with support from contractor. 
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The budget subtotal for Element 3 is $2,850,000 divided into priority 1, $1,050,000; priority 2, 
$1,100,000; and priority 3, $700,000. 

VI-3.9 Equipment And Material Standards 

Equipment and material standards are usually set by the manufacturing industry, pushed by 
market demand. NEMA and A WW A pipe standards are examples. Few of these manufacturing 
standards address earthquake considerations, primarily due to a lack of market demand. This 
deficiency should be mitigated by the relevant manufacturing industry as directed by their users 
with incentive provided by the Federal Government. Activities in this element should be funded 
jointly at equal levels by the Federal Government and industry. 

In the electrical cabinet industry, we can apply what we have learned from equipment 
qualification in the nuclear industry. It would be the intent to add the few details that harden 
electrical equipment, and make the equipment available in regular production runs for the minimal 
additional cost of the detail. 

Water and wastewater process equipment is particularly vulnerable to sloshing water. This 
equipment includes flocculators, clarifiers, baffles, and sludge digester covers. There are no 
standards for this type of equipment. Liquid sloshing loads are extreme. Attempts to strengthen 
baffle-like structures result in unrealistically heavy elements. The suggested approach is to use 
fused or break-away connections that can be easily repaired after the earthquake. Care must be 
exercised in the design to keep the broken item from falling on other equipment, causing 
secondary damage. 

Tasks should include: 

4.1 Design and test seismic Jomts for buried pipe to provide additional rotation, 
extension/compression capability, and material ductility. See activity 3.2 .1. Priority 1, 
$100,000 Federal, $100,000 Industry, A WW A, WPCF, Pipe Manufacturers, ASCE 
TCLEE, NCEER. 

4.2 Incorporate seismic provisions into sewer manhole connection appurtenance standards. 
See activity 3.2.1. Priority 3, $50,000 Federal, $50,000 Industry, ASCE TCLEE, 
NCEER, WPCF. 

4.3 Incorporate seismic design provisions into electrical commercial equipment standards 
commonly used in the water and sewer industry based on what has been learned in the 
nuclear industry. See activity 3.11. Priority 3, $100,000 Federal, $100,000 Industry, 
NEMA, IEEE, ASCE TCLEE, Instrument Society of America 

4.4 Incorporate seismic provisions into pipe-support standards used in the water and sewer 
industry. See activity 3.4. Priority 3, $100,000 Federal, $100,000 Industry, ASCE 
TCLEE, Pipe-Support Manufacturers, A WW A, ASME, WPCF, NFPA, with support 
from a contractor. 

4.5 Incorporate seismic-induced sloshing water considerations into standard designs for water 
and wastewater treatment process equipment designs. See activity 3.6. Priority 2, 
$150,000 Federal, $150,000 Industry, Equipment Manufacturers, ASCE TCLEE, 
contractor, 
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The Federal Government budget subtotal for Element 4 is $500,000 divided into priority 1, 
$100,000; priority 2, $150,000; and priority 3, $250,000. These budgets would be matched by 
industry. 

VI-3.tO System Emergency Operation Planning, Response, and Recovery 

System emergency operation planning, response, and recovery is the most cost-effective way to 
mitigate the impact of earthquakes on water and sewer systems. Because of the wide variation in 
the size and type of water and sewer service provider organizations, it does not seem to be 
appropriate to have a standard or code. However, a guideline similar to the Emergency 
Handbook for Water System Managers produced by the State of California's Department of 
Water Resources is recommended. 

The document should establish guidelines for responding to emergencies such as hazardous 
material release, fire, explosion, hurricane/tornados and snow/ice storms, as well as earthquakes. 

A process should be developed to ensure that all water and sewer agencies have an effective 
emergency plan in place that is practiced on an annual basis. The earthquake component of the 
emergency plan should define restoration priorities following the emergency response. 

Tasks include: 

5.1 Develop a guideline for development of system emergency operation planning, response, 
and recovery for water and sewer system owner/operators. Priority 1, $250,000, FEMA, 
AWWA, WPCF, EPA, ICMA, ASCE TCLEE, with support from universities and 
contractors. 

5.2 Develop a training program and procedures for conducting drills, using the guideline as a 
basis, to educate water and sewer system operations personnel to develop emergency 
plans. This program should be integrated with FEMA's ongoing emergency training 
program at Emitsburg, Maryland. Priority 2, $150,000, FEMA, AWWA, WPCF, with 
support from contractors. 

5.3 Inventory adoption of emergency plans for water and sewer systems across the United 
States and initiate a program to develop and evaluate alternative mechanisms to insure that 
every water and sewer agency currently has or develops, maintains, and practices an 
emergency response plan. Implement the recommended solution. Priority 3, $100,000, 
FEMA, A WW A, EPA, ICMA, ASCE TCLEE, with support from universities and 
contractors. 

The budget subtotal for Element 5 is $500,000 divided into priority 1, $250,000; priority 2, 
$150,000; and priority 3, $100,000. 

The budget total for Elements 1 through 5 is $5,700,000 divided into priority 1, $2,050,000; 
priority 2, $2,000,000; and priority 3, $1,650,000. 

VI-3.tt Schedule 

The schedule for the overall program would, for the most part, be completed over a six-year 
period. Development of the policy statement and plan guideline would take two and one-half 
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years followed by field application, and the consensus building/approval process. Priority 1, 2, 
and 3 research and development activities would each last two years, and be conducted in series 
for a six year duration. The completion of training documents would lag six months beyond the 
final standard approval in order to incorporate any [mal changes to the standard. The proposed 
schedule is listed below and shown graphically in Figure 11. 

PROPOSED SCHEDULE 

6 months - workshop (initial notice publication to final report) 
18 months - individual contractors 
3 months - review committee/workshop 
3 months - revise draft 
12 months - apply draft standard to test systems (activity 2.4) 
6 months - revise draft 
24 months - consensus approval process 

72 months - total 

Component and equipment standards development and approval are anticipated to take four years. 
Since they are less complex than the plan guideline, standard development should be somewhat 
faster, and there should be no need for field application. In order to more evenly distribute cash 
flow and technical resources, standards tasks for priority 1, 2, and 3 activities, respectively, are 
staggered by two years. Priority 1 and 2 standards tasks would be completed in a similar 
timeframe as the policy and system standards development. Priority 3 task completion would lag 
by two years. Training for component standards would be provided at the same time as that for 
policy and system standards use. 

Emergency planning standard guidelines development and approval would be conducted over a 
four-year period, and training materials developed in parallel with other training material 
development activities. 
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Figure 1. Typical pipeline earthquake failure repair. 
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Figure 4. Spring vibration isolator on an engine-generator set, damaged in an earthquake. 
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Figure 5. Precariously mounted electrical power transformer 
serving an 80 million per day sewage pump station, very 
vulnerable to earthquakes. 
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Figure 6. Sloshing damage to a clarifier at the Rinconada Water Treatment Plant 
resulting from the Lorna Prieta Earthquake. 
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Figure 7. Vulnerable chlorine container installation. 
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Figure 10. Seismic upgrade to a standpipe. 
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CHAI'TER VII: FEDERAL ROLES IN DEVELOPMENT, 
ADOPTION, AND IMPLEMENTATION OF SEISMIC DESIGN 

STANDARDS FOR LIFELINES 

H. CRANE MILLER 

VII-I. INTRODUCTION 

Complex networks 'of infrastructure are the woof and warp by which our society and our 
economy are supported. In a very real sense they are lifelines, basic to the operation and well­
being of our communities, supplying energy, water, transportation, communications, and 
disposal of wastes. So often taken for granted, not until some event interrupts their function do 
we see how dependent we are on their ready availability and how interdependent their functions 
are. 

No coherent national program or policy exists to develop seismic design standards for lifelines, 
much less to adopt and implement them. But for two Federal agencies included in this chapter, 
seismic design standards have been left to the States. Of those, California has taken by far the 
most action. The pattern of Federal regulation in this area reflects diverse congressional 
committee and executive agency jurisdiction, different constituencies and practices, and divergent 
perceptions of the priority to be given earthquake risks in competition with other pressing social, 
economic, and political needs. 

In reauthorizing the National Earthquake Hazards Reduction Program Reauthorization Act, 
Congress directed that a plan for developing and adopting seismic design and construction 
standards for lifelines include "recommendations of wars Federal regulatory authority could be 
used to expedite the implementation of such standards." Implicit in the phrase "implementation 
of such standards" are development and adoption of such standards before implementation. 
Questions and policy issues inherent in development of seismic design standards for lifelines are 
significantly different from the Federal adoption and implementation of those standards. This 
chapter first addresses Federal roles in the development of the standards and, second, addresses 
questions related to their adoption and implementation. 

Federal statutory and regulatory authorities for the lifelines were surveyed. The survey is 
appended to this chapter as Appendix A. It consists of a brief narrative description of Federal 
regulatory activity for each lifeline included in this report, Senate and House authorizing 
committees and their subcommittees, and cites principal Federal legislative and regulatory authori­
ties for each lifeline. It also cites design standards used by design professionals and others, some 
of which contain seismic criteria. Whether they contain seismic design criteria at present, in 
many instances these are the standards that would be amended if seismic design standards were to 
be developed under this plan. 

Each lifeline included in this report is regulated in some manner by a Federal agency. However, 
current Federal policy and regulatory practice provide uneven direction regarding seismic design 
standards and different means for implementing whatever regulations do exist. Most of the 
agencies reviewed have no seismic design regulations for their lifelines, except as they may 
require that buildings housing the facilities comply with the Uniform Building Code or applicable 
State or local construction codes and standards (e.g., EPA for water and sewer facilities, FCC for 
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telecommunications, PERC for electrical power, FRA and UMTA for heavy and light rail, and 
FAA for airports). Of those reviewed, only the Federal Highway Administration and the Office 
of Pipeline Safety have adopted seismic design standards. 

The existing framework of Federal regulation of lifelines includes: 

• Direct Federal ownership and operation of lifelines 
• Financing, grants-in-aid 
• Contracts for facilities and services 
• Licensing, permitting, and rate-making 
• Disaster assistance 

Seismic design is not the primary focus of any of the Federal lifeline regulatory efforts. Where 
Federal agencies use seismic design standards, the standards make sound economic, social and 
political sense, and the agencies usually ground them in their adverse earthquake experience. 

Other forms of nonregulatory Federal activity, typified by the National Earthquake Hazards 
Reduction Program, include conducting or sponsoring research; studies on earthquake hazards, 
seismic design standards, and studies on legal, social, economic and political impacts; technical 
assistance; education and training. 

Section 1 of this chapter addresses development of seismic design standards; Section 2 treats 
issues that must be considered to speed adoption and implementation of design standards. 

VII-2. 

VII-2.1 

DEVELOPMENT OF DESIGN STANDARDS 

Sources Of Standards 

When applied to lifelines, standards in the general sense of rules for an orderly approach to a 
specific activity can be: 

• Site specific--Developed for the project by the design professional 

• Proprietary--Developed and owned by the standard developer for its internal 
business use and not available to the public or to competitors 

• Voluntary consensus standards--Developed by representatives of sectors with 
interests affected by the standards 

• Governmental--Prepared by military agencies, the General Services Adminis­
tration for Federal procurement, or by other Federal agencies for their regulatory 
purposes 

Examples include site specific standards for tunnels; proprietary standards of telecommunication 
companies; voluntary consensus standards approved by the American National Standards 
Institute (ANSI), standards of the American Society of Civil Engineers (ASCE), and of the 
American Society for Testing and Materials (ASTM); and military technical manuals for seismic 
design of buildings. 

There are an estimated 275 organizations with ongoing standardization programs, according to 
the National Institute of Standards and Technology (NIST)? NIST further estimates that about 
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94,000 U.S. standards have been developed, about 52,500 (55 percent) by the Federal 
Government, and about 41 ,500 (45 percent) by the private sector. (See Table 1.) The standards 
of greatest concern in this chapter are generally found among those of the scientific and 
professional societies and standards development organizations. 

VII-2.2 Federal Policy Toward Standards 

OMB Circular A-119, October 26,1982, states that it is the policy of the Federal Government in 
its procurement and regulatory activities to: 

[6.] a. Rely on voluntary standards, both domestic and international, whenever 
feasible and consistent with law and regulation pursuant to law; .. ? 

