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PREFACE

The Congressional emergency appropriation resulting from the January 17, 1994 Northridge earthquake
provided the Building and Fire Research Laboratory (BFRL) at the National Institute of Standards and
Technology (NIST) an opportunity to increase its activities in earthquake engineering under the National
Earthquake Hazard Reduction Program (NEHRP). In addition to the post-Northridge earthquake
reconnaissance, BFRL concentrated its efforts primarily in the study of post-earthquake fire and lifelines,
and moment resisting steel frames.

BFRL sponsored a post-earthquake fire and lifelines workshop in Long Beach, California in January 1995
to assess technology development and research needs that will be used in developing recommendations to
reduce the effects of post-carthquake fires. The workshop participants developed a list of priority project
areas where further research, technology development, or information collection and dissemination would
serve as a vital step in reducing the losses from post-earthquake fires. NIST funded a number of studies
identified by the participants which are listed in NIST Special Publication 889.

BFRL, working with practicing engineers, carried out surveys and assessment of the damaged buildings
and partially funded a SAC (Structural Engineers Association of California, Applied Technology Council,
California Universities for Research in Earthquake engineering) workshop on seismic performance of steel
frame buildings in September 1994. The objectives of the workshop were threefold: 1) to coordinate
related interests; 2) focus on the problems observed in the performance of steel buildings; and 3) develop a
research plan to solve the problems. NIST funded the research and enginecring communitics to carry out
several of the proposed studies.

This report represents a part of these studies related to post-earthquake fire and lifelines 'sponsored by
NIST as part of the Congressional emergency appropriation.
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ABSTRACT

In the Kobe, Northridge, and Loma Prieta earthquakes, the water systems providing water for fire
suppression failed. In the case of Kobe, a significant investment had been made to mitigate earthquake
damage. This report provides an overview of post-carthquake system reliability, and makes
recommendations to enhance post-carthquake operability of domestic water systems and/or alternate water
supply systems and/or enable quick restoration of service following an earthquake.

This report and associated projects are the result of recommendations from the Post-Earthquake Fire and
Lifeline Workshop beld in Long Beach, California, January 30 - 31, 1995. The report includes information
and procedures, developed from previous research and observations, to assess earthquake reliability of
municipal water supplies focusing on water for fire suppression. The relevant information base includes
experience from previous earthquakes, overall system operation, and performance of individual system
components. Component and system failure mechanisms are also addressed, and mitigation approaches are

identified and developed.

The report also considers alternatives to enhance restoration of service following earthquakes. Alternatives
include hardware improvements, system operation optimization, development of alternative water supplies,
and use of geographic information systems, GIS.
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UNITS

Because much of the information presented in this report is taken from original sources, no attempt has
been made to convert units of measurement such that all units are SI or English. Both units of
measurement appear throughout the report. Rather than adopt one set of units as the standard, a list of
conversion factors are given below for the units used in the report.

S1 English English SI

lem = 0.394 in lin = 254cm

Im = 328 ft 1£ = 0305 m

1 km = 0.622 mi 1 mi = 1.61 km
1gal=1cm/s’ = 0.394 in/s 1in/s” = 2.54 cm/s” = 2.54 gal
1 liter = 0.264 gallons 1 gallon = 3.79 liters

1 liter/min = 0.264 gpm 1 gpm = 3.79 liters/min

1 mg/l = 8.35 x 10° Ib/gallon 1lb/gallon = 0.120 kg/l

1IN = 0.2251b 11b = 445N

1kPa = 0.145 psi 1 psi = 6.89 kPa

1 hectare = 2.47 acres 1 acre = 4.047 m® = 0.4047 hect.
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EXECUTIVE SUMMARY
OVERVIEW

Following the 1989 Loma Prieta and 1994 Northridge earthquakes in California, and the 1995 Kobe,
Japan earthquake, major system water supply was lost for fire suppression and for domestic use. None of
these recent events turned out to be as catastrophic as the fire storms following the 1906 San Francisco,
California, and 1923 Kanto, Japan, earthquakes. The classic scenario occurred ‘in the Loma Prieta,
Northridge, and Kobe earthquakes where pipelines in both the transmission and distribution system failed.
Reservoirs drained, and there was no water available for fire suppression or domestic use.

This report helps quantify the problem of water system reliability. It identifies system and component
failure in historic events, and summarizes the results. Vulnerability evaluation techniques are developed
for pipelines and reservoirs. Mitigation measures for system and components are discussed along with
other alternatives such as developing alternative water supplies, optimizing system control, and use of
geographic information systems (GIS). '

This report, and the associated preject is the result of recommendations from the Post-Earthquake Fire
and Lifeline Workshop held in Long Beach, California, January 30 - 31, 1995. It includes research results
to assess earthquake reliability of municipal water supplies focusing on water for fire suppression. It
considers experience from previous earthguakes, overall system operation, and performance of individual
system components. Component and system failure mechanisms are addressed, and mitigation
approaches identified and developed.

MUTUAL NEEDS OF WATER AND FIRE DEPARTMENTS

Fire departments and water purveyors are in many cases not part of the same governmental jurisdiction.
However, fire departments are highly dependent on adequate water supplies to function effectively.
Large fires reaching conflagration proportions have become common place. In many instances, water
supply to meet large fire flow demands is insufficient, and liaison between water agencies and fire
departments is poor or ineffective.

Legal and financial authorization governing the raising of capital to pay for facilities can be inconsistent
with fire department needs. It is common for state regulations to require some minimum levels of fire
flows for new facilities. As fire flow demands change, it may be difficult for water agencies to legally
justify charging rate payers to build facilities to enhance fire flows.

Coordination between water and fire agencies must take place during pre-event planning, and should
include operational procedures and priorities. Fire departments shouid attain a good working knowledge
of the water system they use, and understand the earthquake vulnerability of that system.

EARTHQUAKES HAZARDS

Fault rupture results in earthquakes with a measured magnitude, and site-specific intensity. Fault offsets
can also cause tsunamis. Ground motion, one measure of earthquake intensity, is often measured in terms
of peak ground acceleration. Earthquake shaking can result in soil liquefaction and landslides that can be
particularly damaging to buried water systern components.
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PERFORNIANCE OF WATER SYSTEMS IN HISTORIC EARTHQUAKES

Historic performance of water systems in earthquakes, as well as two instances of non-earthquake-related
water system failure, were reviewed to identify common earthquake deficiencies that repeatedly occur,
resulting in dysfunction of water systems. Hazard events reviewed include:

1. Key earthquakes - Kobe, Japan, 1995, Northridge, California, 1994; and, Loma Prieta, California,
1989.

2. Less destructive earthquakes that caused water systemn damage - Landers/Big Bear, California,
1992; Cape Mendocino, (Petrolia), California, 1992; and, Whittier, California, 1987.

3. Historic devastating earthquakes - Kanto, Japan, 1923; and, San Francisco, California,1906.

4. Potable water system outage from other natural disasters - Des Moines, Iowa, Flood, 1993, 12
days water outage resulting from flooding of a water treatment plant, and Qakland, California,
Hills Fire, 1991, exacerbated by inadequate water supply.

There is a correlation between incidents where there was inadequate water for fire suppression, and where
fire became a significant issue. The only two events where fire was a small or non-issue were Whittier,
which was a relatively small earthquake, and Landers, where there is a sparse population and building
density. There is also a strong correlation between the three most significant fires, San Francisco in 1906,
Kanto, and Kobe, and the ineffective use/unavailability of an alternate water supply. System componént
failures can be grouped by significance of impact on system dysfunction as follows:

s Very High Impact - Pipe damage due to permanent ground deformation (PGD).
e High Impact — Pipe damage due to wave propagation and raw water transmission pipeline failure.

* Moderate Impact - water treatment plant damage, loss of power, and tank inlet/outlet pipe
damage.

e Low Impact - tank shell/structure damage, surface supply failure, and well casing and equipment
damage.

We conclude that pipeline damage due to PGD and wave propagation, in both transmission and
distribution systems, had the greatest impact in most of these events.

PERFORMANCE CRITERIA

Performance criteria are needed to define the desired level of post-earthquake service. It ties five
categories of water system performance to the probability of the defined earthquake ground motion being
exceeded. Earthquake ground motions with a 50 percent chance of being exceeded (72 year retumn
period) and a 10 percent chance of being exceeded (475 year retum period) in 50 years are set as
reference points. Performance criteria for these two probabilities are shown in Table ES-1.
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TABLE ES-1

WATER PERFORMANCE OBJECTIVES -
ACCEPTABLE ADVERSE CONSEQUENCE LEVELS FOR TWO EARTHQUAKE LEVELS

ACCEPTABLE ADVERSE CONSEQUENCES

acceptable consequences

PERFORMANCE OBE (50% chance in 50 years) DBE (10% chance in 50 years)
CATEGORY
Life Safety Minimal — Injury or loss of life are not | Minimal - Injury or loss of life are not

gcceptable consequences

Fire Suppression

Minimal - With the exception of small
isofated areas that are not densely
populated, water for fire suppression
should be available for entire service
area.

Moderate - Water for fire suppression
should be available for a minimum of 70%
of the service area including all industrial
areas and densely populated business and
residential areas.

Public Health

Low - Water should be available for all
but a few isolated areas. Boil water
order acceptable for up to 48 hours.

Moderate - Provide service for at least 50%
of system. Boil water order, or delivery by
tanker truck acceptable.  Restorel00%
service in 1 week.

System Restoration

Low - Water should be available for all
but a few isolated areas.

Moderate - Service should be available for
at least 50% of system. Restoration to
100% service within one week.

Property Damage

Low - Any damage should not affect
facility functionality and should be
repairable.

Moderate - 100% loss of nonessential
facilities acceptable if not cost-effective to
upgrade, and other performance objectives

are met.

RELIABILITY ANALYSIS

There are a variety of approaches that can be used to assess post-earthquake water system reliability:
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Conduct deterministic assessments of each water system component and use the component
assessment results to develop a system performance scenario. Typically, three steps are involved.
First, the seismic hazards are defined. Based on the seismic hazards and component
characteristics, component vulnerability is then determined. The final step is use the component
vulperabilities to predict overall system performance.

Express component vulnerability in probabilistic terms and use probabilistic techniques to
evaluate system reliability. There is a significant amount of uncertainty associated with
earthquake hazards and the response of facilities subjected to earthquake hazards. Although
accurately modeling this uncertainty is difficult, probabilistic assessments can be used to assess
the magnitude and likelthood of variations from the expected outcome.

Use system reliability assessment techniques such as fault tree analysis. Although fault trees have
been used extensively in many applications such as the nuclear industry, fault trees have not been
used as extensively by water utilities. Fault trees can be used to calculate failure probabilities,
identify paths that may lead to failure, and to identify those events that are most likely to lead to
failure.
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e Use GIS, which allows calculation and graphic presentation of system risk assessment results that
can be easily used and interpreted by planners, emergency response personnel and engineers.
Pipeline construction materials and joint types can be electronically overlaid on the earthquake
hazards. Damage algorithins, that relate pipe damage to ground shaking intensity and permanent
ground displacement, can be used to determine pipe vulnerability using the GIS. Pipe criticality
can be determined, and considered in the risk assessment determination.

SYSTEM COMPONENT DAMAGE

Damage to the key water system components including pipelines, reservoirs, treatment plants, and pump
stations has resulted in water system failures.

Pipelines

The Northridge earthquake caused 1,500 pipeline failures in the Los Angeles system. The Kobe
earthquake caused 1,600 distribution system failures. In both earthquakes, systems were quickly drained
through damaged pipe, rendering the systems dysfunctional in many locations. Pipe joint damage is
predominant for large diameter segmented pipe. For smaller diameter pipe, pipe barrels fail in addition to
joint damage. Welded steel pipe damage sometimes fails due to localized wrinkling from compression,
often concentrated at welded joints.

Analytical techniques have been developed to assess both continuous (welded joint) and segmented (bell
and spigot joint ) pipelines. Permanent ground deformation (PGD), often due to liquefaction/lateral
spread, is the usual cause of damage to continuous welded steel pipelines. The steel’s ductility helps
minimize pipe damage due to wave propagation. Brittle segmented pipe with rigid joints, such as cast
iron with leaded joints, is one of the most vuinerable segmented pipe systems, and is vulnerable to both
wave propagation and PGD. Use of ductile materials such as ductile iron, and joint restraint, greatly
enhances pipe earthquake performance. Relationships between earthquake intensity parameters such as
peak ground velocity and PGD, and unit failure rates have been developed for a variety of pipe materials,
based primarily on empirical data. These relationships can be used to estimate pipeline damage for given
earthquake scenarios. Damage estimates can be further used to predict water system hydraulic
performance.

Reservoirs

- Flat bottomed vertical steel water storage reservoirs (tanks) have been damaged in numerous earthquakes.
The most common failure mechanism is damaged connection piping. This damage occurs when
unanchored tanks rock, and inlet/outlet piping, rigidly attached to the tank and buried in the ground,
breaks. In more severe cases, the tanks themselves are damaged. The tank wall lifts off the ground when
the tank rocks. The tank wall then impacts the ground when the tank rocks in the opposite direction,
causing severe compression loading, and results in wall buckling. This phenomena is often referred to as
elephant’s foot buckling. Steel tank damage mitigation methods include addition of connecting pipe
flexibility, and anchoring the.tank to its foundation. On occasion, the tank structure must be strengthened
to accommodate seismic loading.

Wire-wrapped concrete tanks are less vulnerable to earthquakes than steel tanks, but have failed. Tanks

that were constructed prior to use of “earthquake cables” used in current designs, are the most valnerable.
Corrosion of the wire wrapping 1s also a concern.
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The American Water Works Association tank design standards incorporate seismic design methods.
Other analytical methods for analysis of existing tanks have been developed based on historic earthquake
performance data.

Treatment Plants and Pump Stations

Water treatment plants and pump stations have common earthquake failure mechanisms including
damage to: foundations, process tanks, equipment and piping, electrical power systems, and building
structures. Tank structures and large conduits are subject to differential settlement, increased lateral soil
pressures, and flotation. Reinforced concrete process tanks have performed well in earthquakes, but
immersed elements such as tank baffles are commonly damaged due to earthquake induced hydraulic
loading.

Buried yard piping is vulnerable to differential settlement. Inadequate braced plant piping can break due
to differential movement, and depending on its contents and location, flood pipe galleries. Pipe flexibility
can enhance earthquake performance. Anchored equipment, including office and lab equipment, seldom
fail. Loss of power is the most common failure mechanism. Emergency generators are recommended if
continuous operation is crucial.

MITIGATION ALTERNATIVES

Effective mitigation strategies to maintain or quickly restore water service following an earthquake
include: ‘

» Improve communication between fire and water departments. The objective is to overcome
‘jurisdictional and institutional barriers to optimize water/fire department emergency operations.

¢ Improve system hardware so it does not fail, such as replacing pipe, upgrading reservoirs, and
providing emergency power. Improvement programs can be prioritized considering the
importance of each component in operation of the overall system, and the desired performance
objectives. Clearly, the vulnerability of each particular component must be considered in the
analysis.

e Provide post-earthquake system monitoring and control to isolate damaged sections of the
system, so as to allow operation of other undamaged sections. Distribution system piping is
vulnerable to earthquakes, and expensive to replace with piping resistant to seismic activity.
Systems to monitor post-earthquake system performance, and isolate damaged sections can
optimize overall post-earthquake system function. '

e Develop alternative sources/supplies such as those dedicated to fire protection. Provision of
operational flexibility may provide the best opportunity of being able to provide post-earthquake
service. Alternative water supplies to provide water for fire suppression can include: dedicated
fire protection systems, portable water supply systems, cisterns distributed throughout the service
area, planned use of swimming pools and/or other recreational water-containing facilities, and the
planned and tested ability to draft water from local water bodies.
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Further develop application of GIS, as a tool to identify areas of water systems vulnerable to
earthquakes, for use by fire suppression response personnel and engineers responsible for system
earthquake mitigation. GIS can be used to map earthquake hazards and pipeline inventory. -
Vulnerability and criticality assessments can be performed within the GIS, and results effectively
presented graphically to decision makers.