The circular states that voluntary standards that are consistent with applicable laws and 
regulations should be adopted and used by Federal agencies unless they are specifically 
prohibited by law from doing so, and should be given preference over nonmandatory government 
standards unless use of such voluntary standards would adversely affect performance or cost, or 
have other significant disadvantages. Preference should be given to those standards based on 
performance criteria when such criteria may reasonably be used instead of design, material, or 
construction criteria. Agencies should not be inhibited, if within their statutory authorities, from 
developing and using government standards in the event that voluntary standards bodies cannot 
or do not develop a needed, acceptable standard in a timely fashion.4 

Consistent with Circular No. A-119, the Federal Highway Administration's Design Standard for 
Highways incorporates AASHTO's Guide Specifications for Seismic Design of Highway 
Bridges, and presumably will amend its regulations to incorporate AASHTO's upgrading of the 
guide specifications to standard specifications. In similar fashion, the Office of Pipeline Safety 
incorporates by reference API Standard 650, Welded Steel Tanksfor Oil Storage, which contains 
seismic design requirements in one of its appendices. 

Incorporation of voluntary standards by reference is common practice, but Federal lifeline 
agencies have not used the practice extensively for seismic design standards. 

VII-2.3 Need For Seismic Design Standards 

Each of the technical lifeline components of this plan makes a strong case for the vulnerability of 
the lifeline to seismic hazards. Given the extent and complexity of the systems involved, each 
makes a strong case for lifeline design standards that provide a consistent level of seismic 
resistance and performance throughout the nation, consistent with varying earthquake and other 
natural hazards in different regions. 

Why a Federal role in developing seismic design standards for lifelines? When the risks of and 
vulnerability to damages from earthquakes from all areas of the country are added together, the 
Federal Government has more potential exposure than any other single unit of government. That 
exposure inc1udE!s direct Federal ownership and operation of lifelines; financing, grants-in-aid; 
contracts for facilities and services; licensing, pennitting, and rate-making; and disaster 
assistance. 

Much of the potential damage is preventable by relatively inexpensive means. Seismic design 
standards are one of the means through which future damages could be reduced if they were 
developed, adopted, and applied. However, no other single body of government has as much at 
stake as the Federal Government to reduce damages from earthquakes. No other governmental 
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body has as much incentive to foster consistent standards on a national basis. 

If the various lifeline areas were to move wholly by voluntary consensus, without the catalytic 
encouragement, financial assistance, and nudging of the Federal Government, the process would 
take decades and the results would be uneven. If action is to take place to develop seismic design 
standards for lifelines, it is recommended that they be developed under the sponsorship and aegis 
of the Federal Government, but to the greatest extent feasible by voluntary consensus. 

It is recommended that the Federal Government's role in the development of lifeline seismic 
design standards be catalytic, facilitating and encouraging development of seismic standards for 
all lifelines concurrently. To do so does not require Federal regulatory action, but does require 
congressional authorization and appropriations and the use of Federal contracting authority. If 
the Congress and the Executive Branch were to so act, the results would be more consistent, 
more even, and more timely than could be achieved otherwise. 

VII-2.4 Recommended Plan To Develop Seismic Design Standards For 
Lifelines 

Recommendations are as follows: 

1 . In order to expedite development of lifeline seismic design standards, the 
Congress amend the National Earthquake Hazards Reduction Act of 1977 to create 
a program to facilitate development of seismic design standards for lifelines, under 
the direction of the National Institute of Standards and Technology (NIST). 

This recommendation is consistent with NIST's mandate to 
improve codes, standards, and practices for structures and 
lifelines, and further consistent with the memorandum of 
understanding between FEMA and NIST that NIST have the lead 
responsibility in development of lifeline seismic design standards. 

2 . The Congress authorize NIST to enter into contracts with organizations and expert 
consultants to develop draft seismic standards in each of the lifeline areas. 

This recommendation emphasizes the catalytic, facilitating role 
envisioned for the Federal Government in the development of the 
lifeline seismic design standards. NIST would tum to standards 
and other interested organizations, and to expert consultants within 
each lifeline area, for the draft standards. 

3 . The Congress authorize and direct all Federal agencies having jurisdiction over 
lifelines included in the program to cooperate with appropriate organizations in the 
development of the seismic design standards, and to review and comment upon 
drafts of standards for the lifelines under their jurisdiction. 

Neither NIST nor any other Federal agency would be responsible 
to develop lifeline seismic design standards. But each appropriate 
agency should be authorized and directed to cooperate in the 
standards development process, and to review and comment upon 
drafts as they progress. Once voluntary consensus is reached, 
government agencies should independently review the standards 
for adoption and implementation into their programs. 
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4. Consistent with congressional purposes to save lives, protect property, and to 
ensure the continued functioning of lifelines after moderate and major 
earthquakes, the authorizing legislation state only the broadest of guiding 
principles, leaving to the standards development and consensus process the 
standards to be developed. 

5 . The Congress authorize and appropriate funds adequate to support the 
development of lifeline seismic design standards and to support research and 
development necessary to improve the standards continuously over time. 

6. That NIST create an "umbrella" lifelines seismic standards group to monitor and 
coordinate the voluntary consensus process. 

Constituent members of the group should be involved from the 
initial stage of design standards development. Continuing support 
should be provided for the group, 

7. As a guideline, draft lifeline seismic design standards should be completed within 
three years, followed by two years for trial designs (including case studies of 
effective system and component practices), and two years for the consensus 
process. 

Recognizing that this recommendation may require vanatIOns 
among different lifelines, time limits should be set for drafting the 
standards, conducting trial designs and comparing estimated costs 
under both old and proposed new standards, and separately under­
taking and completing the consensus process. 

8 . Draft standards include both component standards and system performance 
requirements, and consider interdependence with other lifelines. 

Design standards typically address components alone, and not the 
entire system nor the system's interaction and interdependence 
with other lifelines. This recommendation calls for lifeline seismic 
design standards to be considered in a more complete context than 
is usual. 

9 . Draft standards take into account different levels of seismic and other natural 
hazards risk to the different lifeline systems in different parts of the country. 

Factors to be considered include region, risk characteristics, 
interdependencies, different priorities in various regions, and 
different-sized providers of lifeline services. 

The recommended program to develop lifeline seismic design standards will provide a number of 
benefits. It will facilitate: 

• The nongovernmental standard setting process, providing incentives by funding 
part of the costs while requiring no Federal regulatory intervention 

• Voluntary adoption of seismic standards by standard-making organizations and 
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lifeline facility operators 

• Adoption and implementation by Federal agencies that own or have operational 
responsibility for certain lifeline facilities 

• Adoption and implementation by other Federal agencies through incorporation into 
regulations, financing, contracts, grants-in-aid, licensing, and disaster assistance 

VII-3. ADOPTION AND IMPLEMENTATION OF LIFELINE SEISMIC 
DESIGN STANDARDS 

In order to move to adoption and implementation of lifeline seismic design standards we assume 
that voluntary consensus standards have been developed. Ideally, the standards would be 
voluntarily adopted and implemented in all private and governmental sectors involved, without 
further regulatory or other Federal intervention. That ideal is unrealistic. Experience shows that 
a number of formidable barriers exist to adoption and implementation. Political, economic, 
social, and legal pressure will most likely have to be brought to bear in certain lifeline sectors. 
What those pressures would be cannot be determined until the standards are developed and 
experience gained in their adoption and implementation. 

Some existing factors in Federal lifeline regulation, and issues that must be considered to speed 
implementation of design standards are included in this part. They include political and social, 
economic, and regulatory contexts. 

VII-3.t Implementation--A Political And Social Context 

VII-3.1.t Low Priority Of Seismic Risk 

Seismic risk competes with other pressing social, economic, and political issues. Most surveys of 
State and community leaders to date show that seismic risks do not rank high on the lists of 
things they worry about. A survey conducted by Rossi, Wright and Weber-Burdin5 of 2,300 
political decision-makers in 20 States and 100 localities asked leaders about 18 different problem 
areas. Earthquakes ranked last, 18th, with 95 percent rating earthquakes "no problem at all in 
this State or community." Earthquakes ranked 13th in California, 15th in Utah; and in six States 
considered to have "moderate to high" risk, earthquakes ranked last or second to last. They 
concluded that, on average, floods, hurricanes, tornadoes, and earthquakes rank low in 
comparison to other "more serious" problems, e.g., inflation, welfare costs, unemployment, 
crime, and drug addiction. 

Conclusions drawn from Rossi et al. imply that States and localities that rank natural hazards high 
in salience or importance would generally be supporters of mitigative measures. Applying 
different analytical techniques to the survey data collected by Rossi, Wright and Weber-Burdin, 
Mittler6 found that the salience or prominence of natural hazard problems was not a good 
indicator of support for mitigative measures. Mittler's study indicated that State and community 
leaders "will support non structural hazard mitigation if they believe a problem is serious enough 
to warrant such action.,,7 Some threshold must be achieved to convince leaders that a perceived 
risk is sufficient to justify taking mitigative action. Unfortunately, Mittler wrote, data do not point 
conclusively to factors that would motivate action.8 

Drawing from data derived from a study of 1,503 local decision-makers in 6 States and 121 cities 
in moderate to high risk areas in the central United States, Nigg9 found low levels of knowledge, 
experience, or concern among 67 public works directors and 48 utility company managers 
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surveyed. While managers of lifeline systems in higher risk areas were more aware of and 
concerned about earth~uake threats, Nigg's survey found that awareness and concern "were not 
translated into action." 0 

Turner et a1.,11 the Association of Bay Area Govemments,12 and others have written that 
experience with a damaging earthquake is one major factor influencing concern for and awareness 
of earthquake hazards. Nigg's survey showed low levels of individual experience with 
earthquakes among the public works directors and utilities managers interviewed.13 Note that all 
surveys cited were conducted before the Lorna Prieta earthquake in 1989. The people and leaders 
of California have now experienced that earthquake. They have heightened awareness and 
concern about seismic risks, and may have moved earthquakes up from their relatively low 
ranking since that event. 

Wright (1980)14 offered another related interpretation that may help in understanding why 
apparent awareness and concern about earthquake risks are not translated into action. Wright 
inferred from his work that most innovations in natural hazards management originate at the State 
and Federal levels, the direct result of the aggregation of natural hazards probabilities. Using 
Wright's reasoning, the probability of a damaging earthquake in anyone community is 
significantly lower than the number that may occur in the State after aggregating the probabilities 
of the State's communities; the national probabilities are the aggregate of the States, therefore 
greater than anyone State. The need for action is greater at the national level than at the State 
level, greater at the State level than at the local. 

Whether the larger probabilities for the State and the Nation translate into action is an open 
question. California, faced with the highest seismic risks among the 48 contenninous States, has 
enacted and imposed more stringent, preventive seismic measures than any other State, and, in 
most instances, more than the Federal Government. A question remains, what action should the 
remaining States and the Federal Government take? 

VII-3.1.2 Federal Perceptions Of Seismic Risk 

The perception that earthquakes and other natural hazards rank low on political priorities and 
agendas applies at the Federal level as well as the State and local level. First, seismic risks are 
not the primary focus of executive or legislative concern for any of the Federal agencies or 
congressional committees having jurisdiction over lifelines. Secondly, seismic risks compete 
with economic recession, inflation, unemployment, the Federal deficit, drug abuse and crime, 
and other economic, political and social agendas for the Limited resources available. The Federal 
budget does not have a great deal of flexibility. A high percentage of any year's budget is fixed 
and committed to pay existing Federal indebtedness and to make other payments fixed by law. 
Any payment of extraordinary expense must be met by increased deficit spending, increased 
taxes, or reduced spending in some other sector of the economy. 

While there is ~m emerging awareness and concern about earthquake risks, those nascent 
perceptions have not translated into consistent policy arld action by the agencies responsible for 
various lifelines. Federal disaster management policy continues to be focused primarily upon 
corrective action after a disaster occurs and less upon preventive measures before a disaster. 

Intuitively we expect that economically feasible mitigative measures taken to reduce loss of life 
and damages before a disaster will reduce those losses when the disaster occurs. And intuitively 
we know that there are optimal points where the costs to prevent or reduce damage before a 
disaster, especiaUy those to retrofit existing facilities, exceed the costs to correct, repair, or 
replace after a disaster. One purpose of mitigative measures, induding seismic design standards, 
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is to increase benefits to an optimal point beyond which the costs exceed the benefits, and it is no 
longer economically beneficial or feasible to reduce damage. Unfortunately, little work has been 
done to provide management decision models to help make such choices for lifelines. 