CONCLUSIONS AND RECOMMENDATIONS

From this study we can conclude the following:

Immediate post-earthquake water system function is crucial, particularly to suppress fires.
Water system vulnerability must be understood by both water and fire departments so they can
effectively plan for post earthquake response and restoration. Communication between fire and

water departments becomes critical.

Transmission and distribution pipeline damage has been the key element causing water systems
to fail in historic earthquakes.

An important initial step in developing a mitigation’ program is to define post earthquake
performance criteria.

Water system reliability can be assessed using deterministic, probabilistic, fault tree, and/or GIS
techniques.

Detailed evaluation methods are available for pipelines, reservoirs, and other system components.

Recommended mitigation strategies include:

Improve the fire and water departments’ understanding of the earthquake vulnerability of water
systems, and enhance communication between the two organizations:

Upgrade system hardware, prioritized considering the criticality and vulnerability of each
component.

Provide post-earthquake system monitoring and control to allow rapid isolation of damaged
sections of the system.

Develop alternative sources/supplies of water for fire suppression.

Use GIS. It is a powerful tool, effective in performing earthquake mitigation programs, and
responding to and recovering from earthquake events.
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1.0 INTRODUCTION
1.1 OVERVIEW

This report assesses post-earthquake system reliability, and makes recommendations to enhance post-
earthquake operability of domestic water systems and/or alternate water supply systems io enable quick
restoration of service following an earthquake.

Following the 1989 Loma Prieta and 1994 Northridge earthquakes in California, and the 1995 Kobe,
Japan earthquake, major system water supply was lost for fire suppression and for domestic use. None of
these recent events were as catastrophic as the fire storms following the 1906 San Francisco, California
and 1923 Kanto, Japan earthquakes. Water system failure also occurred following less destructive
earthquakes such as the 1992 Landers/Big Bear, 1992 Petrolia, and 1986 Whittier earthquakes in
California. Other disasters including the 1991 Oakland Hills, California fire and the 1993 Des Moines,
Iowa flood were exacerbated by fire size exceeding the design flre (Oakland Hills) and water system
failure (Des Moines).

The classic scenario occurred in the Loma Prieta, Northridge, and Kobe earthquakes. Pipelines in both
the transmission and distribution systems failed. Reservoirs drained, and there was no water available for
fire suppression or domestic use. As expected, pipeline failures tended to occur where there was
permanent ground deformation due to liquefaction (such as in Kobe and Loma Prieta) or tectonic
movement (such as in Northridge). Brittle pipelines constructed of cast iron performed worse than ductile
pipelines constructed of steel or ductile iron. GIS hazard mapping to identify areas where there will be
permanent ground deformation coupled with maps showing pipe materials has become almost a standard
practice in the industry to identify vulnerable pipelines.

The Kobe Water Department had an aggressive earthquake mitigation program prior to the earthquake.
They had replaced a significant amount of brittle pipe in their system, with 89 percent of the pipe being
ductile iron or steel at the time of the earthquake. Nonetheless, there were over 2,000 pipeline failures in
the transmission and distribution systems in Kobe and the two adjoining cities that took months to repair.
With this background some of the questions addressed in this report are:

* Is water system mitigation effective?

e Can we increase the reliability of post-earthquake water system operation to an acceptable level
for an acceptable cost?

e Can we achieve an acceptable reliability by strengthening system components, or should we look
at other alternatives?

e If we can’t keep a water system operable, what is the most effective means to achieve quick
restoration?

Many cities are aware of the concerns. Kobe and San Francisco both have water storage cisterns
distributed throughout their urban area. San Francisco has a water system dedicated to fire suppression,
while Vancouver, British Columbia, has just placed such 2 system into service. Berkeley. California is
currently designing such a system.
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This report helps quantify the problem of water system reliability. It identifies system and component
failures in historic events, and summarizes the results. Mitigation measures for system and components
are discussed along with other alternatives such as developing alternative water supplies, optimizing
system control, and use of GIS as a tool to quicken recovery.

1.1.1 Mutual Needs of Water and Fire Departments

The mutual needs of water and fire departments are discussed in Section 1.2 and 1.3 of Chapter 1.0. Fire
departments and water purveyors are in many cases not part of the same governmental jurisdiction.
However, fire departments are highly dependent on adequate water supplies to function effectively.
Large fires reaching conflagration proportions have become more common. In many instances, water
supply to meet large fire flow demands is insufficient, and in many cases, liaison between water agencies
and fire departments is poor or ineffective.

In some cases, legal and financial authorization governing the raising of capital to pay for facilities is
inconsistent with fire department needs. It is common for state regulations to include requirements for
minimum levels of fire flows for new facilities. As fire flow demands increase, it may be difficult for
water agencies to legally justify charging rate payers to build facilities to enhance fire flows, and
providing for higher fire flows can often lead to a reduction of water quality during normal usage.

Coordination between water and fire agencies must take place during pre-event planning, and should
include operational procedures and priorities. Fire departments should attain a good working knowledge
of the water system they use, and should understand the earthquake vulnerability of that system.

1.1.2 Earthquakes Hazards

Earthquake hazard concepts and their quantification are described in Chapter 2. Fault rupture results in
earthquakes with a measured magnitude, and site-specific intensity. Fault offsets can also cause tsunamis.
Ground motion is often measured in terms of peak ground acceleration. Earthquake shaking can result in
liquefaction and landslides that can be particularly damaging to buried water system components.

1.1.3 Performance of Water Systems in Historic Earthquakes and Two Other Disasters

Chapter 3 of this report summarizes historic performance of water systems in earthquakes, as well as two
instances of non-earthquake-related water system stress events. More detailed accounts from each event
are described in Appendix A. The objective is to identify common earthquake deficiencies that
repeatedly occur, resulting in dysfunction of water systems for post-earthquake fire suppression and
domestic water supply. There are four categories of earthquake and natural hazard disasters described
herein:

1. Major urban earthquakes - Kobe, Northridge, and Loma Prieta earthquakes.

2. Less destructive rural or smaller magnitude earthquakes that caused water system damage -
Landers/Big Bear, Petrolia, and Whittier earthquakes.

3. Great historic devastating urban earthquakes - Kanto, 1923, and San Francisco, 1906.
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4. Potable water system outage from other natural disasters - Des Moines, 1993 flood, 12 days water
outage resulting from flooding of a water treatment plant; and, Oakland Hills, 1991 Fire
exacerbated by a water supply system originally designed for small fires.

1.1.4 Performance Criteria

Performance criteria are proposed in Chapter 4.0, which ties five categories of water system performance
to the probability of earthquake exceedance. Ground motions with a 50 percent chance of exceedance
and a 10 percent chance of exceedance in 50 years are set as the earthquake demands. Performance
objectives for life safety, fire suppression, public health, system restoration, and property damage are
defined for each demand. Each of these five categories are tied to systems and equipment required to
meet these performance objectives.

1.1.5 Reliability Analysis

Based on the research of the above events using a system component function analysis, the reliability of
municipal water supplies is addressed in Chapter 5.0. The risk of the causative earthquake hazards is
quantified. Likely system failure modes are defined. Key system component parameters such as percent
of vulnerable pipe materials and percent of area susceptible to liquefaction, that have led to system failure
are identified. The performance of mitigation measures that have been sub_]ected to earthquakes are also
reviewed. Typical system failures have resulted from:

¢ Pipe breakage in liquefiable areas resulting in water stored in reservoirs to quickly drain.

¢ Damage to major transmission lines cutting off the water source.

* Reservoir and connecting piping damage allowing water to drain.

¢ Loss of power to pump stations making them inoperable.

The results of this project element are the quantification of water system reliability based on seismic risk
and key component parameters.

1.1.6 System Component Damage

Key component damage that has resulted in water system failure is researched, and the results described
(Chapter 6.0}, with earthquake damage clearly defined. Key components include:

e Pipelines

¢ Reservoirs

¢ Treatment Plants and Pump Stations
1.1.7 Mitigation Alternatives

Five mitigation alternative strategies to quickly restore water service following an earthquake are
described and evaluated in Chapter 7.0. The five mitigatton strategies include:
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1. Improve communications between Fire and Water Departments.

2. Improve system hardware, such as pipe replacement, reservoir strengthening, and provision of
emergency power.

3. Provide post-earthquake system monitoring and control to isolate damaged sections of the system
allowing operation of other segments.

4. Develop alternative water sources/supplies such as those dedicated solely to fire protection, or for
multi-use.

5. Develop application of geographic information systems, GIS, as a tool to identify areas of water
~ systems vulnerable to earthquakes for use by personnel responsible for fire suppression and
engineers responsible for system earthquake mitigation.

Conclusions and recommendations are presented at the end of Chapter 7.0 providing guidance on
effective alternatives to increase the reliability of water supply to suppress fires and provide domestic
water supply following earthquakes, and a means to provide expeditious restoration of water supply after
the earthquake.

1.2 MUTUAL NEEDS OF FIRE AND WATER DEPARTMENTS

Consistently providing adequate water supply for fire protection requires close Haison and cooperation
between the fire and water departments. Unfortunately, these agencies are in most cases not part of the
same governmental jurisdiction. As a result, understanding and awareness between the organizations can be
lacking, particularly when a water utility is quite large and serves a large area. Fire Departments tend to be
smaller organizations in size and in many rural areas will be volunteer or part-paid and volunteer.
Coordination between the two organizations can be complex and difficult to achieve in such sttuations.

Fire departments are largely dependent upon adequate water supply in order to function effectively. Fire
flow demands can be quite large and in many cases communities that have recently expanded may not have
sufficient water main capacity to meet the new water supply demands. Close coordination of developers,
planners, the water utility and local fire departments is critical in the planning process. Adequate hydrant
distribution must be provided for, gridding and looping of mains is vital to insure adequate fire flows.

As the urbanization of America continues at a high pace, the inter-relationship of water and fire departments
becomes more and more important. Large fires, reaching conflagration proportions were at one time limited
to industrialized urban areas and cities. However since 1975, it has become commonplace to see major fires
in rural and suburban areas due to wild land fires that quickly get out of control. Television brings these
dramatic action scenes into our living rooms every year. Other disasters such as earthquakes, train wrecks,
arson and civil disturbances can also bring in their wake large fires which may develop into conflagrations.

In many of these major incidents, water supply was insufficient to meet the large demand that was required
for control and mitigation. During the event it was often difficult or impossible for water agencies to
provide supplies that were required. In many cases liaison between the water agencies and fire departments
was poor or ineffective.
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Water agencies are tasked with the mission to provide adequate supplies of drinking water for domestic,
commercial and industrial usage to serve the populations within their service area. Legally, they are usually
required to provide sufficient drinking water for the population, and water supply for fire protection is
established by insurance industry standards for fire flow requirements of each community. Lack of
sufficient water supply for fire flows can resuit in higher fire insurance premiums or no fire insurance at all.
Communities working with their water districts will usually pay for larger sized mains and increased
reservoir storage to allow for fire flow requirements. However, providing large capacity mains for small
suburban communities is excessively expensive and can lead to degraded water quality under normal daily
usage.

During emergency and disaster response, fire and water departments have mutual needs to maintain fire
flows in order to control the event as well as to provide domestic water within the service district. During
such times of high stress, water systems will be taxed to their capacity. The interrelationship of fire and
water departments comes into play during such critical events. Fire departments must have a good working
knowledge of the water supply system for it to maintain continuous operations during emergencies and
disasters; they must also be aware of the weak points and deficiencies likely to develop in water supply
during emergency operations. ‘

This coordination and knowledge must take place during pre-event planning, actual response and at post-
event debriefing.

Pre-event planning should include:
+ Identify system vulnerabilities and likely post-earthquake system performance.

s Development of joint Fire/Water department operational policies and procedures (including
identification of key personnel and their roles for implementation) to address possible loss or
deficient flow rates of water during emergency operations, such as for fire fighting.

= Development of an improved emergency plan for Fire/Water Department operations and liaison at
fires and other emergencies. ‘

In addition, Fire Departments should attain a good- working knowledge of the water system or systems
they will utilize. Hydrant flow rates and pressures, water supply capacity, gate books, maps and other
information on water systems should be made readily available. Fire Departments should identify a
Water Supply Officer to represent their responsibility in this process.

1.3 EMERGENCY OPERATIONS: WATER SUPPLY NEEDS AND PROBLEMS

Major fires that occur require large water flows to bring them under control. Major cities usually have the
required infrastructure to provide the water flows, (8,000-12,000 GPM) in highly congested downtown and
industral districts. However, in residential areas, even city water systems may not have the high capacity,
(large mains, pumps, reservoirs), that may be required during a major fire or conflagration that may occur
following an earthquake or wild land fire. Current capacities typically range from 500 gpm to 1,500 gpm in
smaller suburban areas; however, large fires require fire flows m excess of 10,000 gpm.

Areas of cities or suburban areas that do not have the water supply capacity for conflagrations or major fires
face two choices: (1) they must concentrate on reducing the risk of large fire conflagrations (elimination of
fuel sources, rapid fire department response while the fire is still small, etc.), or (2} they can upgrade the
water system to provide higher reliable flows, such as special connections for emergency hook up by fire
departments to water department tanks, reservoirs or access to water shed areas. These emergency sources
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of supply can allow fire pumpers to connect to a water source even when water mains may be out of service
or inadequate main size limits the flows that are needed.

The Oakland Hills fire of October 1991 was a dramatic example of how a water system designed for
suburban fire flow rates was overtaxed during a great firestorm. Pre 1930 small diameter water mains
prevented access to large water supplies from large reservoirs. Excessive drafting by fire departments led to
drawdown rates 300% to 500% above rated capacities. Loss of electric power had essentially little to no
effect on the water systems capability to provide supplies to the fire department. A second occurrence in
1993 happened in Malibu, California; wild land fires destroyed hundreds of large homes, many of them
within %2 mile of the Pacific Coast highway which has a 30 inch water main. Unfortunately, inadequate
mains into the residential areas could not utilize this large supply of water. The fire burned to the Pacific
Coast highway in that incident.
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2.0 EARTHQUAKE HAZARDS

The purpose of this chapter is to provide an overview of the earthquake concepts and effects that are relevant
to the seismic reliability and performance of water supply systems. Section 2.1 discusses basic concepts and

describes the seismic hazards that are important to water supply systems. Section 2.2 presents a summary of

current methods available to quantify these hazards for single-location facilities, such as tanks, pump stations,

or buildings, and for pipelines, which are distributed over large areas.

2.1 EARTHQUAKE CONCEPTS AND HAZARDS
2.1.1 Fault Rupture

An earthquake is generated by sudden movement within the earth that is usually caused by the rupture of a
fault. Rupture occurs.when the stresses across the fault exceed the strength of the rock comprising the fault.
The rupture length along the fault can extend from several meters (microtremors) to several hundred
kilometers (great earthquakes) to approximately 1000 km (giant earthquakes). The corresponding
displacement at a given location on the fault rupture also increases from a few centimeters for small
earthquakes to a few tens of meters for giant earthquakes.

The length of fault rupture and the amount of fault displacement are important parameters for lifelines such as
water pipelines. In most of the California urban areas for example, the water transmission and distribution
systems invariably cross major faults. Therefore, the identification and characterization of these faults are
key components of lifeline hazard and risk assessments and of the seismic design of these systems.

2.1.2 Seismic Moment and Magnitude

The fault-rupture length, width and displacement are one measure of the size of the earthquake. The product
of these parameters and the fault rigidity is defined as the seismic moment of an earthquake, so named
because the units are (force) x (length). Because it is a measure of the physical size of an earthquake, the
‘seismic moment became the basis for the development in the late 1970s of a new magnitude scale called
moment magnitude (M,,), which is now the magnitude scale most commonly used in engineering seismology.
For moderate to large earthquakes, the moment magnitude is roughly equivalent to the more traditional
magnitudes, such as Gutenberg-Richter (Mgg), local (M), body-wave (my) and surface-wave (M)
magnitudes. However, these older magnitude scales cannot distinguish between the great and giant
earthquakes because the motions recorded by the seismographs used to compute these magnitudes do not
increase further for these big earthquakes (Heaton et al., 1986). This phenomenon of "diminishing returns” in
the motion is called saturation. As an’illustration, the local magnitude of the great 1906 San Francisco
earthquake, which ruptured about 430 km of the San Andreas fault, was 6.9, whereas its moment magnitude
was approximately 7.8. The surface-wave magnitude of this event was estimated to be around 8%. By
contrast, the giant 1960 Chilean earthquake, which ruptured approximately 1,000 km of the southern Chile
subduction zone, had a similar surface-wave magnitude (~ 8%), but its moment magnitude, which was a
superior indicator of the size of this event, was 9.5. This event is the largest earthquake recorded this century.
It generated average rupture displacements of approximately 24 m and generated a large tsunami that caused
major coastal damage not only in South America, but also around the Pacific Rim and Hawaii.

3]
)
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2.1.3 Intensity

While the moment magnitude scale indirectly measures the physical size of an earthquake, intensity scales
‘measure the effects of the event. Several intensity scales have been developed, but the one most commonly
used in the U.S. is the Modified Mercalli Intensity (MMI) scale. To avoid potential confusion with the
magnitude scales, values of intensity are given in Roman numerals. The MMI scale runs from I (detected
only by sensitive instruments) to XII (damage total). In seismic risk and damage evaluations of water
pipeline systems, MMI has been the parameter linking the ground motion with the damage estimates through
fragility curves. These curves relate, for example, breaks or spills per length of pipeline to MMI for different
types of pipe. The MMI values are typically estimated from the peak ground accelerations (PGA) that are
~ computed along the pipeline route from probabilistic or deterministic seismic hazard analyses.

2.1.4 Ground Motion and Ground Movement

In addition to fault rupture, which can sever buried pipelines and severely damage foundations of structures
built in fault zones, earthquake ground motions and earthquake-induced ground failures from soil liquefaction
or landslide are significant seismic hazards to water systems. Although buried pipelines have been damaged
by vibratory ground motion, aboveground structures such as tanks and buildings are generally more
vulnerable to this shaking hazard. Buried pipelines are more vulnerable to permanent ground displacement or -
deformation (PGD), such as from liquefaction-induced lateral spreading or flow failure of soil, or from
landslides. Correlations between PGD and pipeline repair rates have been developed for vulnerability
assessments. Nevertheless, even with little or no accompanying lateral soil movement, the soil in a liquefied
condition exerts a buoyant force on buried structures (e.g., tanks or pipelines) which can cause these
structures, depending on their weight, to rise to the surface or sink further into the soil.

2.1.5 Tsunami and Seiche

Unless aboveground components of a water systemn are located along the coast or near the edge of a large
body of water, tsunamis or seiches pose no threat. Tsunamis are large water waves generated by (1) rapid
uplift or subsidence of the seafloor caused by submarine fault rupture, (2) submarine landslide, or (3)
volcanic eruption that displaces a large volume of seawater. Tsunamis have caused damage not only to
coastal facilities in the epicentral region, but also to facilities several thousands of kilometers away. For
-example, portions of Hawaii have been devastated by tsunamis originating in Alaska and Chile.

* Seiches are standing water waves produced in enclosed or partially enclosed bodies of water such as lakes or,
in some cases, harbors. Vibratory motion of the bottom of these bodies of water induce a seiche in the same
manner that vibratory ground motion induces sloshing of water within a storage tank.

2.1.6 Hazard from Bridges

Failures of bridge structures carrying pipelines are another potentially serious threat. Older bridges in the
epicentral region of a major earthquake, especially those at water crossings where the soil may be more
susceptible to Iiquefaction, are especially vulnerable, Embankment slumping, abutment wall movement or
faiture, pier foundation settlement or rotation, crushing of concrete columns, and fallen spans are common
types of bridge damage that can severely damage a pipeline. Furthermore, pipelines can also be damaged if
they are not adequately braced to the bridge superstructure.
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2.2 QUANTIFICATION OF HAZARDS

A variety of methods are available to quantify the various seismic hazards discussed in Section 2.1. These
methods range from simple empirical approaches to complex numerical modeling. Methods that have been
applied to quantify seismic hazards as part of a seismic risk study of water systems are briefly summanized in
the following subsections.

2.2.1 Surface Fault Rupture and Magnitude

Considerable amounts of observational data have been collected on the amount and type of surface fault
rupture during historical earthquakes. Clear correlations are observed between earthquake magnitude and
surface-rupture parameters such as surface-rupture length (SRL), maximum surface-rupture displacement
(MD), and average surface-rupture displacement over the length of fault rupture (AD). Many statistical
correlations among these parameters have been developed over the last 40 years. The most recent set by
Wells and Coppersmith (1994) is based on source-parameter data from 244 worldwide shallow crustal
earthquakes. These authors conducted statistical regression analyses of these data to produce correlations
between M,,, SRL, MD , AD and other source parameters. The mathematical form of these correlations
(using M,, and SRL as an example) is:

M, =a+blog (SRL) 2.0
log (SRL)=c+dM,, 2.2)
where a, b, ¢ and d are regression coefﬁcients from a least-squares analyses.

The first formula is used to predict the magnitude given the surface rupture length, and the second formula is
used to predict the surface rupture length given the magnitude. Because of the manner in which the
regressions are performed, the two formulas are not equivalent unless the M,, - SRL data are perfectly
correlated. This nonequivalence means that a given SRL substituted into the first formula will yield a
magnitude, which when substituted into the second formula, vields a different SRL. The correlations of
interest to risk assessments of water systems are M,, vs. SRL , SRL Vs M,, , MD Vs. M, , and AD Vs. M,,,
where the first variable listed in each correlation is the dependent variable to be predicted. The first
correlation ( M,, Vs. SRL ) is used to estimate the maximum magnitude earthquake a particular fault can
generate. This magnitude is used in the probabilistic and/or deterministic calculations of ground motions for
the system risk evaluation or design. The other three correlations ( SRL Vs. M,,, MD Vs. M., AD Vs. M, )
are primarily useful for risk assessment or design of pipelines crossing active faults.

2.2.2 Ground Motion

For most earthquake hazard or risk evaluations, ground motions are computed from simple equations (called
attenuation equations) that express the ground-motion parameter of interest as a function of magnitude,
distance from the fault rupture to a location where the ground motion is to be computed, and usually other
variables, such as site geology and fault mechanism. The ground-motion parameters relevant to buried
pipeline response are peak ground acceleration and peak ground velocity, which are directly related to
flexural and axial pipeline strain through simple models (ASCE, 1984). The peak ground acceleration is also
used to assess liquefaction and landslide potential. -

Peak ground acceleration and response spectra are the ground-motion parameters typically used in the
evaluation for aboveground structures. For damage estimates, the peak ground acceleration has typically
been converted to MMI, as noted in the previous section. However, new methods are being developed to
estimate damage from response spectra.
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Most attenuation equations applied to facilities in the western U.S. were derived from a statistical regression
analyses of ground accelerations recorded during mostly California earthquakes. For the eastern U.S. where
ground-motion data are lacking, attenuation equations have been derived mainly from seismological models
of the earthquake source and travel paths of the seismic waves; most of these models have been calibrated
against the limited recorded data. A convenient summary of many of the new attenuation equations is
provided in Seismological Research Letters (Jan/Feb 1997, Vol. 68, No. 1) published by the Seismological
Society of America.

Attenuation equations are used directly to estimate ground motions for regional scenario earthquakes, such as
a M,, 8.0 for the Southern San Andreas fault or M,, 7.5 for the Wasatch fault. Such approaches are often
called deterministic. Attenuation equations are also input to probabilistic approaches that compute the
probabilities of exceeding given levels of ground motion in some time period. OQutput from these
probabilistic methods are then input to probabilistic risk methodologies that compute annual probability of
exceeding given levels of damage, typically expressed as dollar loss.

These probabalistic approaches to estimate ground-motion have been recently used by the U.S. Geological
Survey (USGS) to generate maps of the ground-motion hazard throughout the U.S. (Frankel et al., 1996).
These maps, published in 1996 and available on the Internet, show contours of bedrock spectral acceleration
that have a 2% probability of being exceeded in a 50 year period; these maps are intended for incorporation
into the 1997 National Earthquake Hazard Reduction Program (NEHRP) Seismic Provisions. The previous
maps showed spectral accelerations with a 10% probability of being exceeded in 50 years. The reason for
adopting a lower probability for the new maps was to account for the large infrequent earthquakes outside
California that have recurrence intervals on the order of several thousand years. Such events would have a
much greater impact on the ground motions with 2% in 50 year probability (which corresponds to an average
frequency of approximately once every 2500 years) than on the ground motions with a 10% in 50 year
probability (average frequency of approximately once every 500 years). Because they affect much larger
areas with the capacity to inflict greater damage on a per area basis, the large infrequent earthquakes must be
considered in risk evaluations also.

2.2.3 Intensity

For risk evaluations, MMI is often the parameter that links the ground motion with the damage estimates
through fragility curves, as previously explained. MMI is usually estimated from simple correlations
between MMI and peak ground acceleration (PGA). A common form of the relationship used in practice is

MMI =2 +b log (PGA) » (2.3)
where a and b are constants. Typically, the correlations in the literature are expressed as
log (PGA)=c+d (MMI) ' (24)

where the constants, ¢ and d, are derived by regression analyses of MMI - PGA data recorded during past
earthquakes. For a listing of some of these relationships, see Trifunac and Brady (1975), Murphy and
O'Brien (1978), and O'Brien et al (1976). For application to risk analysis, an appropriate equation is selected
and solved algebraically in the form of Eqn (2.3). Strictly speaking, the constants, ¢ and d, will be different
than those derived directly from regression of Eqn (2.3) on the data. Unfortunately, these regressions were
not performed; however, the algebraic solution has been considered an acceptable approximation.
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2.2.4 Liquefaction and Landslide

The methods for liquefaction and landslide evaluations vary in complexity from simple empirical approaches
to complex finite element or finite difference modeling. For a critical facility at a single location, such as a
reservoir or tank, both approaches and some intermediary ones have been used in stability evaluations. For
distributed systems, such as pipelines, empirical based approaches are preferred because they can be
implemented much more easily and quickly over a broad area. Empirical based methods for liquefaction
assessment generally include correlations between cyclic stress ratio and field Standard Penetration Test
(SPT) or Cone Penetration Test (CPT) measurements that are dependent on earthquake magnitude and the
fines content of the soil. These simple methods define the potential of soil liquefaction for a given magnitude
and ground acceleration. This liquefaction potential can be expressed as a simple "yes-liquefaction will
occut” or "no-liquefaction will not occur” with a computed safety factor greater or less than 1.0, or the
liquefaction potential can be expressed as a conditional probability given the earthquake magnitude and
ground acceleration.

If only geologic maps are available instead of SPT or CPT data, which is often the case for existing pipelines,
then a liquefaction susceptibility of each mapped geologic unit is first determined. For example, high
susceptibility 1s usually assigned to late Holocene stream deposits, while low susceptibility is assigned early
Pleistocene deposits. Tabular comrelations between these liquefaction susceptibilities and MMI are then
established that define the liquefaction potential, which is usually stated as a probability that the unit will
liquefy given the MMI. If large areas such as river valleys or plains are located in a high seismic region, then
this simple procedure will predict that the entire area will have a high liquefaction potential. Observations
~ from past earthquakes demonstrate that only a fraction of the total area experiencing strong shaking shows
any visible signs of liquefaction. Thus, modification factors have been introduced in liquefaction risk
analysis to account for this phenomenon.

Simple empirical based methods for landslide susceptibility involve the mapping of geologic units and slope
angles, and developing correlations between these variables and landslide susceptibility. Because historic or
prehistoric landslides are often easy to recognize, field observations are important data for assessing landslide
susceptibility.

The amount of permanent ground deformation from liquefaction or landslide can be estimated using (1)
simple empirical equations, such as those developed by Bartlett and Youd (1995), (2) simple mechanical
models, such as the sliding block model by Newmark (1965), and (3) complex nonlinear numerical analysis
codes capable of computing permanent deformation. Bartlett and Youd's equations are used to compute the
lateral spread displacement for a sloping ground surface or a free face condition such as a river bank. The
Newmark sliding block model is used to estimate the total movement of a soil mass shiding down a siope
subjected to a given ground acceleration time history. Several nonlinear finite element and finite difference
codes compute permanent ground deformations (settlements, slumping, lateral spreading). Although these
codes have often been used for stability assessments of earth dams, they have also been applied 1o structures
such as water tanks supported on unstable ground. :

2.2.5 Tsunami and Seiche

Although most coastal areas facing the Pacific Ocean are susceptible to tsunamis, the estimation of the
likelihood of damage to coastal facilities is complicated by the fact that the tsunam could originate from a
local offshore earthquake or from a distant earthquake more than several thousand kilometers away. In
addition to its size, the damage potential of a tsunami is greatly influenced by the bathemetry and topography
of the coastal areas. These important factors affect the amount of water runup (or inundation). which is the
major cause of tsunami damage. For the estimation of damage, historical data of tsunami runup can be useful
as well as results from numerical models. Nonetheless, considerable uncertainty exists in estimating
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probabilities of tsunami damage and judgment is necessary for such evaluations. Judgment is also required
for similar evaluations of seiches.
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3.0 PERFORMANCE OF WATER SYSTEMS IN HISTORIC EARTHQUAKES
3.1 INTRODUCTION

The section summarizes historic performance of water systems in earthquakes, as well as two instances of
non-earthquake-related water system failure. Detailed accounts from each event are described in
Appendix A. The objective is to identify common earthquake deficiencies that repeatedly occur, resulting
in disfunction of water systems for post-earthquake fire suppression and domestic water supply. There are
four categories of earthquake and natural hazard disasters summarized herem

1. Major urban earthquakes — 1995 Kobe, 1994 Northridge, and 1989 Loma Prieta earthquakes.

2. Less destructive rural or smaller magnitude earthquakes that caused water system damage — 1992
Landers/Big Bear, 1992 Petrolia, and 1987 Whittier earthquakes.

3. Great historic devastating urban earthquakes — 1923 Kantc, and 1906 San Francisco.

4. Potable water system outage from other natural disasters — 1993 Des Moines flood, 12 days water
outage resulting from flooding of a water treatment plant; and, 1991 QOakland Hills fire,
exacerbated by inadequate water supply.