VII-3.2 Implementation--An Economic Context 

Since the United States has emerged as a large, advanced, integrated economy it has never 
experienced a great earthquake in a large metropolitan area.15 Earthquakes of the last 20 years, 
e.g., Loma Prieta (1989), Whittier Narrows (1987), San Fernando (1971), have caused loss of 
life, billions of dollars of damages, and had drastic impacts upon certain families, districts within 
localities, and upon certain economic sectors. But in a macroeconomic sense they have been 
"affordable," followed by local short-term disruption and swift recovery at the county, regional, 
and State levels, and barely noticeable at the national level. In the context of California the 
economy has proven to be more resilient than many had predicted. 

That resilience is explained partly by the high integration, flexibility, and substitutability found in 
the economy. Substitutes for the regions' products were available or producible outside the 
regions. Economic shocks of the disasters were spread widely to other regions, to other time 
periods, and risks were spread through trade, insurance, credit, and diversity of ownership. The 
institutions and mechanisms within our economy for spreading the economic shocks are vastly 
different from those that existed at the time of the Great San Francisco Earthquake of 1906, or the 
stock market crash of 1929. 

Based upon "moderate" earthquakes and the California experience, some economists conclude 
that the long-term adverse impacts to the economy is small. Indeed, the need for reconstruction, 
and the infusion of credit, savings, insurance payments, disaster assistance payments, and new 
capital investment by outside investors, will probably lead to new prosperity for localities and 
regions whose economies were vital and growing before the earthquake. But where the 
economies were declining before the earthquake for other reasons, the earthquake may accelerate 
that decline. 

With a gross national product over $5 trillion and a national equity market valued over $2 trillion, 
a $10 billion loss from an earthquake disaster may produce a change of 1/2 of 1 percent in the 
capitalized value of corporate America. Our economic resilience is keyed to the size and diversity 
of our economy, to the scope of substitution in production, consumption and investment, quickly 
dampening any ripple effect of a disaster through the economy. 

But what if the losses from a great earthquake were ten times those experienced in Loma Prieta, 
say on the order of $75 to $100 billion? Is a loss that might produce a change of 5 percent in the 
capitalized value of corporate America still small? Some argue that large though the amounts are, 
they still suggest a relatively small impact upon the national economy because of the high 
integration and ability to substitute. There will be ripple effects through the economy, the 
recovery will be slower than is experienced with smaller disasters, but the economic shocks will 
be dispersed efficiently through a wide variety of institutions and mechanisms. 

Seen from the perspective of the insurance industry, or from the State Government called upon to 
provide cash for disaster assistance when its general fund is already highly committed by law and 
constitution, the response to a great earthquake is quite different. In both instances the immediate 
concern is their ability to raise money quickly to pay claims and to provide disaster assistance. A 
large disaster could cause insolvencies among many insurance companies, and could sharply 
decrease industry capital reserves. With 82 percent of its General Fund expenditures fixed by 
law and the State constitution, California has high and continuing demand on its financial 
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resources, and may lack flexibility to redirect funds after an earthquake. Political choices among 
curtailed expenditures, increased taxes, or redirection of funds are particularly vexing after a 
natural disaster. 

For both the insurance industry and State Government the amount of money needed and when it 
is needed affect the ways funds can be raised and the speed with which the recovery will take 
place. The speed of recovery will affect secondary losses. And if physical losses are reduced 
through mitigation actions before the earthquake, the recovery will be faster and primary and 
secondary losses will be reduced. 

The irony of lifelines in our economy may be that as the economy has become more diverse, 
more integrated, with higher levels of substitutability, some of our lifelines have become more 
concentrated and have fewer substitutes. This suggests greater dependence and higher 
vulnerability than in other areas of the economy. The impact of disrupting their services is likely 
to be higher than for other services and products. 

Why consider Federal regulation of seismic design for lifelines? At least three reasons are 
readily evident. ]First, through its disaster assistance programs, the Federal Government has a 
large unfunded, contingent liability for lifelines and incentive thereby to reduce the damages that 
cause the liability. Second, earthquakes cause direct property losses and indirect losses of 
forgone economic activity that radiate through the local, regional and national economy. Third, 
economic activity, health, safety and welfare at all levels of our society are dependent and 
interdependent on lifelines for their functioning. 

VII-3.2.1 Unfunded Contingent Liability 

The Robert T. Stafford Disaster Relief and Emergency Assistance Act (1988) commits the 
Federal Government to large contingent liabilities after presidentially declared disasters from 
earthquakes or other natural disasters. At least 75 percent of the net eligible costs to repair, 
restore, reconstruct, or replace public and private nonprofit facilities may be contributed under 
§406.16 "Public facilities" means facilities owned by a State or local government. They include 
such lifelines as public power, sewage treatment and collection, water supply and distribution, 
airport facilities, and non-Federal-aid streets, roads, or highways.17 (Note that this definition 
does not include private for-profit utilities, such as electric power, telecommunications, or pipe­
lines, which are included in this report). 

Section 404 of the Act authorizes the President to contribute up to 50 percent of the cost of hazard 
mitigation measures to reduce the risk of future damage. These measures can include public and 
private nonprofit facilities, also commercial, industrial, ,md residential buildings. The Act limits 
contributions to 10 percent of estimated aggregate amounts of grants to be made under §406. 18 

To these amounts must be added the emergency funds available from the Department of 
Transportation for highway, bridge, and other transportation systems repairs and reconstruction, 
and disaster assistance from other departments and agencies made available when the President 
declares a disaster. 

The focus of cunent disaster policy is to ensure and restore economic stability in regions struck 
by disasters. The policy commits the Federal Government to financing significant portions of the 
postdisaster response and recovery costs incurred by States and local governments. While that 
Federal assurance may act as a strong disincentive for State and local governments to engage in 
predisaster earthquake loss-reduction projects/ 9 nevertheless the infusion of Federal disaster 
funds shortly after a major disaster is an important stimulus to the repair and rebuilding of several 
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of the lifelines. And unfunded and contingent though the liability may be, as administered 
disaster relief acts as a limitation of Federal liability while providing needed recovery assistance. 

The technical information presented in earlier chapters indicates that for several of the lifelines 
relatively inexpensive retrofits are available that would add to the seismic resistance of the 
components and reduce damages. Implicit in that information is the realization that retrofitting 
existing lifelines to the latest seismic design standards for new lifelines is not economically 
feasible. One view of Federal disaster assistance for lifelines is that it partially pays for risk 
assumed and damages incurred above the level where it is economically feasible to retrofit 
existing lifelines. To the extent that mitigative measures could increase the threshold at which 
Federal disaster relief is invoked, and reduce the potential Federal liability, the Federal 
Government has a clear interest. 

From the standpoint of federal liability, given the Stafford Act and other existing 
federal policies, the federal government has a clear interest in state and local 
programs that affect potential earthquake losses, including those pertaining to state 
and local development, adoption, and implementation of seismic loss-reduction 
measures.20 

VII-3.2.2 Direct And Indirect Losses 

Earthquakes set off chains of losses through the economy. Primary, secondary, and tertiary 
effects radiate well beyond direct property damage. Primary or direct losses include physical loss 
of plant and equipment directly from the earthquake plus loss of employment associated with the 
plant and equipment loss. These losses may produce indirect, secondary losses, or ripple effects, 
which may cause loss of employment in industries that are related but physically undamaged. 
Other types of indirect effects include reduced household income resulting from loss of 
employment, bankruptcies, and bad loans. 

The value of direct and indirect earthquake losses, and how to measure them are debated 
vigorously among economists. Some damage assessments focus on income lost, some on 
spending lost. A common error is to include both in the assessment, a double counting that 
exaggerates the loss estimates. Complicating the task even more, infusions of insurance funds, 
unemployment compensation, Small Business Administration loans, State and Federal aid to local 
governments, commercial loans, and savings, tend to mask the economic disruption resulting 
from the earthquake. 

Until recently no uniform methods existed to guide economists and other practitioners conducting 
damage assessments. The recently published Natural Hazards Damage Handbook: A Guide to 
the Uniform Definition, Identification and Measurement of Damages from Natural Hazard 
Events2 was developed under National Science Foundation sponsorship to fill that gap. 

Table 2 shows that lifeline disruption profoundly affects the economics, health, safety, and 
welfare not only of the immediate community, but also the region, State, and the Nation.22 

VII-3.2.3 Dependence And Interdependence 

As we increase our use of more advanced technology and transportation for individual and 
societal functioning, we are increasingly dependent and interdependent upon reliable lifeline 
functions--electricity, telecommunications, water and sewer, transportation. With that 
dependence and interdependence come a vulnerability to our daily lives and activities that extends 
beyond the region immediately affected by the impacts of a large earthquake. 
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Economic Input/Output analysis illustrates the dependence and interdependence of various sectors 
of the economy on lifelines and, more important, upon each other. Dr. Everard Lofting's 
"Preliminary Input-Output Table of the San Francisco Bay Region: 1977," presented below as 
Table 3, dramatically shows the dependence of each industry listed upon lifeline inputs (rows 19 
- 24), and upon one another (columns 5 - 8). For instance, $1,276,000 of transportation (row 
19), $3,682,000 of communication (row 20), $14,393,000 of electric power (row 22), 
$10,431,000 of gas (row 23), and $462,000 of water (row 24), were inputs into water and 
sewer services that had a gross output of $830,831 ,000 (column 8).23 

On a national scale, the Applied Technology Council (ATC) recently published a study measuring 
the extent and distribution of lifelines in the lower 48 States, identifying the most critical lifelines 
in terms of their vulnerability and the impact of their disruption on the national economy.z4 
Assessing seismic hazard, lifeline inventory, and vulnerability functions, ATC quantified 
vulnerability and impact of disruption in terms of direct damage and economic losses resulting 
from direct damage and loss of function of damaged facilities. Selecting eight "scenario" 
earthquakes in seven different regions of the country, the report estimated total direct damage 
dollar losses to lifelines as shown in Table 4. 

The ATC-25 estimates appear to be conservative, that is, somewhat understated. Data on certain 
lifeline elements were unavailable to the researchers, e.g., telecommunications, railway terminals, 
bridges, tunnels, fossil-fuel power plants, and aqueduct pumping stations.25 In estimating 
indirect economic losses, the researchers assumed that lifeline elements were independent of each 
other, that disruptions in one lifeline would not produce interruptions in lifeline elements.26 At 
least to the extent that the estimates do not include losses attributable to these elements, they are 
understated. 

The limited number of input/output analyses that have been performed for various parts of the 
country consistently show how important, how indispensable lifelines are to the vitality and 
viability of the economy, regionally and nationally. Professor Adam Rose noted that "crude 
application of multiplier analysis indicates that the benefits of preventing damages to lifelines mal 
be about 2 to 2.5 times the usual direct economic estimates for a city such as San Francisco."2 
Equally crude application of multipliers for the regions used in ATC-25 range from 1.3 to 2.6, 
for an average of 2.0--consistent with the multipliers suggested by Professor Rose. National 
level multipliers could prove greater still. 

The estimates relate only to lifelines, their direct and indirect impacts through the economy. They 
do not include residential, commercial, and industrial structure losses, the losses and impacts of 
which must be added to determine total losses. Implications drawn from these estimates include 
that action must be taken to protect lifelines, and that they be among the highest priority sectors 
restored to service after an earthquake. 

VII-3.3 Implementation--A Regulatory Context 

VII-3.3.1 Lifelines--A Regulated Environment 

Owners And Operators--The owners and operators of lifeline facilities are diverse, from the 
private and pubhc sectors. Most electric power, gas and liquid fuel, telecommunications, and 
railroad facilities are privately owned and operated. State highways, bridges and tunnels, and 
Federal-aid higbways are owned by individual States. Local governments own municipal, 
county, and parish roads, bridges, and tunnels. They and regional authorities tend to own and 
operate water and sewer, light rail/transit, airports, and ports and harbors. 
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In the midst of these facilities, and sometimes interconnected with them, are federally owned 
lifelines. Federal lifeline facilities represent a small percentage of the total. If a coherent Federal 
policy were adopted, these facilities should be among the first in which seismic design standards 
are implemented. 