The summary is organized by consequences of water system failure and system component failure that
- caused system disfunction, rather than disaster events. Refer to Table 3-1 for a numerical summary; the
explanatory text is provided below in Section 3.2 and 3.3. The numbers within this table are ratings;
these ratings are shown in parentheses in the explanatory text. Note that these ratings are based on the
descriptions included in Appendix A, and do not include performance of similar facilities .in different
jurisdictions in the same earthquake, or other earthquakes.

3.2 FAILURE CONSEQUENCES
Disaster Event Year — (Column 1)
Fire Suppression/Lacked Water Supply — (Column 2}

Lack of water for fire suppression limited fire suppression if there were fires in all of these cases. A
rating of 5 indicates complete, wide spread water system disruption. A rating of 3 indicates limited water
system disruption in limited areas.

Fire — (Column 3)

This column identifies whether there was a fire, and the significance of the fire. Major fires (5), or
conflagrations, occurred in the Kobe, Kanto, and San Francisco earthquakes. In the Loma Prieta and
Northridge earthquakes, there were significant fires (4), but were generally limited to a single block each.
In the Petrolia earthquake, one strip mall burned, and in Des Moines flood, one industry burned (3). In
both Whittier and Landers/Big Bear earthquakes, there was loss of water service, but there were no
ignitions reported (1).

Used Alternate Supply — (Column 4)
A rating of 1 indicates aggressive, successful use of alternate supplies with the following examples. In

the Loma Prieta earthquake, the portable water supply system was used to pump water from San
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Francisco Bay, and purnp it to the fire. In the Northridge earthquake, water was pumped from swimming
pools. The Des Moines flood is rated as a 2, where tankers had been brought in to use in case of a fire,
and were used to haul water to an industrial fire. In the Oakland Hills fire, a very limited portable water
supply system was set up late in the response. A rating of 3 indicates use of altemate supplies with
moderate success with the following examples. In the Kobe earthquake, water was pumped from cisterns

which were quickly drained; they were able to set a pump system from Osaka Bay many hours after the -

event, but many fire grounds were located too far away from the bay for this to be effective. In the
Whittier earthquake, tankers normally used for grass fires were relocated, but were not needed. In the
Kanto earthquake (5), there were access points to Tokyo Bay and numerous rivers and inlets. Apparently
available equipment did not allow pumping from these supplies. San Francisco’s fire pumps did not have
the capability to draft from the bay in 1906 (5). Alternate supplies were not mentioned in the other
events.

Cooling Telephone Central Offices and Computers — (Column 5)

In both the Northridge earthquake, and the Des Moines flood, tank trucks hauled in water to keep
telephone central office air conditioners operating to keep computer switches cool. Also in Des Moines,
the Principal Insurance Company brought in water by tank truck to keep air conditioners operable to keep
computers functioning (4).

3.3 SYSTEM COMPONENT FAILURES
Surface Supply Failure — (Column 6)

In the Kanto earthquake, landslides covered Tokyo’s river intakes (4). In the San Francisco earthquake,
- there was damage to supply impoundment dams, but they did not fail (2).

Raw Water Transmission — (Column 7)

In the Northridge, Kobe, Kanto, and San Francisco earthquakes, the raw water transmission line(s) failed,
significantly impacting water system function (5). In the Loma Prieta earthquake, one of EBMUD’s
treatment plants was rendered inoperable for several days as a result of the failure of the raw water line.
They were able to serve the area with alternate supplies (3).

WTP Damage — (Column 8)
The Des Moines water treatment plant (WTP) and finished water pump station were submerged in the

flood. This submergence was the primary cause of system failure (5). Treatment plants were damaged in
the Northridge, Kobe, and Kanto earthquakes, but probably were not the primary cause of system failure

(3.
Well Casing/Equipment Failure — (Column 9)

Wells were exposed in the Landers, Whittier, and Kanto earthquakes, but with no apparent damage to the
casing or equipment (1).

Loss of Power — (Column 10)
Loss of power was a signiﬁcam issue that required portable pumping/generator equipment to be brought

in during the Northridge earthquake. Loss of power was a minor issue in the Oakland Hills fire. It was
not the controlling factor (2). In the Kobe, Landers/Big Bear, and Petrolia earthquakes, power loss kept
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wells and pump stations from functioning, but other parts of the systems were heavily damaged, and loss
of power had little significance (3). ’

Tank Damage, Shell/Structure — (Column 11)

Tank shells suffered elephant’s foot buckling, and in a few cases, split in the Northridge, Landers/Big
Bear, and Whittier earthquakes. These failures are not thought to have been the primary cause for system
failure (3).

Tank Inlet/Outlet Pipe — (Column 12)

Tank inlet/outlet and drain pipes failed with major (5) or significant (4) system effects in the Northridge,
and the Landers/Big Bear and Whittier earthquakes, respectively. The literature indicates that pipe
connection failures were much more common, resulting in much greater impact on system performance
than were tank structural failures. There was only one tank pipe inlet/outlet failure in Kobe (2).

Pipe Damage, Permanent Ground Deformatmn, (PGD), (i.e. lateral spread, landslide, fault offset)
and Wave Propagatmn (Columns 13 & 14) .

Pipeline failures due to PGD had a major impact on system performance in every earthquake (5).
Question marks, ?, following the rating identify ratings where the literature is unclear about soil
.conditions where pipe damage occurred. In the Kobe, Northridge, and Landers/Big Bear earthquakes,
there was significant pipe damage where there was no PGD. In the Loma Prieta and San Francisco
earthquakes, the PGD was specifically identified as a controlling parameter in several areas. There was
only one pipe failure in the Des Moines Flood, likely due to scour (2).

Building Services — (Column 15)

Service failures were identified as placing a heavy hydraulic. demand on the system in the Kobe, Kanto,
and San Francisco earthquakes, and the Oakland Hills Fire (S rating). In Kanto, San Francisco, Oakiand
Hills, and to a lesser degree, Kobe, service failures resulted when building structures burned down, and
connecting piping failed and began to leak. Services were sheared off in the Marina District in the Loma
Prieta Earthquake (3).

3.4 CONCLUSIONS

There is a correlation between incidents where there was inadequate water for fire suppression, and where
fire became a significant issue. The only events where fire was not an issue were Whittier, which was a
relatively small earthquake, and Landers, where there is a sparse population and building density. There
is also a strong correlation between the three most significant fires, San Francisco in 1906, Kanto, and
Kobe, and the ineffective use/availability of an alternate water supply.

The following list groups system component failures that caused system dysfunction into four priority
ratings. Pipeline damage had the greatest impact in most of the events.

Very High
1. Pipe Damage — Permanent Ground Deformation (PGD)

High

2. Raw Water Transmission (Pipeline)
3. Pipe Damage - Wave Propagation
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Moderate
4. Loss of Power
5. Water Treatment Plant Damage
6. Tank Damage - Inlet/Outlet Pipe Damage

Low

Tank Damage - Shell/Structure Damage
Surface Supply Failure

Well Casing/Equipment Damage

el
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: TABLE 3-1
SUMMARY - PERFORMANCE OF WATER SYSTEMS IN EARTHQUAKES

System Component Failure

Failure
Disaster Event Consequences Supply/Treatment Tank Pipe
1 2 3 4 5 6 7 8 9 10 1 1 12 1 13 | 14 | 15
o 5 -
o} e | 3 = N
2 © | 3| £ £ 5%
Y o = E 8 awl| c
c 2 = 8 w a = o S o 2
2 T l£e| | & & | . ol &l8=2lT} 8
a8 S Ig8l &l - o R 3 s | £ |23 21 5
T d g3 &1 = g | D g 5| % S8 &1 @
Q.= . =2 @ 2 E |= 0 b= L g | © 7]
a = £ © S (2o = s (g £ o
=B < | 28| 8 =z a 8 ol 5 o 8 Izl a Z
5 192 3 |59 & o =€t 2 | 2| & (08| £ | B
$ |2¢l 2| 8|88 5|3 5|35/ &8|2|2 |02 8|3
> (B3| £ | 2|0l @ [ | 2 |0 3| w | E (a8 2 | @
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San Francisco 1906 5 5 5 NA 2 5 NA ] NA 1 1 1 5 3 5
Kanto 1923 5 5 5 NA 4 5 3 1 1 1 1 57 37 5
Whittier 1987 3 1 3 NA 1 1 1 1 4 3 4 5? 3? 1
Loma Prieta .
(EBMUD only} 1989 4 4 1 1 1. 3 1 NA 1 1 NA 5 3 3
Landers/Big Bear 1892 5 1 NA | NA 1 NA | NA 1 3 3 4 5 5 -1
Petrolia 1992 5 3 NA 1 NA | NA | NA 37 1 1 5?7 37 1
Northridge 1904 | 5 | 4 | 5 | 4 | 1 5 | 3Nl 4 a5 15 | 5|1
Kobe 1 1995 5 5 3 ? 1 5 3 NA 3 1 2 5 5 5
OTHER DISASTERS )
Qakland Hills Fire 1991 4 5 2 NA | NA | NA 1 NA 2 I NATNA L NA{ NA 5
Des Moines Flood 1993 5 3 2 4 1 1 5 NA 4 1 1 2 1 1
AVERAGE 46 | 36 |30 |30 |14 ({36 |24 (10|26 |17 |24} 47 | 34| 28

NOTE: Unless otherwise noted in the text, a rating of 1 means no reported problem.
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4.0 PERFORMANCE CRITERIA

Post-earthquake operational goals and objectives are defined for water systems to help prioritize facility
upgrades. These operational goals and objectives are defined for two Ievels of earthquake ground motion.

Operating Basis Earthquake (OBE) ground motions are defined to have a 50% chance of exceedance in 50
years {(equivalent to an average return interval of 72 years). Design Basis Earthquake (DBE) ground
motions are defined to have a 10% chance of exceedance in 50 years (equivalent to an average return
interval of 475 years).  Thus, OBE ground motions are likely within the typical lifetime (50 years) of a civil
facility, while the DBE ground motions are not likely to occur within the facility’s lifetime. Nonetheless,
the probability of a DBE event is high enough to be considered a credible scenario.

The system objectives cover source, treatment, distribution and storage subsystems.
4.1 PERFORMANCE CATEGORIES

There are five performance categories that are applicable to water and wastewater systems. Performance
objectives, prioritized in order of importance, can be categorized to include:

1. Life Safety - prevention of conditions that can result in injury or loss of life

2. Fire Suppression - ability to supply water to suppress fires (especially critical after an -
earthquake) ‘ ’

3. Public Health - prevention of disease transmission by providing uncontarninated drinking water

4. System Restoration/Loss of Business Opportunity - being able to provide water service to
commercial, industrial and residential customers so that businesses can operate

5. Property Damage - prevention of direct damage to infrastructure or damage to private facilities
caused by failure of infrastructure.

4.2 POST-EARTHQUAKE PERFORMANCE OBJECTIVES

Earthquake performance objectives are defined as the desired performance for selected levels of earthquake
intensity. Earthquake performance can be expressed in terms of the consequences that result from given
states of system performance. Typical post-earthquake adverse consequences that result from water system
and/or component failure are presented in Table 4-1.

The recommended acceptable adverse consequence levels for water are shown in Table 4-2. The
recommendations are bas¢éd on the assumption that the system is existing, and that strengthening all
functions of the system to sustain no damage in an OBE and only minimal damage in a DBE would be
prohibitively expensive. '

4.3 SYSTEM, SUBSYSTEM AND COMPONENT EARTHQUAKE PERFORMANCE
CONSEQUENCES AND UPGRADE PRIORITIZATION

The severity of adverse consequences is related to system performance. For example, if there was
significant pipeline damage, tanks would quickly drain, and impair fire suppression capabilities.
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Typical failure consequences, expressed in terms of the performance categories of generic water system
components, are presented in Table 4-3. For each defined subsystem, the damage scenarios are presented
for progressively increasing damage levels. By comparing the adverse consequences with the objectives,
acceptable and unacceptable subsystem performance can be delineated. Performance that violates the Table
4-2 objectives (which are repeated at the top of Tables 4-3) are shaded.

In addition to delineating acceptable and unacceptable consequences, Table 4-3 can be used to help
prioritize components for upgrade. For example, damage at a spring supply that does not affect
functionality or life safety may violate the property damage objective for an OBE scenario. However,
reservoir drainage may violate fire suppression, system restoration and property damage for OBE and DBE
objectives. Because reservoir drainage violates more objectives and the fire suppression objective is
considered more important than the property damage objective violated by the spring, upgrade of the
reservolr to prevent drainage would be considered higher priority than upgrade of a spring to prevent
damage that does not affect facility functionality or life safety.

Violation of the performance objectives presented in Table 4-2, along with the objective importance can be
used to help prioritize vulnerable components for upgrade. . Other factors that will be considered in
prioritization for upgrade will include long term capital improvement (e.g., it does not make sense to
upgrade a component that will soon be replaced), redundancy and upgrade cost-effectiveness.

In many instances, system performance and achievement of the performance objectives will be determined
by collective component performance and not by individual component performance. For example in the
water system, failure of transmission piping would stop most of the system supply, but water for fire
suppression could be maintained by water stored in the system (if the reservoirs did not fail), meeting the
fire suppression earthquake objectives in Table 4-1.
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TABLE 4-1. POST-EARTHQUAKE WATER SYSTEM/COMPONENT FAILURE

CONSEQUENCES

PERFORMANCE CATEGORY TYPICAL ADVERSE CONSEQUENCES

Life Safety Chlorine release or building collapse

Fire Suppression Unavailability of water to fight fires that results in increased risk of

‘ life safety and property loss.

Public Health Unavailability of potable water safe to drink (drinking water can be
delivered in tank trucks or bottled).

System Restoration Unavailability of water for domestic, commercial, and industrial
uses. Includes secondary losses from business interruption, caused
by unavailability of water for manufacturing purposes, fire
sprinkler systems, food preparation, sanitation at public facilities
and agricultural irrigation. Also includes loss of revenue from
water utility’s inability to sell water.

Property Damage Repair and replacement of water utility infrastructure damaged by

ground shaking or permanent ground displacement. May also
include indirect damage from debris impact, flooding, erosion, or
undermining to water utility infrastructure or private facilities near
failed water utility facilities.
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TABLE 4-2. WATER PERFORMANCE OBJECTIVES - ACCEPTABLE ADVERSE CONSEQUENCE LEVELS FOR TWO

EARTHQUAKE LEVELS

PERFORMANCE CATEGORY

ACCEPTABLE ADVERSE CONSEQUENCES

OBE (50% chance in 50 years)

DBE (10% chance in 50 years)

Life Safety

Negligible - Loss of life is not an acceptable
consequence, but minor injuries may occur

Minimal - Loss of life is not an acceptable
consequence, but injuries are expected

Fire Suppression

Minimal — With the exception of small isolated areas
that are not densely populated, water for fire
suppression should be available for entire service
area.

Moderate - Water for fire suppression should be
available for a minimum of 70% of the service area.
All industrial areas and densely populated business
and residential areas should have water available for
fire suppression (possibly from area lakes and rivers).

Public Health

Low — Water should be available for all but a few
isolated areas. Boil water order acceptable for up to
48 hours.

Moderate - Service should be available for at least
50% of sysiem. Boil water order, delivery by tanker
truck, or bottled water acceptable for up to one week.
Restoration to 100% service within one week.

System Restoration

Low — Water should be available for all but a few
isolated areas,

Moderate - Service should be available for at least
50% of system. Restoration to 100% service within
one week,

Property Damage

Low -~ Any damage should not affect facility
functionality and should be repairable. Facilities not
owned by the water utility should not be damaged
(flooding, debris impact, etc.) by utility facility
damage :

Moderate - Complete loss of nonessential facilities
acceptable if it is not cost-effective to upgrade them
and other performance objectives are not violated.
Critical facilities-not owned by the water utility (e.g.,
communications facilities, hospitals, etc.) should not
be damaged (flooding, debris impact, etc.) by utility

facility damage.
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TABLE 4-3. TYPICAL WATER SUBSYSTEM DAMAGE ADVERSE CONSEQUENCE LEVELS

PERFORMANCE CATEGORY .
FIRE PUBLIC SYSTEM . PROPERTY

SUBSYSTEM PERFORMANCE LIFE SAFETY | SUPPRESSION HEALTH RESTORATION DAMAGE
OBE Consequence Level Objective Negligible Minimal Low Low Low
DBE Consequence Level Ohjective Minimal Moderate Moderate Moderate Moderate
Sources (Intakes, Wells, Springs, Treatment Plants, Etc.)

- No damage None None None None None

- Nonstructural and/or structural damage that is None None None None 1]

repairable and does not affect facility functionality or '
life safety
- Nonstructural and/or structural damage that leads to None

logs of functionality but does not affect life safety

- Nonstructural and/or structural damage that leads to
lite safety hazards -as well as loss of functionality
(e.g., collapse or hazardous material release)

Transmission and Distribution Piping

- No damage

None

None

None

None

- Joint damage resulting in a few leaks in transmission
or large (e.g., larger than 10-inches in diameter)
distribution lines and/or a few breaks in smaller (e.g.,
less than 10-inches in diameter) distribution line
that cause loss of hydraulic continuity

None

Minimal

- Transmission or large distribution line failure and/or

None

widespread damage in distribution piping
Pump Stations ‘

Low

Low

- No damage

None

None

None

- Nonstructural and/or structural damage that is
rcpairable and does not affect facility functionality or
life safety

None

None

- Nonstructural and/or structural damage that lcads to
loss of functionality but does not affect life safety

- Nonstructural and/or structural damage that leads to
lifc salety hazards (e.g., collapse or hazardous
material release)

CONTINUED ON NEXT PAGE
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TABLE 4-3, TYPICAL WATER SUBSYSTEM DAMAGE ADVERSE CONSEQUENCE LEVELS (CONTINUED)

PERFORMANCE CATEGORY
FIRE PUBLIC SYSTEM PROPERTY

SUBSYSTEM PERFORMANCE LIFE SAFETY | SUPPRESSION HEALTH RESTORATION DAMAGE
OBE Consequence Level Objective Negligible Minimal Low Low Low
DBE Consequence Level Objective Minimal Moderate Moderate Moderate Moderate
Reservotrs :

- No damage ) None None None None None

- Miscellaneous damage but no loss of contents None None None None Low

- Tank drainage caused by attached piping failure or Minimal Hi Low :

tank structural damage
- Elevated tank collapse Low
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5.0 WATER SYSTEM RELIABILITY

There are several types of approaches that can be used to assess post-earthquake water system reliability. -
The traditional method is to perform deterministic assessments of each water system component and use

the component assessment results to develop a system performance scenario. Another approach is to

express component vulnerability in probabilistic terms and use probabilistic techniques to evaluate system

reliability. An approach that has been used in other industries but that has not yet been used extensively

in the water industry is to use system reliability assessment techniques such as fault tree analysis. The

increasing accessibility of GIS data bases and software allows presentation of system assessment resuits

in geographic formats that can be easily used and interpreted by planners, emergency response personnel

and engineers.

5.1 DETERMINISTIC ASSESSMENT OF WATER SYSTEM RELIABILITY

The most common approach to assess water system reliability is to use deterministic methods. Typically,
three steps are involved in a deterministic approach. First, the seismic hazards are defined. Based on the
seismic hazards and component characteristics, vulnerability component, seismic risk is then determined.
The final step is to use the component seismic risk to predict overall system performance.

5.1.1 Earthquake Hazard Development

Varying levels of detail can be used to assess earthquake hazards. In a deterministic approach, hazards
are typically defined for discrete scenarios.

Discrete scenarios may be defined in terms of earthquake size and location for a specific earthquake
source zone or fault. For a water district in Northern California, a scenario earthquake might be defined
as a M8.0 earthquake that occurs on the San Andreas Fault with an epicenter postulated at a given
location. Based on this event, attenuation relationships may used to estimate ground motion levels in
terms of peak ground acceleration or peak ground velocity for different facility sites. Seismic hazard
models can also be used to estimate permanent ground displacements from liquefaction/lateral spread,
landslide and fault rupture throughout the area of concern. Example models include Joyner and Boore
(1981) (peak horizontal acceleration and velocity), Bartlett and Youd (1995) (liquefaction/lateral spread
displacements), Newmark (1965) (landslide displacements), and Wells and Coppersmith (1994) (fault
rupture displacements). See Chapter 2.0 for a discussion of earthquake hazards.

Another approach is to use discrete generic scenarios. Many codes and standards define ground motions
in probabilistic terms. The Uniform Building Code (UBC) (International Conference of Building
Officials, 1994) and NEHRP Provisions define design levels with ground motions that have a 10% chance
of exceedance in 50 years (equivalent to a 475 year average return interval). The NEHRP (Building
Seismic Safety Council, 1994) ground acceleration map is shown in Figure 5-1. Ground shaking intensity
can be defined from acceleration levels. For many urban areas in the western United States, maps that
show permanent ground displacements have also been developed. A map that shows permanent ground
displacements for the South Seattle Quadrangle from Mabey and Youd (1991) is shown in Figure 5-2.

If more accuracy is required, earthquake hazards can also be assessed on a site-specific basis instead of
using regional maps or macrozonation techniques. The disadvantage of evaluating hazards on a site-

specific basis 1s that more detailed geologic information and more detailed analyses are required.

Consequently, site-specific seismic hazard assessments are usually only performed for more critical water
system facilities and/or facilities chosen for detailed analysis or upgrade design.
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5.1.2 Combonent Vulnerability Assessment

Once the seismic hazards have been determined, the next step in a water system reliability assessment is
to perform vulnerability assessments for the water system components and facilities. Building and civil
structure component vulnerability assessments can be performed by using rapid visual screening
techniques or by more sophisticated analyses. In many instances, rapid visual screening procedures are
used to identify potentially vulnerable components and facilities for more detatled analysis. For pipelines,
a preliminary assessment can be performed by identifying pipe material/joint types that are the most
vulnerable, and identify whether they are subject to PGD.

5.1.2.1 Rapid Visual Screening

Rapid visual screening techniques can, with minimal resources, be used to quickly identify components
and facilities that may be seismically vulnerable. Steps involved in the rapid visual screening technique
typically include brief design document review (if the design documents are available) and visual
inspection of the component or facility. In some instances, simple calculations or analyses may be
performed.

Design documents are reviewed to determine the seismic design criteria, component/facility
characteristics (particularly those that may not be evident from a visual inspection) and structural
properties. A visual inspection is made to identify features that may not be shown in the design
documents and determine the state-of-repair. Checklists or evaluation statements (e.g., see Building
Seismic Safety Council, 1992) may be used to help identify vulnerable features during the design
document review or visual inspection. In some instance, simple calculations can be performed to verify
component or member seismic adequacy.

Vulnerability can be based on the seismic design criteria, identification of features or characteristics that
may have performed exceptionally well (or poorly) in previous earthquakes (e.g. Ballantyne, 1994), and
the results of simple analyses. More rigorous analyses may be performed in a later phase for those
components found to be valnerable or marginally vulnerable.

. 5.1.2.2 Analytical Techniques

More complex analyses procedures are usually only conducted for critical facilities and/or for facilities
that have been identified to be potentially vulnerable during the rapid visual screening phase. Analytical
techniques can range from code and standard compliance checks to highly sophisticated finite element
analyses. Analytical techniques for various types of water system facilities are discussed in more detail in
Section 6.

5.1.3 System Performance

Given the vulnerability of a water system’s components and facilities, overall system performance can be
determined. A simple assessment can be made by using each facility’s vulnerability to predict whether
the facility will be functional for the defined earthquake scenario. Then, based on the systems
characteristics, engineering judgment can be used to assess how loss of vulnerable facilities will affect
system performance.

An alternative approach to engineering judgment is to use network analyses techniques to more rigorously

assess system performance. The most feasible approach is to use software available in the public domain
designed particularly for water system network analysis.
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In Kennedy/Jenks/Chilton (1990), KYPIPE, a commercially available hydraulic network analysis
program, was used to model water availability in portions of the Seattle Water Department’s service area.
Assessments were conducted for three hypothetical earthquake scenarios. Results for one of the
earthquake scenarios are shown in Figure 5-3.

5.2 PROBABILISTIC ASSESSMENT OF POST-EARTHQUAKE WATER SYSTEM
RELIABILITY

There is a significant amount of uncertainty associated with earthquake hazards and the response of
facilities subjected to earthquake hazards. Although accurately modeling this uncertainty is difficult,
probabilistic assessments can be used to assess the magnitude and likelihood of variations from the
expected outcome (e.g., Ang and Tang, 1975).

5.2.1 Earthquake Hazard and Component Vulnerability Models

Earthquake ground shaking levels are determined by probabilistically combining the ground motions from
all potential earthquake sources that can affect a site. Uncertainty in earthquake ground shaking is
typically expressed in terms of probability of exceedance or average return interval. Similarly,
component vulnerability may be expressed as a function in terms of failure probability versus ground
shaking level.

3.2.2 System Functionality

Once the earthquake hazards and component vulnerabilities (fragilities) have been defined, system
functionality can be predicted. Sometimes, a discrete earthquake event is chosen and only the
uncertainties in the component vulnerabilities are considered. For example, the earthquake hazards
associated with a 0.10 probability of exceedance in 50 years may be determined. The probabilities of
component failure are then obtained from the fragility curves.

By using Monte Carlo simulation techniques in conjunction with hydraulic models, functionality can be
expressed in probabilistic terms for different locations in the system. If functionality expressed in
probabilistic terms on a yearly (or other unit of time) basis is needed, the uncenamty agsociated with the
earthquake hazards can be included in the Monte Carlo simulation.

5.3 SYSTEM RELIABILITY ASSESSMENT USING FAULT TREES

Although fault trees have been used extensively in many industries such as the nuclear industry, fault
trees have not been used as extensively by water utilities. Fault trees can be used to calculate failure

 probabilities, identify paths that may lead to failure, and identify those events that are most likely to lead
to failure. Detailed discussion on fault tree analysis can be found in such references as Ang and Tang
(1984) or Russell et. al. (1994, Volume 1).

5.3.1 Fault Tree Development

In this subsection, a basic fault tree is developed for water systems as they relate to earthquake reliability.
For any particular location within a water system, two top events were defined:

e Toss of Water Pressure for Fire Suppression
s No Drinking Water Supply (Loss of pressure or contamination)
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The fault tree for post-earthquake water systern reliability is presented as Figure 5-4. The tree shows that
the top event is “inadequate water.” The tree was developed so the same tree structure can be used to
assess the probability of inadequate water for fire suppression or inadequate drinking water supply. The
events that can lead to inadequate water for fire suppression are an independent subset of the events that
can lead to inadequate drinking water supply. Although the same tree structure can be used for fire
suppression water or drinking water, a separate analysis is needed to assess these events.

The fault tree was also constructed to keep events as independent as reasonable. By keeping the events
independent, it is easier to deal with events that may not be relevant for a particular location in the water
system service area. For example, the location may be served by gravity without any reliance on
pumping. Because the loss of pumping capability events are independent of other events that may lead to
loss of pressure, the fault tree can still be used by simply assigning event probabilities of 0.0 to those
events related to pumping failures.

Note that the fault tree logic shown in Figure 5-4 may need to be modified to fit the system characteristics
of different locations within a water system and for different water systems. Addmonally, many of the
basic events shown in Figure 5-4 can be further developed.

5.3.2 Application of Fault Tre.es to Water System Seismic Reliability Assessment

Fault trees are used to determine the probability of occurrence of a top event. It is possible for water
systems to suffer partial failure. That is, one area (pressure zone) of the system may be functional while
another area may be without pressure. Consequently, fault tree analysis is most applicable to pressure
zone reliability assessment within a water system. However, if a logical definition of water system failure
is provided, fault trees can be used to assess overall water system performance.

The most significant advantages of using fault trees for water systems are:

s Because fault trees are probabilistically based, uncertainty from earthquake hazard severity
can be incorporated into the assessment. In a deterministic approach, the assessment must be
performed for a discrete scenario. In a probabilistic assessment, a discrete scenario can be
assessed or the probabilities of all possible scenarios can be convoluted. For example, the
probability that a pressure zone will lose water in a 25 year period can be determined.

¢ In addition to identifying the series of events (cut sets) that are the most significant
contributors to the occurrence of the top event, fault trees can be used easily to perform
sensitivity analyses. . These features make fault tree analysis a valuable tool for loss
estimation and cost/benefit studies.

Significant disadvantages of using fault trees for water system reliability assessment include:

o It is difficult to determine occurrence probabilities for basic events that can lead to water
system failure from earthquakes. Sophisticated seismic data bases and analyses of these data
bases has not been performed for many water system components.

e  Water system and pressure zone performance is time dependent. A separate analysis would
need to be performed for each time of concemn.

e Because water system performance may vary by area, a separate assessment is needed for
each area.
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5.3.3 Fault Tree Analysis Demonstration for Post Earthquake Water System Reliability
Assessment

The fault tree shown in Figure 5-4 is used to assess the post-earthquake reliability of water supply at Point
A for the hypothetical water system shown in Figure 5-5. The system is assumed to be located in a
moderately seismic region of the United States such as the Pacific Northwest, Wasatch Front (Utah) or
New Madrid (Midwest) area where large but infrequent earthquakes are possible. Until recently, seismic
hazards have not been considered in the design of water system facilities in many of these areas.
Consequently, it is assumed that many of the system facilities are vulnerable. The basic event definitions
and their assumed probabilities are presented in Table 5-1.

Using the computer program IRRAS (Russell et. al., 1994, Volume 2), the upper bound on the probability
of no water pressure for fire suppression at Point A in the water system was calculated to be 0.9998. In
Figure 5-6, the relative importance of each basic event is shown. Figure 5-6 indicates that developing the
alternate source (ESOURCE]) would have the most impact (highest Risk Reduction Ratio) of any single
event on reducing the likelihood of not having fire suppression water at Point A.

Assuming that the alternate source could be developed so it had a reliability of 0.95 (failure probability of
0.05), the fault tree analysis was re-run. However, even by developing this alternate source, the failure
probability is still 0.9889.

Because developing another source is very expensive and the benefits appear to be minimal, less
expensive alternatives are considered. Figure 5-6 suggests that the next four events that most
significantly affect reliability are:

Failure of the tank inlet/outlet line (ESTORAGE!)

Tank structural failure leading to tank drainage (ESTORAGE?2)
Excessive distribution pipe breakage (EPIPES4)

Inability to isolate distribution pipe breakage (EPIPES3)

Because it would be very expensive to replace the distribution piping with more seismic resistant piping,
this option is not performed. Consequently, the tank upgrades are performed and valving is added so that
the vulnerable distribution piping can quickly be isolated. If the reliability associated with these events is
assumed to be 0.95, the probability of being unable to deliver water decreases to 0.47.