State And Local Regulators--Electric power, gas and liquid fuel, telecommunications, and 
railroad utilities tend to be regulated by State public utility commissions. State highway and 
transportation departments administer highways, bridges, and tunnels. Municipalities, counties, 
and parishes generally operate and maintain their highways, bridges, and tunnels through local 
public works departments. Those local governments, or authorities established to own and 
operate regionwide water and sewer, light rail/transit, airport, and ports and harbors facilities, 
tend to be self-regulators (that is, States often delegate authority to them to regulate their 
operations) . 

Buildings And Building Codes--Buildings are a part of each lifeline. This report does not 
include seismic standards for new and existing buildings; such standards have been addressed 
elsewhere.28 Structures and foundations are regulated by local and State construction codes, in­
cluding building, mechanical, electrical, and plumbing codes. States and local governments 
frequently adopt various editions of model codes, such as the Uniform Building Code of the In­
ternational Conference of Building Officials, the (BOCA) National Building Code of the Building 
Officials and Code Administrators International, or the Standard Building Code of the Southern 
Building Code Congress International. The model code organizations publish new editions about 
every three years, with changes processed annually and published as supplements. New editions 
inco~orate changes approved by the model code organization since the last edition of a given 
code. 9 

At least two considerations about buildings should be kept in mind in this report. First, the 
buildings housing lifeline facilities, their administrative offices, maintenance and repair, and other 
support facilities should be built with the same standards for function and operation after an 
earthquake as for the lifeline facilities themselves. Second, building code enforcement practices 
at the State and local levels are widely disparate, ranging from excellent and effective to 
nonexistent and unreliable.30 

Federal Regulators--Primary Missions--Federal departments and agencies operate with 
measured authority, limited by the Constitution, their enabling legislation, and by appropriations. 
They answer primarily to the Executive Office of the President, to their authorizing and 
appropriations committees in the House and Senate, and to their constituencies. 

Their primary missions differ considerably. Briefly their primary missions are: 

• Licensing, Permitting, And Rate-Making 

1. Department of Energy, Federal Energy Regulatory Commission. Sets 
rates and charges to (1) transport and sell natural gas; (2) transmit and sell 
electricity; and (3) transport oil by pipeline. Licenses hydroelectric projects. 

2. Federal Communications Commission. Regulates interstate and foreign 
communications by wire and radio, including radio and television broadcasting; 
telephone, telegraph, and cable television operation; two-way radio and radio 
operators; and satellite communication. 
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3. Interstate Commerce Commission. Regulates interstate surface 
transportation, including railroads, and certifies carriers, rates charged, and 
adequacy of service. 

• Grants-In-Aid 

1 . Department Of Transportation 

a.. Federal Highway Administration. Funds Federal-Aid Highway 
Program; Highway Bridge Replacement and Rehabilitation Program; 
emergency repair or reconstruction. 

b. Urban Mass Transportation Administration. Makes matching 
grants to finance construction and rehabilitation of public transit systems. 

c.. Federal Aviation Administration. Funds airport planning and 
development program. 

• Safety Regulations 

1 . Department Of Transportation 

a.. Office of Pipeline Safety. Regulates natural gas and hazardous liquid 
pipeline safety standards programs, including a program through which 
States can assert safety regulatory jurisdiction. 

b. Federal Railroad Administration. Regulates rail safety, including 
track maintenance, inspection standards, equipment standards, and 
operating practices. Inspects railroad and related industry equipment, 
facilities, and records. 

• Environmental Regulations 

1 . Environmental Protection Agency. Regulates for water supply and water 
pollution control, for ground water prote:ction, and other programs not related to 
se:ismic design for lifelines. 

• F,ederal Operations 

1 . Systems Owned And Operated By Federal Government 

a. Department of Energy. Western Area Power Administration, 
Bonneville Power Administration, Southwestern Power Administration-­
transmission systems; Alaska Power Administration--power generation 
and transmission systems. 

b. Tennessee Valley Authority 

c. Department of Transportation 

1. Federal Highway Administration. Design and construction 
of roads and bridges within Federal lands. 
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2. Federal Aviation Administration. Constructs, owns, leases, 
or operates staffed and un staffed facilities to support the National 
Airspace System. 

2. Transmission And Sale Of Energy 

a. Department of Energy 

1 . Bonneville Power Administration 

2 . Southeastern Power Administration 

3 . Alaska Power Administration 

4. Southwestern Power Administration 

• Disaster Relief 

1 . Federal Emergency Management Agency. Administers Federal disaster 
relief program for presidentially declared disaster, including funds to repair, 
restore, reconstruct, or replace public and private non-profit facilities owned by 
State or local governments. Policy to ensure and restore economic stability in 
regions struck by disasters. 

VII-3.3.2 Congressional Jurisdiction 

Jurisdiction over lifeline systems is spread among many different authorizing committees and 
appropriations subcommittees of Congress, and will remain so. As the Congress moves beyond 
research into implementation, important new jurisdictional issues arise. In both the Senate and 
the House consistent, focal policy direction for implementation of design standards across 
committee jurisdictional boundaries does not exist. If Federal action is to be taken and to have 
any teeth, such direction is needed. 

The current foci of the National Earthquake Hazards Reduction Program are on mitigation and 
prevention of earthquake hazards through a multiagency program of scientific research, 
development, and demonstration, on development of design standards, and on dissemination of 
the results of such work. None of the primary agencies in the Program have regulatory authority 
concerning seismic design standards. So focused, the Program is clearly and exclusively within 
the parliamentary jurisdiction of its two principal congressional authorizing committees, the 
Senate Committee on Commerce, Science, and Transportation and the House Committee on 
Science, Space, and Technology. 

When the Program focus shifts to implementation, complex parliamentary issues emerge that go 
to the heart of the Federal Government's ability to implement design standards for lifelines 
consistently. 

House--Under the Rules of the House of Representatives, each standing committee has 
oversight responsibilities over existing laws and new legislation within its jurisdiction?l Bills 
relating to committee jurisdiction are to be referred by the Speaker to the appropriate committee 
"in such manner as to assure to the maximum extent feasible that each committee which has juris­
diction ... over the subject matter of any provision . . . will have responsibility for considering 
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such provision ... ,,32 

Carrying out these mandates the Speaker has several options for referring legislation simulta­
neously to two or more committees: concurrent consideration; consideration in sequence; divide 
the matter into two or more parts and refer each part to a different committee; refer the matter to a 
special ad hoc committee; or "make such other provision as may be considered appropriate.,,33 

Senate--Subject to similar jurisdictional constraints in the Senate, the Committee on Commerce, 
Science, and Transportation has jurisdiction over telecommunications and several transportation 
lifelines. The Committee's assertion of jurisdiction is further bolstered in its having taken the 
Senate lead in earthquake matters since 1972.34 As in the House, any attempt to legislate 
implementation of lifeline design standards comprehensively in a single bill probably would be 
referred to two or more committees. 

Table 5 shows Ithat jurisdiction over the lifelines covered in this report resides with several 
committees. The:re is a high probability that any legislation introduced to implement design sta­
ndards for lifelines would be referred to two or more committees simultaneously. How that 
might be done would clearly constrain the strategies used in drafting and introducing legislation, 
and would influence the outcome of the legislative process. 

VII -3.3.3 Uncertain Trumpet Of Federal Seismic Regulation 

Most of the pressure to innovate in earthquake risk m,magement must be expected to emanate 
primarily from the Federal level, since the risks and potential liabilities are most serious when 
aggregated to that level. Current Federal policy tools provide no consistent, focal direction, nor 
means to implement widescale loss-reduction measures for buildings, and even fewer forlifelines. 
Government-wide initiatives in the Executive Branch have only recently begun and are limited to 

new buildings?5 No comparable initiatives for lifelines have emanated from the Congress or the 
Executive Branch. "If the trumpet give an uncertain sound, who shall prepare himself to battle?"36 

Experience from other Federal programs amply shows that if the Federal Government applies 
consistent policy, supplies resources balanced with regulatory constraints, State and local govern­
ments follow. From a Federal perspective it is important to concentrate design standards for 
lifelines in State Governments and the Federal government, although the goal is effective 
implementation in local communities. 

VII-3.3.4 Federal Implementation Of Lifeline Seismic Design Standards 

The previous recommendations emphasize a type of Federal-private sector "partnership" to 
develop lifeline seismic design standards--the Federal Government facilitates seismic design 
standards by the private sector through funding, coordinating, and monitoring concurrent 
development in each of the lifeline areas. Development of the standards would not and should 
not imply that the Federal Government must adopt and implement them. 

Nevertheless, in keeping with Federal policy enunciated in OMB Circular A-119 as well as the 
spirit of this proposed program, Federal agencies would be expected to adopt the lifeline design 
standards unless the standards were prohibited by law, would adversely affect performance or 
cost or otherwise have significant disadvantages, or were not stringent enough to meet special 
agency missions. Much remains to be done before specific implementation programs can be 
recommended. Thus we recommend a process to study and plan implementation strategies for 
lifeline seismic design standards. 
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The recommendations that follow reflect current policies and practices. Should major 
modifications of these policies and practices be enacted, such as a Federal earthquake insurance 
and reinsurance program that includes lifeline elements, the recommendations should be adapted 
accordingly. 

Concurrently with drafting of lifeline seismic design standards previously recommended, it is 
recommended that: 

• Federal lifeline agencies, acting through the Interagency Committee on Seismic 
Safety in Construction (ICSSC), undertake preparations for review, adoption, and 
implementation of the standards after the consensus process is completed. 
Preparations should include: 

A detailed review of each Federal lifeline agency's authority to regulate or 
influence seismic design of lifelines under their jurisdiction. 

Review should be conducted by each agency's legal counsel, or by 
outside counsel under contract to NIST. 

Review and propose appropriate implementation strategies for each 
Federal lifeline agency, including: 

1 . Strategies for Federal oversight and facilitation of State and local 
governmental or private lifeline industry adoption of standards 

2. Cooperative "partnerships" among Federal lifeline agencies, State 
and local governments, and private lifeline industries 

3. Strategies as in #1 and #2, backed by Federal authority to regulate 
if State and local governments or private lifeline industries fail to 
act 

4. Federal agencies' incorporation of lifeline seismic design standards 
into their regulations by reference for all federally financed and 
safety regulation lifeline programs, contracts for lifelines facilities 
and services, and disaster relief programs 

5 . Strategies for adoption and implementation of lifeline seismic 
design standards by Federal agencies that own or operate lifeline 
facilities. 

Draft and review a model executive order to be applicable to Federal 
lifeline agencies, articulating Federal policies toward seismic design 
standards, and directing Federal lifeline agencies to plan for adoption and 
use of the standards. 

Identify those agencies that do not have statutory authority over lifeline 
seismic design standards for lifelines under their jurisdiction, and identify 
appropriate implementation and legislative strategies. 

• Based on the studies, strategies, and plans so prepared, once the design standards 
consensus process has been completed we recommend that: 
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The Federal agencies act to have an executive order adopted on lifelines 

Federal legislation be drafted and enacted where needed to ensure adoption 
and application of the seismic design standards 

Each Federal lifeline agency move promptly to implement the plans and 
strategies deemed most appropriate for the lifelines under their jurisdiction. 
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RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

TABLE 1 

U.S. STANDARDS AND THEIR DEVELOPERS 

Government 

Defense Department 
Federal procurement (GSA) 
Other Federal agencies 

Total Government Standards 

Private Sector 

Scientific & Professional Societies 
Trade Associations 
Standards Developing Organizations 

Total Private Sector 

Total Government & Private Sector 

Number of 
Standards 

38,000 
6,000 

8500 9% 

52,500 55% 

13,000 14% 
14,500 

14,000 15% 

41,500 

94,000 

Percent 

40% 
6% 

16% 

45% 

Source: National Institute of Standards and Technology. 1991, Internal Report IR 
4618, Standards for the Physical Protection of National Resources and 
Facilities, Appendix A, "An Overview of Standards Terminology and the 
Standards Development Process," Gaithersburg, MD. 
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TABLE 2 

OVERLAPPING CATEGORIES OF SECONDARY LOSS 
FROM LIFELINE NETWORK DISRUPTION 

I. ECONOMIC LOSS (Value Of Foregone Production Of Goods And Services) 

Direct repair and emergency costs to utilities and other lifelines 
Resolution of bankruptcies 
PrOp4irty losses from flooding 

Pr0p43rty losses from fires, explosions 

Incre.ased health care costs 

Decmased property tax revenue to local governments 
Impacts on interdependent lifelines 
Declil1e in utility revenue from service losses 
Increi3sed individual and business tax burdens 
Reduced emergency inventories 

II. HEAL.TH AND SAFETY LOSSES 
Injury or death from fires, floods, explosions, contaminants, cold weather 

FEDERAL ROLES 

Sickness from toxic fumes, epidemics. lack of water, lack of heating during cold weather 
Envirl)nmental degration from culinary water contamination, toilet pressure losses, spills 

Impeded operations at hospitals, health labs, nursing homes 
Psychological trauma--<iepression, shock, etc. 

III. COMMUNITY, POLITICAL, AND OTHER PERSONAL PROBLEMS 

HOfTIEllessness, housing dislocations, relocations 

Increilsed needs and costs of security 
Increilsed govemmental intervention 
Alteration of land and property values 

Incre.lsed community burdens 

Decline in community attractiveness 

Disruption of education 
Reduced cultural, aesthetic, and recreational opportunities 

Famil'y disruptions 
Public: and private liability suits 

Adverse publicity for Government officials. disrupted lifelines 

SOURCE: Adapted from Taylor, C .• H. Seligson. and C. Tilman. 1991. "Loss-Reduction for Lifeliness 
in a Federal Earthquake Insurance Context: Some Preliminary Issues.' paper presented to 

the Third US Conference on Lifeline Earthquake Engineering, Los Angeles, August 1991. 
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RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

T.a»l. 5 

IlATJmlAl EMTIICIUME IlAZAUS IEDUCTIa- NOGIlAII 

Agencies 

USGS 
IISF 
FEMA 
IIIST 

Autnori);;ng 
Senate 

C,S , T 
C,S , T 
C,S , T 
C,S , T 

!;ommlttees 
~ 

S,S , T 
5,5 , T 
S,S , T 
S,S , T 

ApDr2Jj!riat;ons Sube_. 
Senate Kouae 

I , RA I , RA 
V,M , IA V,M , IA 
V,N , IA V,N , IA 
C,J,S,.I&RA C,J,S,J'RA 

AUT_IZII' a.tITTEES aim APPItOPaIATla-S saaMltlTTEES 
FOI FEDERAl -lIFElllE- AliEIlCIES 

A. Electrical"'" 

AArne ies Authorizing Committ!!. 

FElC: TVA 

APA: IPA: 
SEPA: WAPA 

REA 

1!all! .!!2Y!.l 

E , IIR 

E , IIR 

A, II , 

E & C 

E , C 

Agric. 

8. c.s.-.d Liquid Fuel. 

AA.ncies Authorizina Committ •• s 

FERC 

DOT lOPS 

Senate House 

E , IIR 

E , III 

E , C 

E , C 

Aunci" Authorizing C~ittees 
Senate House 

FCC C,S & T E & C 

D. Tr....,,-t.tian 

Agencies Authorfzing Committees 
!!!!!ll !!.2Y.tt 

1. lIi ... .-ys 

FMWA E , PW PW , T 

2. "--y •• il 

FRA C,S , T E , C 

3. li",t Rail 

UlllTA I,M' UA PW , T 

4. Airports 

FAA C,S , T PW , T 

5. Ports .... arbors 

COE E , PW PW , T 

E. u.ter Md s-r 

Agencies Authorizins Committe,s 
im!!! !!.2Y.tt 

EPA E , PW PW , T 

Appropriation. SYbeomMS. 
!!OW ~ 

E & 100 E & \I) 

I & RA I & RA 

A,RD , RA RD,A , RA 

ApDropr; a t I ons Sube OIIIIIS • 

lS!lW !:!.2YU 

E , WI) 

T & IA 

E , WI) 

T , RA 

Appropriations SubcO!". 
!.!!l.!.a Mou" 

C,J,S,J&IA C,J,S,.I&IA 

Appropr i at f ons SybeOlllllS. 
~ !12!:!U 

T , RA T & RA 

T & RA T , RA 

T & RA T , RA 

T , RA T , RA 

E , WI) E , WI) 

ApDropriationa Subeomma. 
im!!! ~ 

V,H , IA V,H , lA 
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Table 5 (Continued) 

GLOSSARY OF ACRONYMS 

h:acies (19) 

APA Alaska Po\;er 1ldnin:Lstration 
BPA Booneville PaoIer 1\dnin:Lstration 
erE U. S. Army Co!:ps of Engineers 

EPA Env:ircnTental Protection Pqercy 

FM Federal Aviation 1ldnin:Lstration 
Fer Federal CcIlll1lni.cation Ccmn:issian 
FEW\. Federal Etrergerx::y Managerent llqercy 
~ Federal Energy Regulatory Ccmn:issian 
FHWA Federal HigtMay 1\d:ni.nistration 
FRA Federal Railroad 1ldnin:Lstration 
NISI' National Institute of SCieooe am Techrology 
NSF National Scieooe Fam:lation 
ClPS Office of Pipeline Safety 
RFA Rural Electrification Mnini.stration 
SEPA Saltheast PaoIer 1\d:ni.nistration 
'IVA Tennessee \Talley Authority 
t.MrA Urban Mass Transportat:ian 1ldnin:Lstration 
us:;s United States Geological SUrvey 

WAPA Western Area PaoIer 1\d:ni.nistration 

J\utOOrizinq Ccmnittees (5 Senate; 3 Hoose) 

A,N & F = senate Agriculture, Nutrition & Forestl:y 

B,H & UA = senate Banking, Iblsing & Urt:lan Affairs 
C,S & T = senate COmrerre, SCieooe & Transportat:ian 
E & NR = senate Energy & Natural Resalrces 

E & IW = senate Env:iJ::cment & Public Vllrks 

Agric. 
E & C 
IW & T 

= Hoose Agriculture 
= Hoose Erergy & Ccrmeroe 
= Hoose Public Vllrks & Transportation 

l\f:prqlEiat.i.a1s SUbxlmnittees (6 Senate; 6 Hoose) 

A,RD & RA senate Agriculture, Rural Deve1qn'ent am Related Agerx:ies 
C,J,S,J & RA = senate/Hoose Ccrmeroe, Justice, am State, the JudiciaJ:y am Related J\genCies 
E & WI) senate/Hoose Energy am water Develqrrent 
I & RA senate/Hoose Interior am Related Agerx:ies 
RD,A & RA lbuse Rural Develqrrent, Agriculture am Related J\genCies 
T & RA senate/Hoose Transportation am Related Agencies 
V,H & IA senate/Hoose VA, HUD, am Irxleperxlent Agencies 
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VII-A. APPENDIX A--FEDERAL REGULATION OF LIFELINES 

Appendix A reviews existing Federal laws and regulations for the lifelines included in the report. 
It reflects jurisdiction over lifelines spread not only among many Federal executive agencies, but 
equally important, among many congressional authorizing committees and subcommittees. 
Inherent in any discussion of Federal regulations of lifelines are issues of State and local 
authority. For many of the lifelines, the principal regulatory authority is vested in and exercised 
by State, regional, or local governmental jurisdictions. Suffice it for this report that State, 
regional, or local authority is broadly recognized, but is not analyzed. 

The pattern of Federal regulation of lifelines is uneven. a result that reflects the jurisdictional ten­
sions among local, regional, State, and Federal authorities, and reflects political perceptions of 
the priority and imminence of earthquake hazards in competition with other issues pressing 
social, economic, and political agendas. Only two agencies included in this report have seismic 
design standards for the lifelines under their control--the Federal Highway Administration and the 
Office of Pipeline Safety, both of the Department of Transportation. Other agencies require that 
the buildings housing lifeline facilities be built to comply with the seismic standards of the 
Uniform Building Code, or with State or local building standards. 

Among Federal agencies that require attention to seismic design, the most typical approach has 
been to incorporate by reference into their regulations State, local, or model building codes for 
building structures, and design standards of voluntary standards bodies for highways, bridges, 
and equipment. Incorporation by reference has the same legal effect as if the regulations were 
published by the agency in full--they become the minimum standards required by the agency. 
Whether and how the agencies enforce the regulations is not evaluated here. 

If a coherent Federal program to develop, adopt, and implement lifeline seismic design standards 
is to emerge, it must account for and respect various Federal, State, and local governmental 
authorities. Successful development of design standards requires the participation and consensus 
of various voluntary standard-making and standard-issuing bodies. Successful implementation 
of a coherent Federal program will balance any private sector economic needs with the life-safety, 
business continuity, disaster assistance, and other social, economic, and political goals of 
regulatory intervention. 

VII-A.1 Electrical Power Facilities 

Most electrical power system business is intrastate and is regulated by State public utility 
commissions. To a great extent electric companies are natural monopolies, that is, one fInn can 
provide service within its territory more efficiently than can two or more fIrms. In return for 
exclusive operating franchises within a particular territory, prices for electricity are controlled by 
the State regulatory agencies, and the utilities are required to provide a specifIed level of service. 
Among State public utility commissions only California's has extended its authority to include 
regulation of seismic design. l 

Federal regulation extends to the transmission and use or sale of electric energy at wholesale rates 
among utility companies in interstate commerce. Administered by the Federal Energy Regulatory 
Commission (PERC), the Act limits PERC's regulation "to those matters which are not subject to 
regulation by the States. ,,2 With certain exceptions, the Commission does not have jurisdiction 
over generation facilities, those used in local distribution or transmission in intrastate commerce, 
or over facilities used to transmit electric energy which is wholly consumed by the transmitter? 
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PERC has authority to establish regional districts for voluntary interconnection and coordination 
of facilities for generation, transmission, and sale of electric energy; to establish physical connec­
tions of transmission facilities; to require temporary connections in time of emergency; and to 
require public utlllities to submit contingency plans respecting shortages of electric energy.4 The 
Commission may recommend to electric utilities voluntary negotiations to increase reliability 
through pooling arrangements.5 The Secretary of Energy may recommend industry standards for 
reliability to the electric utility industry . 

These authorities reflect a legislative and regulatory deference not only to the States but also to the 
electric utility industry--an apparent deference to State authority and voluntary cooperative action 
by the industry. The authorities were not intended to be and have not been extended to Federal 
requirements for seismic design. 

Authorizing Committees 

• Senate--Committee on Energy and Natural Resources, Subcommittee on Energy 
Regulation and Conservation 

• House--Committee on Energy and Commerce, Subcommittee on Energy and 
Power 

Legislative Authority 

• Federal Power Act of 1920, 16 U.S.C. 791a et seq., as amended. 
• Pllblic Utility Regulatory Policies Act of 1978,16 U.S.C. 2601. 
• Tennessee Valley Authority Act of 1933, as amended, 16 U.S.C. 831 - 831dd. 
• Rural Electrification Act of 1936,7 U.S.C. 901 et seq., as amended. 
• 'Western Area Power Administration, 42 U.S.C. 7275. 
• Southeastern Power Administration, 42 U.S.C. 7152. 

Regulations 

• Federal Energy Regulatory Commission., 18 CPR, Ch. 1 (4-1-91 Edition). 18 
CPR ch. I, Pt. 32 (4-1-91 Edition), Pt. 294 (4-1-90 Edition). 

• Tennessee Valley Authority, 18 CPR, Ch. XIII (4-1-90 Edition). 

• Rural Electrification Administration, 7 CFR Ch. XVII (1-1-91 Edition) 

Federal Electrical Power Systems 

• The Federal Emergency Management Agency's Earthquake Resistant Construction 
of Electric Transmission and Telecommunication Facilities Serving the Federal 
Government Report, identified three types of electrical power system lifelines 
which could be required to meet federally imposed standards: 

(1) lifelines which are owned and operated by the Federal 
Government, such as the Western Area Power Administration 
electrical transmission lines; (2) lifelines which are owned and 
operated by others, but have a major contractual obligation to serve 
the Federal Government, such as the Southeastern Power 
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Administration electrical transmission ... ; and (3) lifelines which 
are constructed with Federal funds, but not owned by the Federal 
Government, and which do not have a major contractual obligation 
to serve the Federal Government, such as electrical transmission 
lines financed by the Rural Electrification Administration. 

• The Tennessee Valley Authority (TVA) is an example of a federally owned and 
operated system whose electric power program is financially self-supporting. The 
western part of TVA's jurisdiction is vulnerable to earthquakes. TVA uses no 
seismic design for transmission lines and towers, but does anchor transformers 
and other large equipment against 0.2 G seismic acceleration. Other equipment is 
not tied down. TVA has experienced no damaging seismic events in its 60-odd­
year history . 