Nonstructural upgrades such as anchoring and/or bracing equipment, piping, etc. can be performed at
nominal cost. Structural upgrades of simple water system facility buildings, such as pump station and
well shelters are also usually inexpensive. Consequently, the following upgrades are performed so the
reliability is increased to (.95 for each event:

* Nonstructural upgrade at the well (EWELL4)

o Improvement of the emergency power system at the intake/source (ESURFACE7)
s Nonstructural upgrade at the pump station (EPUMP2)

¢ Improvement of the emergency power system at the well (EWELLS)

e Structural upgrade at the well (EWELL3)

o Improvement of the emergency power system at the pump station (EPUMPS)

» Nonstructural upgrade at the intake/source (ESURFACE?2)

¢ Structural upgrade at the pump station (EPUMP1)
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By performing these additional upgrades, the probability of not having water pressure at Point A falls to
0.21.

This fault tree demonstration shows the following:

¢ The methodology for how a fault tree assessment can be used to determine post-earthquake reliability
for a water system. -The fault tree used in this assessment will likely need to be adjusted to reflect
characteristics of different water systems. '

s The basic steps on how fault tree analyses can be used to prioritize and/or develop a mitigation
program. Because water delivery is typically dependent upon a series of facilities, upgrade of only a
single facility will not significantly improve overall reliability if other facilities are also vulnerable.

¢ It is unrealistic to make water systems completely “earthquake proof”. Because it is prohibitively
expensive to upgrade some water system facilities, those facilities that are upgraded cannot be made
completely reliable, and other events that lead to water unavailability may be beyond the control of
the water purveyor. As a result the failure probability can never be completely eliminated and will
usually be significant (e.g., greater than 0.05).

5.4 WATER SYSTEM RELIABILITY ASSESSMENT USING GIS

Another tool for water system reliability assessment is the use of Geographic Information System (GIS)
technology. GIS software packages can be used to assess the seismic vulnerability of water system
facilities and/or to geographically display facility vulnerability and water pipeline water pressure.

5.4.1 Uses of GIS Technology for Seismic Vulnerability Assessment of Water Systems

Although GIS technology has only recently gained widespread use, it has already been applied in several

instances for water system seismic assessment. For example, in Heubach (1996) pipeline construction

materials and joint types were electronically overlaid on the earthquake hazards. Using Arc Macro

Language (a programming language for ArcInfo GIS), damage algorithms that related pipe damage to
ground shaking intensity and permanent ground displacement were used to determine pipe damage and

vulnerability. GIS was then used to geographically display pipe vulnerability.

By incorporating a hydraulic analysis with a GIS-based assessment, water pressure availability can be
geographically displayed (for example, see Hwang and Lin, 1997). The geographic display of expected
water availability can be invaluable to fire fighting personnel and emergency preparedness and response
planners. In addition to assessing the vulnerability of a current system, the assessment can be used to
assess the effectiveness of potential upgrades.

5.4.2 Simplified Methodology for GIS-Based Water System Reliability Assessment

Loss mitigation strategy effectiveness is a function of the reliability of the present system and the
reliability of the upgraded system. In this subsection, a GIS-based methodology that can be used to easily
assess the effect of system improvements is outlined and demeonstrated. This methodology includes five
steps:

1. Estimation of seismic hazards such as ground shaking intensity and permanent ground

displacement. Models such as those developed by Joyner and Boore (1981), and Bartlett and
Youd (1995) can be used to estimate the seismic hazards.
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2. Vulnerability assessment of concentrated facilities such as pump stations, treatment plants,
sources, etc. These assessments can be performed external to GIS. Alternately, vulnerability
algorithms that relate functionality to seismic hazards (e.g., ground shaking intensity and
permanent ground displacement) can be evaluated by GIS programming languages.

3. Vulnerability assessment of buried pipelines. The GIS-based approach outlined in Heubach
(1995) is used for the demonstration assessment. Note that for key transmission lines, a
facility-specific assessment based on structural mechanics theory may be more appropriate
than the use of empirical damage algorithms.

4. Development of a simplified system hydraulic model. In the simplified hydraulic model,
each pressure zone is modeled as single node (as opposed to a network of pipes).
Concentrated facilities are also modeled with nodes. Single links are used to connect nodes
that are connected by pipelines.

5. Hydraulic analysis of the system and geographical display of the results. In some GIS
programming languages, it may be possible to call existing network analysis programs as
‘external subroutines. '

Hwang and Lin (1997) used a similar approach with GIS to assess the Memphis Light, Gas and Water
systemn in Shelby County, Tennessee. The procedure demonstrated in this subsection is similar to the
procedure used in Hwang and Lin. However, in order to greatly reduce the complexity of the hydraulic
analysis, the hydraulic model is greatly simplified from the models used by Hwang and Lin or by
Kennedy/Jenks/Chilton. Although the EPANET (Rossman, 1994) hydraulic model was run externally to
the GIS program for this demonstration, it is possible to use EPANET as an external subprogram. By
setting up EPANET as part of the GIS assessment, it would be possible to perform “near” real-time
assessments of a water system after an earthquake and use these assessments to prioritize repair of
damaged facilities.

5.4.3 Demonstration of Simplified GIS Methodology

The simplified model of the system used for demonstration purposes is shown in Figure 5-7. ‘This system
consists of the following facilities:

* Four pressure zones: the 250, 350, 550 and 600 zones

e Two springs: Spring 11 (7000 gallon per minute maximum capacity) and Spring 12 (5000
gallon per minute maximum capacity)

e One well field/treatment facility: Well 13 (4000 gallon per minute maximum capacity)

s Seven reservoirs: Reservoir 31 (6 million gallons), Reservoir 32 (3.5 million gallons),
Reservoir 33 (1 million gallons), Reservoir 34 (6 million gallons), Reservoir 35 (3 million
gallons}, Reservoir 36 (1 million gallons) and Reservoir 37 (300,000 gallons)

5.4.3.1 Description of Demonstration System

The demonstration water system is supplied primarily from three source: the two springs located outside
the service area and a third well field within the service area. Water from the well field must be treated.
Except during the peak summer demand season, the springs can serve the 250 and 600 pressure zones by
gravity. Should the transmission line from Spring No. 11 fail, an intertie at Spring No. 12 could still
transport water from Spring No. 11 to the service area. However, the intertie will not permit gravity flow
of water from Spring No. 12 to the service area via the Spring 11 transmission line. A six million gallon
reservoir (Reservoir 31) serves as terminal storage for the springs.
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The well field is run primarily during the summer peak demand season and supplies water to the 250
pressure zone. The 250 pressure zone is located in an alluvial valley with a high water table. This area is
highly susceptible to liquefaction. Water is pumped from the 250 pressure zone up to the 350 and 550
pressure zone. :

The 250 pressure zone, which contains primarily commercial and industrial businesses, has the largest
water demands. The 550 pressure zone is the second largest zone and serves residential areas and small
businesses. The other pressure zones are primarily residential and have smaller water demands than the
250 zone and 550 zone.

5.4.3.2 Demonstration System Hydraulic Model

The demenstration water system is modeled as a network of pipeline links and storage, demand and
supply nodes. Pumping capacity is modeled by adjusting the pipeline diameters and lengths to account
for pump capacity and head loss.

Each pressure zone is modeled to a single node. Demand for each node is computed as the sum of
expected post-earthquake demand for normal potable uses such as drinking and sanitation, post-
earthquake fire flow demand, and water loss due to pipe breakage. Potable and fire-suppression demands
are treated as user defined inputs for each pressure zone. Pipe breakage was calculated using the GIS-
based procedure demonstrated in Heubach (1996). Water loss due to pipe breakage was esttmated within
the GIS by a procedure similar to the one used by Kennedy/Jenks/Chilton (1990). The total post-
earthquake demands for an Operating Basis Earthquake (50% probability of exceedance in 50 years) are
as follows:

250 Zone — 55,000 gallons per minute
e 350 Zone - 2,000 gallons per minute
e 550 Zone — 1,500 gallons per minute
s 600 Zone — 5,000 gallons per minute

Four different cases were run for an operating basis earthquake (OBE) scenario:

e Case I. All concentrated facilities and transmission pipelines remain functional and
distribution piping failures in the 250 zone cannot be quickly isolated.
. ® Case II: All concentrated facilities and transmission pipelines remained functional and
‘ distribution piping failures within the 250 pressure zone are quickly isolated.
e Case IIL: Reservoirs Nos. 31 and 36 are not functional and distribution piping failures in the
250 zone cannor be quickly isolated.
e Case IV: Reservoirs Nos. 31 and 36 are not functional and distribution piping failures within
the 250 pressure zone are quickly isolated.

5.4.3.3 Demonstration System Post-Earthquake Water Pressures and Upgrade Recommendations
Water pressure versus time (after the earthquake) for each pressure zone are shown for Cases I, II, IIl and
IV in Figures 5-8, 5-9, 5-10 and 5-11, respectively. The results demonstrate that even if concentrated

facilities are fully functional, pipeline breakage can result in complete loss of pressure within hours in an
OBE scenario.

k\OOMnist\finalrpr.doc ) 5-8



Although a design basis earthquake case was not hydraulically modeled, pipe breakage in the 250 zone
would likely be so widespread that almost instantaneous loss of water pressure would occur in the 250
zone. Pipe damage in the 600 zone, coupled with demand from the 250 zone, would likely result in
complete loss of pressure in the 600 zone also unless the 600 zone was isolated from the 250 zone.
Because Reservoirs Nos. 36 and 37 would likely not be functional, water would only be available for a
very limited time after a design basis earthquake in the 350 and 550 zones.

The results indicate that upgrade of Reservoir No. 36 (because it has a 1 million gallon capacity as
compared to Reservoir No. 37’s 300,000 gallon capacity) may be the highest priority upgrade in terms of
increasing system reliability and cost-effectiveness. If the pump station that pumps from the 350 zone to
the 550 zone is vulnerable, it should alsc be upgraded. However, upgrade of Reservoir No. 36 would not
increase reliability for the 250 and 600 zones. Even with upgrade of Reservoir No. 33, reliability of the
550 zone is not significantly increased. '

Because replacing piping within the 250 zone 1s prohibitively expensive, adding the capability to quickly
isolate the 250 zone appears to be the best way to increase the reliability of the 600 zone. However, note
that if the 250 zone were isolated, water pressure would likely be lost in the 250 zone much faster because
it could not be supplied from the 600 zone. Additionally, the approach of using isolation devices has
several drawbacks (e.g., cost, potential to inadvertently isolate areas where water is needed for fire
suppression, etc.) and has not yet been proven.

Regardless of whether or not the 250 zone is isolated, the assessment shows that water pressure is likely
to be lost in the 250 zone. Consequently, alternative sources should be identified for fire suppression and
drinking water. :

This demonstration also shows how water system functionality can be modeled using GIS. Although the
simplified model does not give (in terms of breakdown of water pressure by grid areas) results as detailed
as those obtained by using more complex hydraulic modeling of the system, the simplified methodology
is much easier to implement. Because the hydraulic models are simple, input files could be developed
within a GIS framework. By developing the models within GIS, this simplified GIS-based water system
assessment could be performed as part of a seismic mitigation program to assess system vulnerability
and/or assess the merits of upgrades on post-earthquake system performance. Additionally, if the
assessment is performed entirely within GIS, the methodology could be used as a tool in post-earthquake
recovery efforts to prioritize facility restoration so that system recovery is optimized.
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TABLE 5-1 BASIC EVENT FAILURE PROBABILITIES

FAILURE
EVENT ID DESCRIPTION PROBABILITY
ESQURCEL Alternative source not avaitable 1.0
ESOURCE2 Transmission pipeline from well fails 0.1
ESOURCE3 Surface water transmission pipeline fails 0.8
ESURFACE! Surface water facility structural failure 0.01
ESURFACE2 Surface water facility nonstructural failure 0.35
ESURFACE3 Permanent ground displacement blocks intake 0.15
ESURFACE4 Source contaminated by man-made contaminant 0.05
ESURFACES Source contaminated by natural contaminant 0.65
ESURFACE6 Loss of commercial power at source 0.95
ESURFACE7? Emergency power unavailable at source 0.75
EWELLI1 Aquifer stops producing 0.1
EWELL2 Sanding of well occurs 0.15
EWELL3 Well structure (housing) fails 0.2
EWELL4 Nonstructural failure at well site (.45
EWELLS Indirect hazard damages well site 0.01
EWELLG6 Well casing is sheared or severely bent 0.01
EWELL7 Differential displacement between casing and slab 0.05
EWELLS Loss of commercial power at well site 0.95
EWELL9 Emergency power is unavailable at well site 0.25
EWELLI10 Aguifer is contaminated 0.05
EWELL11 Well head is flooded by contaminated water 0.01
EWELL12 Well head is not properly sealed 0.01
EPUMP? Pump structure (housing) fails 0.2
EPUMP2 Nonstructural failure at pump station 0.75
EPUMP3 Indirect hazard damages pump station 0.05
EPUMP4 Loss of commercial power at pump station 0.95
EPUMP5 Emergency power is unavailabie at pump station 0.55
ESTORAGE! Inlet/outlet pipe failure 0.05
ESTORAGE2 Tank structural fatlure 0.05
EPIPES2 Local pipe break isolates area 0.05
EPIPES3 Excessive pipe breakage 0.85
EPIPES4 Pipe breaks are not isolated 0.05
EWATER] Excessive water demand 0.01
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TABLE 5-2 SUMMARY OF CONCENTRATED FACILITY EXPECTED POST-EARTHQUAKE

PERFORMANCE
EXPECTED PERFORMANCE

FACILITY OBE DBE
Spring No. 11 Functional - Functional
Spring No. 12 Functional Functional
Well Field No. 13/Treatment Plant Functional Functional
Tank No. 31 Functional Functional
Tank No. 32 Functional Functional
Tank No. 33 ' Functional Fails
Tank No. 34 . ' Functional Functional
Tank No. 35 Functional Functional
Tank No. 36 Functional Fails
Tank No. 37 Functional Fails
Spring No. 11 Transmission Pipeline Functional Fails
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Note that the numbers on the contours are
values of EPA in units of acceleration gravity.
They were used to prepare Map 1 in Chapter 1
of the Provisions. :

Figure 5-1
NEHRP Ground Acceleration Map
(Adopted from Building Seismic Safety Council, 1994)
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MAXIMUM LATERAL SPREAD DISPLACEMENT HAZARD FOR SOUTH SEATTLE
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Figure 5-2
Lateral Spread Displacement for the South Seattle Quadrangle
(Adopted from Mabey and Youd, 1991)
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Figure 5-3
Seattle Water System Pressure Following a Hypothetical Earthquake
(Adopted from Kennedy/Jenks/Chilton, 1990)
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Probability of

Risk Reduction

Event Name Num. of Fusseil-Vesely Risk Increase
Occ. Failure Importance Ratio Ratio