• Each of the power administrations under the Department of Energy (Alaska, 
Bonneville, Southeastern and Western Area) set their own policies for earthquake 
hazard reduction. 

The Alaska Power Administration is responsible for operating two Federal 
hydroelectric projects in Alaska, including transmission and marketing the 
electric power generated there. The Administration subcontracts its 
construction to the Corps of Engineers, which reports that it uses Corps 
criteria for earthquake resistant design (and has since 1964). 

The Bonneville Power Administration markets and transmits electric 
power from Corps of Engineers and Bureau of Reclamation hydroelectric 
projects in the Pacific Northwest. The Administration constructs, 
operates, and maintains a transmission system that integrates Federal 
power projects and interconnects with non-Federal electric utility systems. 

The Administration adopted seismic design criteria and standards for 
transferable equipment such as transformers and power circuit breakers, 
and for nontransferable equipment such as footings and support 
structures. A DraftJInterim Seismic Policy for Transferable and Fixed 
Equipment, dated April 13, 1991, increases the horizontal ground motion 
acceleration standard to be used in all seismic zones in the 
Administration's system when procuring transferable equipment and 
designing nontransferable items. Modifications to improve seismic 
performance of existing facilities and equipment are limited to 10 percent 
of the initial equipment costs. 

The Southeastern Power Administration transmits and sells surplus electric 
power generated at Corps of Engineers reservoir projects in 10-State area 
of the Southeast. It subcontracts power transmission to private utilities, 
and makes no attempt to impose seismic design criteria on those utilities. 

The Western Area Power Administration markets and transmits electric 
power generated by the Bureau of Reclamation, Corps of Engineers, and 
the International Boundary and Water Commission, in 15 central and 
western States. The Administration has no special standards for electrical 
transmission lines; transmission and microwave towers are generally built 
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away from known faults; substations are designed to withstand seismic 
forces, if warranted; substation equipment in high seismic risk zones must 
meet the requirements of IEEE Standard 693-1984; and buildings are 
designed according to the Uniform Building Code. 

• The Rural Electrification Administration (REA) of the US Department of 
Agriculture finances rural electrical systems; it does not own .them. The REA's 
Bulletin 65-1, Rural Substations, 1978, recognizes earthquakes as a risk, but does 
not require compliance with IEEE Standard 693-1984 or any other standard. 

• Military criteria for buildings and equipment tie-down are found in Technical 
Manuals TM 5-809-10, 1982, TM 5-809-10-1, 1986, and US Army Corps of 
Engineers CEGS 15200, 1985. 

Standards And Design Guidelines--Electrical Equipment In Substations 

• Standards published by the American National Standards Institute (ANSI) and the 
Institute of Electrical and Electronic Engineers (IEEE) form the basis for seismic 
design of electrical equipment in substations. See ANSIJIEEE Standard 693-1984 
arid ANSIllEEE Standard 344-1987, "IEEE Recommended Practice for Seismic 
Qualification of Class IE Equipment for Nuclear Power Generating Stations." 
These standards have performance criteria for all substation components and 
equipment qualification criteria. 

• 

• 

• 

• 

• 

VII-A.2 

Three California power companies consider ANSIllEEE Standard 693-1984 
inadequate and have developed their own specifications for construction of 
earthquake resistant electrical substations .. Based on adverse experience from the 
1971 San Fernando and 1986 North Palm Springs earthquakes, the 1989 Lorna 
Ptieta earthquake made clear that certain design practices still need to be improved. 
Ceramic components of circuit breakers continue to be particularly vulnerable. 

ANSIIIEEE Standard 693-1984. 

ANSIlIEEE Standard 344-1987, "IEEE Recommended Practice for Seismic 
Qualification of Class 1 E Equipment for Nuclear Power Generating Stations." 

SEAOC "Tentative Lateral Force Requirements," 1985. 

MIL-HDBK-l004/4, "Electrical Utilization Systems," 1987. 

CEGS-15200, "Guide Specification, Military Construction ... Seismic Protection 
for Mechanical, Electrical Equipment," 1985. 

Gas And Liquid Fuel Facilities 

The same basic State public utility regulatory concepts pertain to gas and liquid fuel facilities as 
for electrical power facilities. Despite a number of formal similarities in regulatory patterns, 
Federal regulation of private gas and liquid fuel facilities is more pervasive than for electrical 
power facilities. 

Three Federal agencies administer regulatory programs for pipeline fuel transportation systems: 

VII-29 



RECOMMENDATIONS FOR LIFELINE SEISMIC STANDARDS 

• The Department of Transportation's Office of Pipeline Safety regulates pipeline 
safety standards, including a program through which States can voluntarily assert 
safety regulatory jurisdiction over all or some intrastate pipeline facilities. 

• The Department of Energy's Federal Energy Regulatory Commission regulates 
interstate fuel transmission rates charged by oil and gas transmission lines, and 
regulates safety and environmental requirements of gas pipelines and all liquefied 
natural gas (LNG) facilities. 

• The Department of the Interior's Minerals Management Service regulates safety 
and environmental compliance of offshore oil and gas production and 
transmission facilities. 

For the purposes of this plan, offshore oil and gas production and transmission facilities and 
LNG facilities are excluded. 

The principal standards for pipelines include Federal regulations, rules, and safety standards of 
the California Public Utility Commission, American Society of Mechanical Engineers and 
American Petroleum Institute standards, and military standards. 

Pipeline Standards 

Federal pipeline safety regulations administered by the Office of Pipeline Safety are found in 49 
CFR, Ch. I, Pts. 190, 192, 193, and 195. Federal natural gas pipeline safety regulations found 
in 49 CFR, Pt. 192, "Transportation of Natural and Other Gas by Pipeline: Minimum Federal 
Safety Standards," do not include overt seismic design requirements. Earthquake resistant design 
of pipelines for transportation of hazardous materials is required in 49 CFR, Pt. 195. 

Military design manuals (NAVFAC DM 22) and specifications (CEGS Specification 02685) 
incorporate ASME Standards B31.4 and B31.8, respectively. 

The California Public Utility Commission General Order 112-D contains design requirements 
considered by some to be more conservative than those for nuclear power plants. 

Storage Tanks 

49 CFR 195 incorporates by reference API Standard 650, "Welded Steel Tanks for Oil Storage," 
which contains detailed seismic design requirements in Appendix E. 

Seismic design standards similar to API 650 are included in ANSI! A WW A Standard D 1 00, 
"Standard for Welded Steel Tanks for Water Storage." 

Authorizing Committees 

• Senate--Committee on Energy and Natural Resources, Subcommittee on Energy 
Regulation and Conservation. 

• House--Committee on Energy and Commerce, Subcommittee on Energy and 
Power. 
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Legislative Authority 

• Natural Gas Pipeline Safety Act of 1968, as amended, 49 App. U.S.C. 1671 et 
seq. 

• Hazardous Liquid Pipeline Safety Act of 1979, Title II, 49 App. U.S.c. 2001 et 
seq. 

• Hazardous Materials Transportation Act, as amended, 49 App. U.S.c. 1801 et 
seq. 

• Federal Power Act of 1920, as amended, Subch. II, 16 U.S.C. 791a et seq. 

Public Utility Regulatory Policies Act of 1978,16 U.S.C. 2601 et seq. 

Regulations 

• 18 CFR (4-1-91 Edition) Ch. I. 

• 49 CFR (10-1-90 Edition) Ch. 1. 

Pt. 190, Pipeline Safety Program Procedures. 

Pt. 192, Transportation of Natural and Other Gas by Pipeline: Minimum 
Federal Safety Standards. 

Pt. 193, Liquefied Natural Gas Facilities: Federal Safety Standards. 

Pt. 195, Transportation of Hazardous Liquids by Pipeline. 

Standards And Guidelines 

• ASME(ANSI) B31.4, Liquid Transportation Systems for Hydrocarbons, Lique­
fied Petroleum Gas, Anhydrous Ammonia, and Alcohols. 

• ASME(ANSI) B31.8, Gas Transmission and Distribution Piping Systems. 

• California Public Utility Commission, General Order 112-D, Rules Covering De­
sign, Construction, Testing, Maintenance and Operations of Utility Gas Gather­
ing, Transmission, and Distribution Piping Systems; Liquid Natural Gas Facilities 
Safety Standard. 

• API Recommended Practice 1102, 1981. [Recommended practices for liquid 
petroleum pipeline crossings at railroads and highways]. 

• ASCE Interim Specifications for the Design of Pipeline Crossings at Railroads 
and Highways, 1964. 

• API Standard 650, Welded Steel Tanks for Oil Storage. 

• ANSIIA WW A D100, Standard for Welded Steel Tanks for Water Storage. 
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• 

VII-A.3 

NFPA 59A, Standard for the Production, Storage, and Handling of Liquefied 
Natural Gas (LNG). 

Telecommunication Facilities 

Although once dominated by a unified Bell System, telecommunications system business is 
subject to the same basic public utility regulatory concepts as is electrical power systems. 
Intrastate business is regulated by State public utility commissions. In return for operating 
franchises within a particular territory, rates for telecommunications are controlled by the State 
regulatory agencies and the utilities are required to provide a specified level of service. To a 
limited degree, on the West Coast State public utility commissions have implemented seismic 
design for telecommunications systems; State or local construction codes set minimum standards 
for buildings. 

The Federal Communications Commission (FCC) regulates interstate and foreign 
telecommunications. Federal regulatory authority has generally not been exerted for selSIlliC 
design of telecommunications buildings or equipment. No regulations for seismic design 
standards have been published by the FCC. 

Design standards for telecommunications are developed by individual companies. Bell 
Communications Research (Bellcore) develops standards on behalf of the Bell Operating 
Companies created after AT&T was broken up. Bellcore developed generic equipment design 
criteria published in their technical reference TR-EOP-00OO63, March 1988. These standards and 
others published as "information letters" by Bellcore are accepted by the Bell companies. In 
addition, the Applied Technology Council's ATC-3-06 covers in-building equipment 
installations. MCI Telecommunications uses its own engineering standards based on a company 
policy to provide premier quality service, that is, to sustain coverage during any emergency, 
especially for major accounts that will not accept outages. 

Authorizing Committees 

• Senate--Committee on Commerce, Science, and Transportation, Subcommittee 
on Communications. 

• House--Committee on Energy and Commerce, Subcommittee on Telecommuni­
cations and Finance. 

Legislative Authority 

• Federal Communications Act, 47 U.S.C. 101 et seq. 

• General Services Act, 40 U.S.C. 757; 47 U.S.C. 305 note, Executive Order 12-
046; 50 App. U.S.C. 2251. [The General Services Administration has private 
telecommunication lines with 58 main nodes and awards 3-day tariffs for circuits. 

Regulations 

Some facilities are hardened for emergency use. Private industry tariffs do not 
include explicit requirements for earthquake-resistant design. See FEMA-202, 
September 1990, p. 39.] 

• 47 CPR (10-1-90 Edition) Ch. I. [No Federal seismic design regulations have 
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been published by the FCC.] 

Standards And Design Guidelines 

• Bellcore Technical Reference TR-EOP-000063. March 1988. "Network 
Equipment Building System (NEBS)." Bell Communications Research. 

• ATC-3-06. 1984. Tentative Provisions for the Development of Seismic 
Regulations for Buildings. Applied Technology Council. 

• Telecommunications systems and equipment are designed and built to individual 
company specifications. The designs to these specifications are normally 
proprietary to the company. Specifications specify individual equipment, but not 
total system design. There is no standard that controls total system performance. 
Standards are limited to individual equipment. 

VII-A.4 Transportation Facilities 

VII-A.4.1 Highways 

Federal regulation of highway programs is administered through the Department of 
Transportation's Federal Highway Administration (FHWA). FHWA administers (1) the Federal­
aid highway program, 23 U.S .C., Ch. I, (2) the Highway Bridge Replacement and Rehabilita­
tion Program to assist in the replacement and rehabilitation of bridges both on and off the Federal­
aid highway systems, and (3) an emergency program to assist in the repair or reconstruction of 
Federal-aid highways and certain Federal roads seriously damaged by natural disasters or 
catastrophic failures. In addition, FHWA is directly involved in the design and construction of 
roads and bridges within Federal lands, e.g., Forest Highways, Indian Reservation Roads, Park 
Roads and Parkways, and Public Lands Highways, 23 U.S.C., Ch. II. 

A cooperative program with State highway agencies, the Federal-aid highway program is funded 
by user taxes on gasoline, diesel fuel, tires, and truck sales under the Highway Trust Fund, 23 
U.S.C. 9503. States are responsible for planning, designing, constructing, and maintaining 
federally funded highway projects. Highway facilities are owned by the States. States detennme 
which highway projects will be federally funded. FHW A reserves authority to approve key 
actions in the process from planning through construction and operation. 

FHW A has not created its own design standards for highways, but rather works closely with and 
incorporates by reference design specifications or interim specifications published by the 
American Association of State Highway and Transportation Officials (AASHTO). See 23 CFR 
Pt. 625 (4-1-90 Edition), "Design Standards for Highways." The AASHTO standards are 
minimum standards, intended for broad national use. If a State's standards are more stringent 
than those adopted by AASHTO and FHWA, such as those of California, the more stringent 
standards apply. 

FHWA's design specifications establish Federal standards for federally funded work (23 CFR 
625.3(d)), that is, for about 271,300 bridges in the Federal-aid system which represent about 47 
percent of the 578,000 bridges on all public highways in the country. 

23 CFR 625.4 incorporates by reference AASHTO and FHWA policies, procedures, and 
specifications for (a) roadways and appurtenances; (b) bridges and structures; and (c) materials. 
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23 CFR 625.5 cites AASHTO guides and references for (a) roadway and appurtenance design, 
and (b) bridges and structures. The guides include AASHTO's Guide Specifications for Seismic 
Design of Highway Bridges, AASHTO 1983, and Amending Interim Specifications, Bridges, 
AASHTO 1985 through 1988. Subsequent to publication of the April 1990 edition of CFR, 
AASHTO adopted its Guide Specifications as Standard Specifications, published as AASHTO 
1991 Interim Specifications, Supplement A, Standard Specifications for Seismic Design of 
Highway Bridges. Under FHW A policy, these will be adopted as standard specifications for 
Federal-aid highway projects. 

Under AASHTO specifications bridges are classified by relative importance, from essential to 
nonessential. Essential bridges must function during and after an earthquake, and are determined 
according to social/survival and security/defense classification. There are four classification 
categories by levels of seismic performance, ranked from highest level of seismic performance to 
lowest (no seismic analysis required). According to the FHW A, most of the 271,300 bridges in 
the interstate, primary, secondary, and urban systems are in the third category (minimum of 
analysis required, specific attention drawn to support design details). Most bridges in California 
are in the two highest categories (first, design for highest level of seismic performance, with 
particular attention to methods of analysis, design, and quality assurance; second, slightly lower 
level of seismic performance, less rigorous analytical procedure than highest level). 

Tunnels And Pavements 

There are no standard or uniform seismic design criteria for tunnels and pavements. Earthquake 
design criteria for tunnels are site specific, as they are for the Bay Area Rapid Transit (BART) 
system in the San Francisco Bay Area and for the Los Angeles Metro system. Pavements cannot 
be designed to resist earthquake damage and are relatively easy to repair. 

Buildings And Related Facilities 

Design standards for buildings associated with highways, bridges, and tunnels (e.g., 
administrative offices, maintenance facilities, garages) are not included in the AASHTO design 
specifications and are not subject to FHWA regulations. Buildings are subject to the minimum 
standards set in the construction codes adopted by State or local governments. 

For further general information on the Federal Highway Administration's seismic design 
regulation, see US Department of Transportation, March 1990, Report to Congress: Adequacy of 
Current Federal and State Earthquake Design Standards, Sec. ill, pp. 6 - 17. 

Authorizing Committees 

• Senate--Committee on Environment and Public Works, Subcommittee on Water 
Resources, Transportation, and Infrastructure. 

Committee on Commerce, Science, and Transportation, Subcommittee on Surface 
Transportation. 

• House--Committee on Public Works and Transportation, Subcommittee on 
Surface Transportation. 
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Legislative Authority 

• 23 U.S.C., Ch. 1, Federal-Aid Highways, §§101 - 158; Surface Transportation 
and Uniform Relocation Assistance Act of 1987, 23 U.S .C. 10 1. 

• Highway Trust Fund, 26 U.S.C. 9503 

Regulations 

• 23 CFR, (4-1-90 Edition) Ch. 1 

Subch. G - Engineering and Traffic Operations, Pts. 620-669, Engineering. Pt. 
625, Design Standards for Highways 

Standards And Guidelines 

• 23 CPR 625.4 incorporates by reference AASHTO and FHW A policies, 
procedures, and specifications for (a) roadways and appurtenances; (b) bridges 
and structures; and (c) materials. 

• 23 CFR 625.4 cites Guide Specifications for Seismic Design of Highways 
Bridges, AASHTO 1983, and Amending Interim Specifications, Bridges, AAS­
HTO 1985 through 1988. 

• In 1990 the Guide Specifications were upgraded to Standard Specifications: 
AASHTO 1991 Interim Specifications, Supplement A, Standard Specifications for 
Seismic Design of Highway Bridges. 

• There are no national design criteria for tunnels; specific design criteria have been 
developed by local transit agencies and their design consultants. 

VII-A.4.2 Railways 

VII-A.4.2.1 Heavy Rail 

Two Federal agencies regulate different aspects of railroads in the United States: the Interstate 
Commerce Commission (ICC); and, for railroad safety purposes, the Department of Transporta­
tion's Federal Railroad Administration (FRA). The Interstate Commerce Commission, created in 
1887, regulates interstate surface transportation (including railroads) involving certification of 
carriers seeking to provide transportation to the public, rates charged, and adequacy of service, 
among other regulatory activities. 

The Federal Railroad Administration was established in 1966. Among its responsibilities it 
publishes and enforces rail safety regulations and administers railroad fmancial assistance 
programs. It has jurisdiction over all areas of rail safety under the Federal Railroad Safety Act of 
1970. These areas include track maintenance, inspection standards, equipment standards, and 
operating practiCt;!s. Railroad and related industry equipment, facilities, and records are inspected 
by the FRA. 

Neither the ICC nor the FRA has seismic design or construction standards for railroads. Until 
the 1960s railroads were self-regulating as to railroad safety. Design of tracks, railroad bridges, 
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stations, and other related facilities was the responsibility of the individual railroads, and remains 
so today. 

Standards published in the American Railway Engineering Association (AREA) Manual for 
Railway Engineering include tunnels (Ch. 1), timber bridges (Ch. 7), concrete bridges (Ch. 8), 
and steel bridges (Ch. 15), and have been incorporated by reference in FRA regulations. The 
manual is currently being reviewed by the Association for seismic standards and is expected to be 
completed by mid-1992. 

Representatives of both the AREA and the FRA State that railroad bridge design is highly 
conservative and that no fatalities associated with railroad bridge collapse have occurred. The 
FRA is reluctant to impose seismic standards, with their associated costs, unless a real danger can 
be demonstrated. Both the AREA and the FRA argue that Federal regulation of seismic standards 
for railroads are not needed, a matter that may be more defInitively settled after the AREA 
completes review of its manual. 

Authorizing Committees 

• Senate--Committee on Commerce, Science, and Transportation, Subcommittee 
on Surface Transportation. 

• House--Committee on Energy and Commerce, Subcommittee on Transportation 
and Hazardous Materials. 

Legislative Authority 

• Interstate Commerce Act, 49 V.S.C. 10901. 

• Department of Transportation Act, 49 V.S.c. 103. 

• Federal Railroad Safety Act of 1970, as amended, 45 V.S.C. 431 et seq. 

Regulations 

• Federal Railroad Administration, 49 CPR (10-1-90 Edition) Ch. II, Pts. 200-268. 

• Interstate Commerce Commission, 49 CPR ch. X (10-1-90 Edition). 

VII-A.4.2.2 Light Rail 

Federal involvement in light rail is a relatively recent phenomenon, less than 30 years old, with 
considerable tradition and precedent for State, regional, and local governmental and public transit 
authority ownership and operation of rail transit systems. Federal legislation and UMTA operate 
on the political rationale that mass transit is basically local in nature, that Federal regulation and 
systems standardization are to be avoided where possible. 

The Urban Mass Transportation Administration (UMT A) provides Federal matching grants to 
fInance construction and rehabilitation of public transit systems. Only state, regional, or local 
governmental bodies and public agencies may apply for section 3 discretionary capital grants, 
section 9 urbanized area formula grants, or section 18 nonurbanized area grants. About 1,500 
transit systems receive UMTA funding. 
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UMTA States that "as a grant making agency, UMTA neither regulates construction nor sets 
design standards." UMTA regulations and administrative circulars do not include design 
standards, and contain relatively few safety provisions. 

Local, regional, or State authorities that own and operate the systems are responsible for transit 
system design. Transit facilities include: 

• Buildings--Administrative offices, terminals, and maintenance facilities (e.g., bus 
garages). These buildings are subject to local and State construction codes. 

• Bridges And Elevated Guideway Structures--These structures are commonly part 
of fixed guideway systems--light rail, heavy rail, commuter rail, automated people 
movers, and exclusive busways. According to UMTA, transit agencies "usually 
require" earthquake design criteria specified by AASHTO for highway bridges. 

• Underground Guideways Or Subways--As with highway tunnels, there are no 
national seismic design standards or criteria for underground guideways or 
subways. Criteria used are site specific, developed and prepared by local transit 
agencies and their design consultants, often building upon the seismic design 
experience of other systems. Examples include the BART system of San 
Francisco, Los Angeles Metro, Seattle's bus tunnel, and Atlanta Metro. 

Authorizing Committees 

• Senate--Committee on Banking, Housing, and Urban Affairs, Subcommittee on 
Housing and Urban Affairs 

• House--Committee on Public Works and Transportation; Subcommittee on 
Surface Transportation 

Legislative Authority 

• Urban Mass Transportation Act of 1964. as amended, 49 App. U.S.C. 1601 et 
seq. 

• Surface Transportation and Uniform Relocation Assistance Act of 1987, Title III 
(Federal Mass Transportation Act), ibid. 

Regulations 

• 49 CFR (10-1-90 Edition), Ch. VI 

Standards And Guidelines 

• Bridges And Elevated Guideway Structures--Transit agencies "usually require" 
earthquake design criteria specified by AASHTO for highway bridges, per 
USDOT report to Congress dated March 1990. 

There is no national design criteria for tunnels; specific design criteria have been 
dt:~veloped by local transit agencies and their design consultants. 
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VII-A.4.3 Ports And Harbors 

Ports and harbors facilities are generally owned and operated privately, or by port authorities, or 
by State and local governments. Those portions of ports and harbors that are included in the 
lifelines plan--embankments and earth retaining structures, wharves, quays, dry docks, cargo­
handling equipment, pavements and aprons--are subject to virtually no Federal regulation. Corps 
of Engineers permits for alteration of navigable waters under § 10 of the Rivers and Harbors Act 
of 1899 do not include design review within their purview; nor do wetland permits under §404 of 
the Clean Water Act, 33 U.S.C. 1344. While Liquefied Natural Gas (LNG) facilities are subject 
to Federal regulations, those facilities are not included in this report. 

Building facilities are subject to State and local construction codes. To the extent that ports and 
harbors incorporate highways, bridges, tunnels, heavy rail, oil, gas and hazardous liquid 
pipelines elements that may be subject to Federal regulation, see those specific parts of this 
chapter. 

Authorizing Committees 

• Senate--Committee on Environment and Public Works, Subcommittee on Water 
Resources, Transportation, and Infrastructure. 

• House--Committee on Public Works and Transportation; Subcommittee on Water 
Resources. 

Legislative Authority 

• §1O, Rivers and Harbors Act of 1899, 33 U.S.C. 403 [US Army Corps of 
Engineers permits for alteration of navigable waters]. 

• §404, Clean Water Act, 33 U.S.C. 1344 [wetland permits] 

[Corps of Engineers permits do not include review for seismic design.] 

Regulations 

• 33 CPR, Ch. II (7-1-90 Edition) [Corps of Engineers permits]. 

VII-A.4.4 Airports 

The Federal Aviation Administration, US Department of Transportation, administers two basic 
activities related to airports: (1) it constructs, owns, leases, or operates staffed and unstaffed 
facilities to provide services or information to the National Airspace System; and (2) under the 
Airport and Airway Improvement Act of 1982 it manages a grant-in-aid program funding airport 
planning and development programs through State, local, or regional airport sponsors, funded 
through the Airport and Airway Trust Fund. 