ESOURCEI 154 1.000E+000 1.372E-002 1.014E+000 1.000E+000
ESTORAGE]! g1 7.500E-001 1.117E-002 1.011E+000 1.000E+000
ESTORAGE2 81 4.500E-001 1.459E-003 1.001E+000 1.000E+000
EPIPES4 1 1.000E+000 7.195E-004 1.001E+000 1.000E+000
EPIPES3 1 8.500E-001 71.195E-004 1.001E+000 1.000E+000
EWELIL4 14 4.500E-001 5.183E-004 1.001E+000 1.000E+000
ESOURCE3 22 8.000E-001 3.883E-004 1.000E+000 1.000E+000
EPUMP2 2 7.500E-001 3.111E-004 1.000E+000 1.000E+000
ESURFACE®6 22 9.500E-001 3.103E-004 1.000E+000 1.000E+000 .
ESURFACE7? 22 7.500E-001 3.103E-004 1.000E+000 1.000E+000
ESURFACES 22 6.500E-001 2.627E-004 1.0G0E+000 1.000E+000
EWELLS 14 2.500E-001 1.602E-004 1.000E+000 1.000E+000
EWELLS 14 9.500E-001 1.602E-004 1.000E+000 1.000E+000
EPUMP4 2 9.500E-001 1.460E-004 1.000E+000 1.000E+000
EPUMP5 2 5.500E-001 1.460E-004 1.000E+000 1.000E+000
EWELL3 14 2.000E-001 1.240E-004 1.000E+000 1.000E-+000
ESURFACE2 22 3.500E-001 1.015E-004 1.000E+000 1.000E+000
EWELL2 14 1.500E-001 8.354E-005 1.000E+000 {.000E+000
ESOURCE? 14 1.000E-001 5.026E-005 1.000E+000 1.000E+000
EWELLI1 14 1.000E-001 5.026E-005 1.000E+000 1.000E+000
EPUMP1 2 2.000E-001 3.718E-005 1.000E+000 1.000E-+000
ESURFACE3 22 1.500E-001 3.564E-005 1.000E+000 -1.000E+000
EWELL7 14 5.000E-002 2.278E-005 1.000E+000 1.000E+000
EWELL10 14 5.000E-002 2.278E-005 1.000E+000 1.000E+000
ESURFACE4 22 5.000E-002 1.082E-005 1.000E+0G0 1.000E+000
EPUMP3 2 5.00CE-002 7.984E-006 1.000E+000 1.000E+000
EPIPES?2 1 5.000E-002 6.683E-006 1.000E+000 1.000E+000
EWELL6 14 1.000E-002 4.226E-006 1.000E+000 1.000E+000
EWELLS 14 1.000E-002 4.226E-006 1.000E+000 1.000E+000
ESURFACE] 22 1.000E-0Q02 2.087E-006 1.000E+000 1.000E+000
EWATERI 1 1.000E-002 1.283E-006 1.000E+000 1.000E+000
EWELL11 14 1.000E-002 4.149E-008 1.000E+000 1.000E+000
EWELL12 14 1.000E-002 4.149E-008 1.000E+000 1.000E+000

Figure 5-6 Basic Event Relative Importance
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6.0 SYSTEM COMPONENT DAMAGE
6.1 PIPELINE COMPONENT DAMAGE

Significant damage to buried pipeline is a common occurrence after moderate to large earthquakes. For
example, the Los Angeles Department of Water and Power (LADWP) reported over 1,500 repairs to
buried pipe occasioned by the 1994 Northridge, California Earthquake (magnitude 6.7). More recently,
the 1995 Kobe, Japan Earthquake (magnitude 6.9) resulted in over 1,600 repairs to the water supply
distribution system which consisted of roughly 3,900 km of pipe. In Kobe, the pipe damage has been
attributed to both wave propagation effects as well as permanent ground deformation (PGD) effects. As
expected, the damage rates {repairs per km) were heaviest in soft soil areas and in areas subject to PGD.

This section presents a brief overview of commonly observed seismic damage mechanisms for buried
pipelines, as well as a review of both analytical and empirical evaluation techniques. This information is
presented for both segmented pipe (e.g., cast iron pipe with bell and spigot joints), as weII as continuous
pipe (e.g., steel pipe with welded joints).

6.1.1 Damage Mechanisms

For large diameter segmented pipe such as concrete cylinder pipe (e.g., Lock-Joint pipe), seismic damage
most frequently occurs at pipeline joints. The two damage mechanisms of interest are joint pull-out (i.e.,
the bell and spigot ends separate when the joint is subject to axial tension) and joint crushing (ie., a
telescoping failure when the joint is subject to axial compression). For example, most of the seismic
damage to concrete cylinder pipe in Mexico City occasioned by the 1985 Michoacan Earthquake
(magnitude 8.1) was due to joint crushing.

For a smaller diameter segmented pipe, joint pull-out and crushing are frequently observed, as well as
damage in the pipe barrel itself (i.e., round flexural cracks) and cracking at fittings such as Tees and
elbows. For example, essentially all of the damage to asbestos cement (AC) water pipe in Limon Costa
Rica occasioned by the April 22, 1991 earthquake (magnitude 7.5) was due to pipe barrel breaks.
‘However, for the same event, damage to cast iron and PVC pipe was, more or less, equally distributed
between pipe segment breaks (~43%), joint pull-out and crushing damage (~28%), and fitting damage
(~29%).

For continuous pipelines, the most commonly observed damage mechanism is local buckling (wrinkling)
of the pipe wall. In older lines, specifically those with oxy-acetalene welds, tensile rupture at the welded
joints is also common. In fillet welded pipe with slip joints (i.e., the steel pipe equivalent of bell and
spigot joints), local buckling or tensile rupture are possible due to additional stresses induced by the
eccentricity at the joint.

Beam buckling (i.e., Euler buckling in which the line deforms as a sine curve, breaking through the
ground surface) has been observed in some smaller diameter lines, most frequently in oil/gas gathering
fields where the depth of cover over the line is small. However, for continuous water lines, which
typically have larger diameters and burial depths, beam buckling is not expected. That is, when these
lines are in a ground compression area, they wrinkle before experiencing beam buckling.
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6.1.2 Analytical Evaluation Techniques

Since there are no consensus-based, national seismic design codes in the U.S. for buried pipelines, there
are no “accepted” analysis procedures, limit states or “design” earthquakes. There are, however, limit
states and analysis methodologies suggested by various researchers. Currently in seismic retrofit and
similar projects, the “design” earthquake (475 year event or maximum credible event or whatever) is
typically established by the design team on a case-by-case basis.

In discussing analytical evaluation techniques, it is useful to distinguish between the two types of seismic -
hazards for buried pipe. There are wave propagation (transient pipe deformation due to traveling seismic
wave effects) and PGD, permanent pipe deformation at fault crossings due to fault rupture, landslides, or
liquefaction induced lateral spreading. In ternis of availability and current usage, analysis methodologies
for continuous pipe subject to PGD are more common.

6.1.2.1 Continuous Pipe

For continuous pipe subject to PGD, the hazard is characterized by the amount and spatial extent of the
ground movement. The allowable pipe strain for the local buckling limit state is typically established as a
fraction of the pipe /R ratio, where t is the pipe wall thickness and R is the pipe radius. A value in the
range of 0.15VR to 0.20 vR is frequently used (Hall & Newmark, 1977). The allowable pipe strain for
the tensile rupture Hmit state is almost always larger, and related to the plastic strain capacity of the pipe
material. For example, a value of 3% to 5% has been suggested for use with high strength (x-grade) pipe
with modern (i.e., electric-arc) welds. Establishing an appropriate tensile rupture limit state for older,
existing, oxy-acetalene welded pipe is more difficult. For these cases, the capacity is directly related to
welder workmanship which is quite variable.

For a number-of different types of PGD, there are clesed form (i.e., hand calculation) analysis procedures
which can be used to estimate strain in continuous pipe. Examples include strike-slip faulting which puts
the line in tension (Kennedy et al, 1977), and lateral spreading in which the ground movement is parallel
to the pipe axis. For these and other cases, it often proves more practical to use a finite element pipe
model to determine pipe strain for a given amount of PGD. For both hand or computer calculations, one
needs to characterize the load-deformation relation at the soil-pipe interface. In practice, the elasto-plastic
soil springs recommended in the ASCE guideline (ASCE, 1984) are often used.

For analysis or design of continuous pipe subject to wave propagation, the hazard would most likely be
characterized by the induced ground strain due to traveling wave effects. For low levels of ground strain,
there would be relatively little slippage at the soil pipe interface and hence the resulting pipe strain would
be only slightly less than the ground strain. For moderate to high levels of ground strain, extensive
slippage at the soil pipe interface occurs, and the resulting pipe strain is related to soi! friction forces and
the wavelength of the seismic excitation. Closed form analysis procedures are avaijlable for these cases
(O’Rourke & Elhmadi, 1988), and pipe limit states discussed above would likely apply. The presence of
fittings (tees, elbows) in continuous pipe subject to either wave propagation or PGD hazards tends to
increase the potential for seismic damage. This is due to induced flexural stresses and bending moments
at the fittings. Various closed form analytical procedures have been proposed for wave propagation
hazard; however, there appears to be little or no agreement on the most appropriate approach.

Another consideration which complicates analytical evaluations for existing steel pipelines is corrosion.
Corrosion weakens steel lines by locally reducing the pipe wall thickness. Although post-earthquake
observations have shown that corrosion increases pipe damage rates, appropriate limit states and stress
concentration factors are not well established.
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As indicated above, there appears to be general agreement on some of the key elements (specifically,
appropriate limit states and soil springs) needed for analytical evaluation of straight runs of corrosion-
free, modem (i.e., electric-arc welded) continuous pipe subject to seismic effects. In contrast, analytical
evaluation of segmented pipelines 1s somewhat more complex and it appears there is less agreement on
appropriate procedures. ‘

6.1.2.2 Segmented Pipelines

Analytical evaluation of segmented pipe for seismic effects is complicated by the presence of joints.
Models for these types of pipe need to include the joint flexibility (i.e., axial load-deformation and
moment-rotation). Also, the presence of segmented joints introduce additional failure modes, specifically
joint pull-out and telescopic crushing.

Some information exists on appropriate limit states for segmented pipeline joints. For joint pull-out,
limited laboratory tests suggest that bell and spigot joints begin to leak when the relative axial extension
at the joint is roughly half of the total joint depth. Estimates of the crushing strength of joints have been
based upon strength of material calculations and joint geometry. For transverse PGD (ground movement
perpendicular to the pipe longitudinal axis), a limit state based upon manufacturer’s recommendations for
the maximum angular offset for pipe laying purposes have been suggested.

Analysis procedures exist for straight runs of segmented pipe subject to wave propagation. These models
indicate that axial effects (i.e., axial/longitudinal strain in the pipe barrel, and axial/longitudinal extension
and contraction at the joints) are more important consideration than transverse effects (i.e., lateral
bending/flexure in the pipe barrel, and rotation at the joints). As one might expect, relatively simple
models for axial effects show that the pipe segment strain is a decreasing function of the ratio of joint
axial stiffness to pipe barrel axial stiffness while the joint displacement is an increasing function of the
ratio. Practical application of these results 1s limited by two problems. First, realistic values for joint
stiffeners are available for only a limited number of materials. Secondly, the simple models only provide
estimates for the average response (e.g., axial extension at an average joint). However, since even large
wave propagation excitation results in damage to only a small fraction of all joints (e.g., 1 in 500), failure
in these segmented systems is governed by behavior in the tail of the probability distribution, as opposed
to the behavior of the average joint. ‘

Computer-based (Monte Carlo) analysis methodologies have been developed which incorporate the
variability of joint characteristics (e.g., joint axial stiffness) from joint to joint (Elhmadi & O’Rourke,
1990). Although these methodologies provide estimated damage ratios (repairs per kilometer of pipe)
within a factor of 2 to 5 of observed values, they require as input 2 measure of the variability of joint
characteristics (i.e., probability density function for joint stiffness). The availability of such information
is very limited.

In terms of the PGD hazard, there are some available analysis procedures. For example, computer-based
models have been .used to evaluate segmented pipe crossing strike-slip faults. Also simplified closed
form methodologies have been developed for segment pipe subject to transverse PGD {ground movement
perpendicular to the pipe’s longitudinal axis). ‘

However, existing analysis/design methodologies for segmented pipe subject to either wave propagation
or PGD are infrequently used in practice. More frequently, seismic design of segmented pipe simply
involves the installation of special seismically resistant joints at particularly vulnerable locations (e.g.,
areas subject to PGD or isolated areas where the subsurface conditions change abruptly).
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6.1.3 Empirical Evaluation Techniques

Often the first step in the seismic upgrade of a buried pipeline system is an evaluation of the likely
amounts of damage in the existing system due to potential earthquakes. For buried pipe components,
empirical correlations between observed seismic damage and some measure of ground motion are
typically used. These empirical relations are frequently used in practice.

The ground motion has been characterized by the peak ground acceleration, the peak ground velocity, the
amount of PGD movement or by the more general Modified Mercalli Intensity (MMI). In some of the
empirical relations, damage due to both the wave propagation hazard and the PGD hazard are combined,
while others address damage due to only one of the hazards. The following sections briefly summarize
the existing relations.

6.1.3.1 Combined Damage

Katayama et al, (1975) developed one of the first relations, primarily for segmented cast iron pipe, in
which the damage rate (repairs per unit lengths) due to both wave propagation and PGD is plotted as a
function of peak ground acceleration. - Other relations, again primarily for cast iron pipe, have been
developed wherein combined damage is plotted versus MMI. In one of these relations, the influence of
diameter (less damage for larger diameters) and soil type are included.

6.1.3.2 Wave Propagation Damage

It appears that Eguchi (1983) was the first to develop separate empirical relations for wave propagation
(ground shaking) damage. In these relations, the ground motion is characterized by MMIL. The most
recent version of the Eguchi relation for ten different pipe materials is shown in Figure 6-1.

Other researchers have developed different empirical relations for wave propagation damage as functions
of the peak ground velocity. In one, a single curve is presented for common brittle water pipe materials
(CI, AC, and CONC), while in others separate curves are available for various combinations of pipe
material, joint type, soil corrosiveness, and diameter.

6.1.3.3. PGD Damage

Eguchi (1983) also developed empirical vulnerability relations for buried pipe subject to fault rupture,
landslides and liquefaction (lurching). For the fault rupture relation, damage is a function of the amount
of fault offset. A more recent relation for non-fault rupture PGD has been developed (Harding Lawson et
al, 1991). The bilinear curve shown in Figure 6-2 is based upon cast iron pipe damage data for the 1906
San Francisco and the 1989 Loma Prieta events. Engineering judgment was used to extend the relation to
other pipe materials. In these curves the damage ratio is a function of the amount of ground movement.
This relation is used in HAZUS, a FEMA-developed earthquake loss estimation methodology (RMS,
1996).

Other empirical PGD damage relations have also been developed. In one, the damage rate is primarily a
function of ground movement (as in Fig. 6-2), but also includes factors related to pipe material and joint
type. For example, asbestos cement and cast iron pipe with rubber gasketed joints are expected to have
about 25% less damage than the same material with cemented joints. While in another relation, the
expected damage to cast iron pipe with rigid joints is roughly a factor of four larger than that for modem
welded steel pipe.

kA004\nist\finalrpt.doc 6-4



6.1.3.4. System Performance

Knowing the expected damage in a pipeline network, the direct loss (i.e., expected repair costs) can be
calculated. However, in terms of impact upon the population served by the system and particularly the
ability to fight post-earthquake fires, system functionality is an equally important measure. Such
functionality estimates may be developed from a hydraulic model of the damaged system. In such
models, one needs to distinguish between leaks and breaks. That is, a pipeline break has a much larger
impact on functionality than a pipeline leak. One study in the Puget Sound, Washington area (Ballantyne
et al, 1990) indicated roughly 85% of the repairs were leaks, while the remaining were breaks. In the
HAZUS methodology, wave propagation damage is assumed to result in 80% leaks and 20% breaks,
while for PGD damage is assumed to result in 20% leaks and 80% breaks. '

Figure 6-3 shows the results of a number of functionality studies, in which the serviceability index is
plotted as a function of the average number of breaks per unit length. The curve labeled NIBS is
currently used in the HAZUS methodology (RMS, 1996).