VII-A.4.4.1 FAA Constructed, Owned, Leased, Or Operated Facilities 

Facilities housing both staff and equipment that are constructed, owned, leased, or operated by 
the FAA include: 
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• Air Traffic Control Towers (ATCT) 

• Air Route Traffic Control Centers (ARTCC) [network of 22 centers to control 
enroute air traffic] 

• Terminal Radar Approach Control (TRACON) [identify aircraft up to 60 miles 
away, provide approach guidance] 

• Flight Service Stations (FSS) 

• Automated Flight Service Stations (AFSS) [advise on flight plans, make weather 
observations, advise on weather conditions] 

• Airway Facilities Sector Offices (AFS) 

• Airway Facilities Sector Field Offices (AFSFO) 

Un staffed facililties include radar (identify aircraft, provide speed, altitude, and weather 
conditions information), navigation aids (approach lighting systems, instrument landing 
systems), and communication (data and communications between TRACON facilities and control 
towers (ATCT» facilities. 

For FAA-constructed or -owned facilities, FAA contracts with architecture and engineering firms 
to develop designs. A limited number of control towers .md navigational facilities are owned and 
operated by some States and airport authorities, and are generally built to FAA standards. FAA 
standards require that Air Traffic Control Towers meet UBC Zone 3 seismic design criteria; 
designs are changed for Zone 4 sites and to meet local code requirements if more stringent than 
UBC requirements. 

VII-A.4.4.2 Airport Planning And Development Programs 

The FAA administers its grant-in-aid program funding airport planning and development 
programs under authority of the Airport and Airways Improvement Act of 1982. Programs are 
funded under the Airport and Airway Trust Fund, 26 U.S.C. 9502, from aviation-user taxes. 

Under the Airport Improvement Program certain nonrevenue portions of airports may be funded 
through the program, but are owned and operated by the airport authority. These include airport 
pavements and pavement structures, airport marking and 1ighting systems, portions of terminal 
buildings and crash and fire rescue facilities. 

• Airport Pavements And Pavement Structures--As with highways, there is 
no practical way to isolate runways, taxiways, and aprons from ground 
movements induced by earthquakes, and they are relatively easy to repair. The 
FAA has no seismic resistant design standards for airport pavements. 

Drainage culverts, taxiway/runway bridges, piers, and other pavement structures 
arl~ designed to local or State codes and standards. FAA does not deem these 
structures unique in a civil engineering sense, but does require that bridges take 
into account aircraft width and the need for aircraft and emergency and other 
vehicles to be able to use the bridges simultaneously. 
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• Airport Marking And Lighting Systems--Airport marking and lighting 
systems are designed without consideration of earthquake movements. In case of 
public electric power failure certain classes of airports must have emergency 
power generating equipment to maintain marking and lighting systems. Otherwise 
there are no Federal standards or seismic design requirements for such systems. 

• Terminal Buildings And Crash And Fire Rescue Equipment 
Buildings--Nonrevenue portions (about 10% - 15%) of airport terminal build­
ings and crash and fIre rescue equipment buildings may be built with Federal 
funding assistance. These buildings are required to conform to local or State 
construction codes; no unique FAA seismic design standards exist for these 
buildings. 

• Parking Facilities, Hangars, And Other Airport Facilities Built 
Without Federal Assistance--There is no FAA seismic design or other 
building standards for facilities owned, operated, and constructed by airport 
authorities without Federal funding assistance. The seismic requirements of local 
or State construction codes apply. 

• Airport Assurances--When airport sponsors (either public agencies or private 
sponsors) apply for funds under the Airport Improvement Program (AlP), they 
must provide formal assurances that become part of the grant agreement when a 
grant offer is accepted. Standard Airport Assurances require the sponsor to assure 
and certify that they will comply with 21 specific Federal laws, 12 specific Federal 
regulations, 2 Executive Orders, and 2 OMB Circulars. None of the laws, 
regulations, orders, or circulars pertain to seismic design standards. 

The assurances further provide that the sponsor will carry out the project in accordance with 
policies, standards, and specifications approved by the Secretary, including FAA advisory 
circulars for AIP projects. None of the Advisory Circulars overtly pertain to seismic design 
standards for AlP projects. 

Sponsors further assure that they will carry out the project "in accordance with applicable State 
policies, standards, and specifications approved by the Secretary." This provision is the 
contractual basis by which airport sponsors agree to comply with Uniform Building Code seismic 
requirements, or with local or State construction codes and any seismic requirements in them. 

Authorizing Committees 

• Senate--Committee on Commerce, Science, and Transportation; Subcommittee 
on Aviation. 

• House--Committee on Public Works and Transportation; Subcommittee on 
Aviation. 

Legislative Authority 

• Federal Aviation Act of 1958, as amended, 49 App. U.S.C. 1301 et seq. 

• Airport and Airway Improvement Act of 1982, as amended, 49 App. U.S .C. 
2201 et seq. [grant-in-aid program to fund airport planning and development pro-
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grams funded under the Airport and Ain¥ay Trust Fund, 26 U.S.C. 9502]. 

Regulations 

• 14 CPR, Ch. 1 (1-1-91 Edition), Pts. 100 - 199. 

Pt. 152, Airport aid program. 

Standards And Guidelines 

• 

• 

• 

• 

• 

VII-A.S. 

Buildings--FAA architecture and engineering contracts for designing FAA 
facilities require Uniform Building Code seismic standards for building designs. 

Runways And Aprons--Runways and aprons are not practical to build to 
withstand earthquake damage, and are relatively easy to repair. 

Air Bridges, Freight Handling Equipment--No Federal standards for air 
bridges, freight handling equipment. 

Airport Lighting and Marking Systems--Designed "without regard to 
earthquake effects," per USDOT report to Congress March 1990, @ p. 22. 

Airport Facilities Built Without Federal Assistance--Automobile 
parking facilities, aircraft hangars. No FAA standards. Local construction codes 
apply. 

"\\' ater And Sewer Facilities 

Traditionally operated as local or regional facilities, water and sewer facilities are subject to strong 
Federal regulations enforced by the Environmental Protection Agency. EPA has developed 
national programs, technical policies, and regulations for water supply and water pollution 
control, for ground water protection, standards enforcement, and programs for technical 
assistance and technology transfer. Phasing out its fOlmerly extensive grant-in-aid programs, 
EPA's mission is primarily that of a regulator, trying to control and abate pollution in many areas, 
including water, but without the additional leverage of grant programs. 

EPA's regulations and design manuals do not include specific seismic design standards, nor 
incorporate voluntary standards by reference. V oluntary standards available to design 
professionals in the water and sewer industry are listed below. 

Authorizing Committees 

• S~!nate--Committee on Environment and Public Works, Subcommittee on 
Environmental Protection. 

• House--Committee on Public Works and Transportation, Subcommittee on 
Water Resources. 

Legislative Authority 

• Federal Water Pollution Control Act Amendments of 1972, as amended, 33 
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U.S.C. 1251 et seq. 

Regulations 

• 40 CFR (7-1-90 Edition), Ch. I, Water Pollution Control. [No specific earthquake 
or seismic design regulations published by EPA in CFR.] 

Standards And Guidelines 

• ASCEfTCLEE, 1983, "Advisory Notes on Lifeline Earthquake Engineering." 

• ASCEfTCLEE, 1984, "Guidelines for the Seismic Design of Oil and Gas Pipe­
lines." 

• ASCEfTCLEE, 1986, "Water Treatment Plant Design." 

• Army TM 5-809-10, NAVFAC P-355, AFM 88-3, "Seismic Design for 
Buildings," Chs. 10, Mechanical and Electrical Elements; 11, Structures Other 
Than Buildings; 12, Utility Systems; 13; and 15. 

• East Bay Municipal Utility District, Oakland, CA, "Engineering Standard Practice 
on Seismic Design." 

• Environmental Quality Systems, 1980, "Earthquake Design Criteria for Water 
Supply and Wastewater Systems." 

Tanks 

A WW A D100-84 

AWWADI03-87 

A WW A DIlO-86 

ACI-74-26 

ACI-344, "Prestressed Concrete Tanks" 

Buried Pipe 

A WW A--Standards for ductile iron, steel, concrete, and asbestos 
cement pipe, fittings, valves, and hydrants. 

Plant Piping 

ASME, "Pressure Vessel and Piping Code 31.1." 

ASPE Data Book, vol. 2, "Special Plumbing Systems Design," 
ch. 19, "Seismic Protection of Plumbing Equipment." 

NFP A 13, Standard for the Installation of Fire Sprinklers." 

Vll-42 



FEDERAL ROLES 

Pipe Hangers And Supports 

Wells 

MSS SP-58 
MSS SP-69 
MSS SP-89 

National Water Well Association--No seismic design provisions in 
NWW A guidelines. 

Electrical equipment 

VII-A.7 

IEEE Standard 344, "IEEE Recommended Practice for Seismic 
Qualification of Class IE Equipment for Nuclear Power Generat­
ing Stations" [standard not used in water and sewage industry 
because standard very conservative, resulting in very high cost of 
equipment] . 

National Electrical Manufacturers Association--no seismic 
resistance provisions in equipment normally used by water and 
sewer industry; mitigation by anchoring per UBC. 
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APPENDIX B 
AGENDA - LIFELINES STANDARDS WORKSHOP 

Embassy Suites, Denver, CO, September 25-27, 1991 

WEDNESDAY. SEPTEMBER 25. 1991 .. SESSION I - REMINGTON A 

1:00 p.m. Registration 

1:30 p.m. Welcome & Opening Remarks 

• Mr. Robert D. Dilckers, 'Workshop Chairman, NIST 

• Mr. William S. Bivins, FEMA 

• Dr. H.S. Lew, NIST 

• Dr. Ronald Eguchi, Chairman, Steering Group 

1:45 p.m. Electrical Power Systems - Dr. Anshel 1. Schiff 

2:15 p.m. Gas and Liquid Fuel Systems - Dr. Douglas 1. Nyman 

2:45 p.m. Telecommunication Systems .. Mr. Alex Tang 

3:15 p.m. Break 

3:30 p.m. Transportation Systems - Dr. Ian Buckle 

4:00 p.m. Water and Sewer Systems - Mr. Donald B. Ballantyne 

4:30 p.m. Federal Regulation & Implementation - Mr. Crane Miller 

5:00 p.m. General Discussion of Draft Plans 

5:30 p.m. Priorities for Standards Development & Research 

5:45 p.m. Adjourn Session I 

7:00 p.m. Workshop Dinner - REMINGTON B 
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AGENDA - LIFELINES STANDARDS WORKSHOP (Continued) 

THURSDAY, SEPTEMBER 26, 1991--SESSION II 

8:30 a.m. 

10:00 a.m. 

10:30 a.m. 

12:00 p.m. 

1:00 p.m. 

2:00 p.m. 

3:30 p.m. 

4:00 p.m. 

5:30 p.m. 

Convene Breakout Meetings 

• Electrical Power 

• Gas and Liquid Fuel 

• Telecommunications 

• Transportation 

• Water and Sewer 

• Federal Regulation & Implementation 

Break (Individual Breakout Rooms) 

Continue Breakout Meetings 

Workshop Lunch - Fountain Area 

Discussion of Federal Implementation 

Continue Breakout Meetings 

Break (Individual Breakout Rooms) 

Continue Breakout Meetings 

Adjourn Session II 
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AGENDA - LIFELINES STANDARDS WORKSHOP (Continued) 

FRIDAY. SEPTEMBER 27. 1991--SESSION III - REMINGTON A 

8:30 a.m. 

10:00 a.m. 

10:15 a.m. 

11:00 a.m. 

11:45 a.m. 

12:00 p.m. 

12:15 p.m. 

Presentation of Breakout Meeting Discussions (15 Minutes Each) 

• Electrical Power Systems - Dr. Anshel J. Schiff 

• Gas and Liquid Fuel Systems - Dr. Douglas 1. Nyman 

• Telecommunication Systems - Mr. Alex Tang 

• Transportation Systems - Dr. Ian Buckle 

• Water and Sewer Systems - Mr. Donald B. Ballantyne 

• Federal Regulation & Implementation - Mr. Crane Miller 

Break 

Open Discussion on Lifelines Draft Plans 

Open Discussion on Federal Regulation & Implementation 

Priorities for Standards Development & Research 

Closing Remarks 

Adjourn Workshop 
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