6.2 TANKS
6.2.1 Earthquake Response of Flat-Bottomed Tanks

Flat-bottomed vertical liquid storage tanks have sometimes failed with loss of contents during strong
earthquake shaking. In some instances, the failure of storage tanks has caused disastrous consequences.
Some examples include: (1) failure of numerous water storage tanks, both above and below ground, in
the 1971 San Fernando, California, the 1980 Livermore, California, the 1985 Chilean, the 1991 Costa
Rica, the 1992 Landers, California, and the 1994 Northridge, California earthquakes; (2) fires causing
extensive damage to oil refineries in the 1964 Niigata, Japan earthquake and the 1991 Costa Rica
earthquake; (3) polluted waterways in the 1978 Sendai, Japan earthquake; and (4) fires and failure of
numerous oil storage tanks in the 1964 Prince William Sound, Alaska earthquake (Summers and Hults,
1994).

The response of unanchored tanks during earthquakes is highly nonlinear and much more complex than
implied in available design standards. Seismic ground shaking generates an overturning force on the
tank, which may cause a portion of the tank to lift up from the foundation. The weight of the fluid resting
on the uplifted portion of the tank bottom, together with the weight of the tank shell and roof, provide the
restraining moment against further uplift. While uplift, in and of itself, may not cause serious damage, it
can be accompanied by large deformations and major changes in the tank wall stresses. Tank uplift
during earthquakes has been observed many times, but the amount of uplift has only been recorded on
some occasions. Some observations include: (1) a 100 ft diameter, 30 ft high tank uplifting by 14 inches
during the 1971 San Fernando, California earthquake; (2) tanks uplifting by 6 to 8 inches during the 1989

Loma Prieta, California earthquake; and (3) a tank uplifting by 18 inches in the 1964 Alaska earthquake.

In general, tanks, especially unanchored tanks, are particularly susceptible to damage during earthquakes.

Tank damage during earthquakes usually falls into one of the following categories (Dowling and
Summiers, 1993): '
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. Buckling of the tank wall, known as “elephant foot” buckling. This occurs because of high
' vertical compressive stresses in the portion of the tank wall remaining in contact with the ground
(i.e., diametrically opposite the uplifted portion) and as the uplifted portion impacts the ground.
The compressive stresses are accompanied by bending stresses introduced into the shell wall
because the baseplate prevents the radial deformation which would normally occur under internal
pressure. This further increases the tendency to buckle. In many instances, however, buckled

tank walls have continued to retain the stored product.

. Breakage of attached inlet/outlet or drain piping due to tank uplift and inadequate piping
flexibility. This is one of the most prevalent causes of product loss from storage tanks during
earthquakes. Failures can also occur due to relative movement between two different tanks
connected by rigid piping.

. Tearing of the tank wall at locations where there are structural discontinuities, such as plate
doubling at manholes and pipe nozzles.

. Tearing of tank wall due to overconstrained stairways anchored at the foundation and tank sheli.

. Tearing of tank wall due to overconstrained walkways connecting two tanks experiencing
differential movement.

. Damage to the tank's roof, possibly followed by spillage of fluid over the tank walls. This can
occur if insufficient freeboard is provided to accommodate sloshing of the surface of the tank
contents. This type of damage is usually considered only minor but may be important. Roof-
supporting columns are also subject to damage from sloshing water. The sloshing water imparts
lateral loading on columns and can impart vertical upthrust loads on tank roofs, particularly
around the periphery, if sufficient freeboard is not provided. In addition, heavy concrete roofs are
susceptible to damage if the structure is not designed to transfer loading to the tank walls and
foundation.

. Geotechnical and foundation failures. Differential settlement is one concern, particularly when a
tank is founded partially on undisturbed soil, and partially on fill. Landslides, either below or
under the tank and above or into the tank, can also be a concern.

. Liquefaction may be a concern if the site is susceptible to liquefaction. This is uncommon
because water storage tanks and reservoirs are often located on high ground where liquefaction .
susceptibility is usually low. In-ground reservoirs constructed with earthen berms may be
susceptible to liquefaction particularly 1f water is lea.kmg from the reservoir, maintaining a
saturated soil condition.

. Wire-wrapped and post-tensioned concrete tanks are vulnerable to earthquakes if reinforcing has
corroded, or if the roof/wall or wall/bottom joints are not designed to carry earthquake loads.
Concrete tank wire wrapping has shown tendencies to corrode in 1960s vintage tanks resulting in
tank failure (Ballantyne, 1994). Indications of tank deterioration are vertical cracking, spalling,
or staining from tank leakage through the shotcrete. These problems have been rmtlgated first by
stopping the leaks with tank linings followed by re-wrapping the tank with wire or steel bands.

k\OO4\nistfinairpt doc 66



. For concrete tanks, the joint between the tank wall and bottom must be designed to transfer
earthquake shear loads. In modern designs, earthquake cables are used between the wall and
bottom. These cables allow the wall to move to accommodate strains induced from tank filling,
but limit movement in an earthquake. Tanks designed prior to the 1970s did not use earthquake
cables (Ballantyne, 1994), and may fail at the wall/bottom connection in an earthquake. For
partially buried tanks, the passive earth pressure should prevent shear failures. One solution is to
provide a curb around the periphery to limit sliding.

Anchorage of steel tanks is a mitigation alternative for many of the above phenomena. Anchored tanks
generally perform well during earthquakes, provided anchorage details are designed in a ductile manner
to transfer forces from the shell to the foundation, and the weight of the foundation is sufficient to
overcome the overturning moment imposed by the seismic event. The American Water Works
Association (AWWA) permits anchorage of steel tanks, although anchored tanks are not generally used
- for large water storage reservoirs. Anchorage, as a mitigation alternative, is usually only implemented for
taller, more slender tanks with higher aspect ratios.

6.2.2 Proposed Methodology for Seismic Evaluation of Tanks
The steps involved in undertaking a seismic hazard mitigation program for existing tanks include:

a. Walkthrough inspection to assess piping, stairway and walkway attachments, and other
potential hazards. ‘ :

b. Analytical assessment of tanks to evaluate the potential for overturning and shell buckling or
overstress.

¢.  Miugation of seismic hazard. The most commonly used hazard mitigation measures include
addition of flexibility to rigid attachments, reduction of safe operating height and, as a last
resort, anchorage of the tank or replacement/stiffening of bottom shell courses.

These items are discussed in more detail below.
6.2.3 Walkthrough Inspection
The purpose of the walkthrough is to identify a variety of seismically vulnerable details.

The principal feature which distinguishes the seismic response of unanchored tanks from that of anchored
tanks is the large uplift displacements commonly observed around the edge of unanchored tanks. As
described earlier, this uplift may induce large tension or compression forces and bending moments in the
tank wall, baseplate, and at the intersection of the two. Such forces may lead to severe damage or failure
of the tank. Furthermore, the adverse effects of excessive tank uplift can be greatly exacerbated by a
variety of commonly encountered tank details. Walkthrough inspection of individual tanks or tank farms
should focus on the identification of such details. In many cases, while the tank itself may be found to be
structurally adequate, retrofit of a number of these seismically vulnerable details may be deemed
necessary. The following material, which describes the walkthrough process, is taken from Dowling and
Summers (1993) and Summers and Hult (1994). '

The most frequently encountered hazardous details are listed below, together with appropriate retrofit
recommendations, and illustrated in Figure 6-4.
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a A common failure mode in tanks has been breakage of piping connected to a tank as a result of
relative movement between the tank and the nearest pipe support. Alternatively, if the piping is
stronger than the tank wall or baseplate to which it is connected, tearing of the wall or baseplate
may result. Piping should not pass directly, with little or no flexibility, from the tank shell or tank
bottom to the ground or to rigid concrete walls, basins, pumps rigidly fixed to the ground, etc.-
Failures of the type described above are typically caused by the details shown in Figures 6-4 (a)
through 64 (d). In the first three cases, additional piping flexibility should be provided by adding
horizontal or vertical bends, or by installing a length of flexible piping. In the fourth case, piping
should be rerouted towards the center of the tank or, if the piping is flexible enough, the concrete
basin may be extended beyond the pipe/tank connection.

b. Similar failures have also occurred due to relative movement between two tanks connected by a
rigid pipe, as shown in Figure 6-4 (e). Again, additional piping flexibility should be provided as
described above.

c. Partial loss of contents may result from the type of detail shown in Figure 6-4 (f), where a vertical
pipe is rigidly connected to the ground or foundation and also supported rigidly along the wall of
the tank. A detail offering a lesser level of risk, but present in many cases, is a tank wall support
that consists of a large U-bolt which might appear to be capable of sliding up and down the pipe
as the tank lifts and falls. However, it is possible that the U-bolt will “bind” with the pipe due to
friction, thereby also forming an essentially rigid connection, and leading to tearing of the tank
wall. Any connection along the tank shell judged to be rigid should be replaced by a connection
near the shell/roof intersection, coupled with sliding connections or “guides” along the shell wall.
In many cases, simply loosening the U-boits will suffice.

d. Roof access is sometimes facilitated by walkways spanning between the tanks. Typical walkway
arrangements are shown in Figure 6-4 (g). In both cases, relative movement between tanks may
lead to rupture or tearing of the tank wall or roof. However, whereas the lower walkway
arrangement shown in Figure 6-4 (g) may lead to partial loss of tank contents, the upper walkway
arrangement will, at worst, lead to damage to the walkway itself and/or to the roof; hence, no loss
of contents will result. The distinction between the two arrangements is important since the lower
walkway represents a concern that could result in release of water, whereas failure of the upper
walkway will likely only result in a level of economic loss. In either case, the required retrofit
would take the form of increased walkway flexibility.

Elevated walkways also represent falling hazards for tanks located with adjacent pedestrian traffic
or sensitive equipment. Where necessary, walkways should be attached to the tanks by cables as
a secondary means of support to prevent them from falling.

€. Stairways should not be attached to both the tank shell and the foundation; see Figure 6-4 (h).
However, only in thin-shelled tanks is such a detail likely to lead to failure of the tank wall and to
loss of contents. Again, therefore, a distinction should be drawn between this case and the case of
a thick-shelled tank, where such a detail would only result in damage to the stairway itself. In
either case, the hazard may be eliminated by attaching the stairway to the tank shell or by
eliminating the connection which prevents the stairway from displacing vertically.

Tank piping 1s usually concentrated in one area, often with an access walkway spanning over the piping,
as shown in Figure 6-4 (1 ). If the walkway is rigidly attached to the ground and if insufficient clearance
is provided between the piping and walkway, then tank uplift may lead to impact between the piping and
the walkway, resulting in damage to one or the other. However, only with small diameter pipes or thin-
shelled tanks is loss of tank contents likely to occur. Otherwise, damage is likely to be confined to the
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walkway itself. In both cases, the hazard may be mitigated by increasing the piping flexibility, attaching
the walkway exclusively to the tank shell, or providing more piping clearance. Another potentially
seismically vulnerable detail is the case of a walkway attached to both the tank shell and foundation, as in
Item (e) above for stairways.

Tanks anchored with anchor bolts having poor connection details may tear the bottom plate or tank shell
resulting in a loss of product. Poor details include anchors which are clipped to the bottom plate, chairs
which are unusually short so as not to permit adequate transfer of forces in the bolt to the tank shell,
poorly designed eccentric connections, or any detail which will result in the tearing of the tank shell
before the anchor bolt yields. This hazard can be mitigated by replacing the connection with one that will
exhibit more ductility.

When performing walkthrough inspections, the question as to “how much flexibility is sufficient” must be
answered. The assumed value of tank uplift'is critical to answering this question. Values of 6 to 8 inches
have commonly occurred in the past. Using a value of on the order of 6 to 12 inches of vertical
displacement, preferably closer to 12 inches, and on the order of 4 to 8 inches of horizontal displacement
(at least in zones of highest seismicity) would be considered prudent and conservative. Actual expected
values are a function of tank size, fill height, aspect ratio, and local seismicity and soil type.

6.2.4 Analytical Evaluation

The seismic design methodology for welded steel storage tanks presented in both AWWA D-100
(AWWA, 1985) and API 650, Appendix E (API, 1993} is based on the simplified procedure developed by
Housner (1977). Details of the development of the methodology are described in Wozniak and Mitchell
(1978). The procedure considers the overturning moment on the tank to be the sum of:

a. The overturning moment due the tank shell and roof, together with a portion of the contents
which moves in unison with the shell, acted on by a level of horizontal acceleration.. This is
termed the impulsive component.

b. The overturning moment due to that portion of the tank contents which moves in the first sloshing
mode (i.e., independently of the tank shell) acted on by a level of horizontal acceleration: ThlS is
termed the convective component.

Resistance to the overturning moment is provided by the weight of the tank shell and roof and by the
weight of a portion of the tank contents adjacent to the shell. The structural adequacy of the tank is
determined by a “stability ratio,” which is a measure of the ratio of the overturning moment to the
resisting moment. The value of the stability ratio must not exceed 1.54 (AWWA, 1985).

Extensive experimental studies and cbservations during past earthquakes have demonstrated that the =
radial length of the uplifted bottom plate, and hence, the actual liquid weight resistance which is
mobilized during an earthquake is underestimated by the AWWA uplift model. The reasons for this are
that the AWWA model does not account either for the in-plane (membrane) stress in the bottom plate, or
for the dynamic nature of the tank response. The model also calculates a somewhat narrow compression
zone at the toe of the tank, thus leading to large compressive stresses in the tank shell for relatively low
overturning moments. Finally, the AWWA approach does not account for the effect of foundation
flexibihty on the tank wall axial membrane stress distribution.
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Although the AWWA methodology is known to be somewhat conservative and the condemning existing
tanks for failing to meet the AWWA criteria may not be deemed appropriate, the criteria are the basis of
the current seismic design practice and serve as a good benchmark. Large exceedance of specific
provisions should be taken as an indication that retrofits may be necessary.

There are several alternatives to the AWWA methodology that might be considered for use in evaluation
of existing tanks. One such method is a modified version (Dowling and Summers, 1993; Summers and
Hults, 1994; and ASCE Task Committee on Seismic Evaluation and Design of Petrochemical Facilities,
1997) of a method developed by Manos (1986) presented herein. Manos’ method is based on
experimental studies, as well as on observed behavior of unanchored tanks during past earthquakes.
Instead of trying to model the complex uplifting plate behavior, Manos assumes a stress distribution at
which the shell will buckle and solves for the resisting moment produced by the sum of the stresses. This
resisting moment can then be compared to the overturning moment and the resisting acceleration solved
for.

The method proposed herein for evaluation of unanchored storage tanks is based on that of Manos, but
includes some important variations. The most notable of these are (Dowling and Summers, 1993):

a. Tank anchorage is recommended in zones of high seismicity whenever the ratio of safe operating
height to tank diameter exceeds two. Based on the data presented in Manos, and the higher level
of nisk for taller tanks, this is believed to be the upper limit of applicability of the Manos method.

b. The allowable compressive stress in the tank shell should not exceed 75% of the theoretical
buckling stress, as presented in Manos, nor should it exceed the material yield strength. This last
requirement is significant for thicker-walled tanks. Note that an increase in the allowable
compressive stress beyond 75% of the theoretical buckling stress may be justified under certain
circumstances. '

C. The compressive force in the tank shell should not exceed the total weight of the fluid contents.
This has the effect of imposing an upper bound on the resisting moment.

6.2.5 Validation of Tank Assessment Methodology

The most widely used codes for the seismic design and evaluation of steel water tanks in the United States
are the AWWA D-100 for welded steel tanks and the AWWA D-103 for bolted steel tanks. The
methodology presented in these standards is believed to be based mostly on analytical work, with limited
validation from actual performance of tanks during earthquakes. Manos (1986) developed an alternate
methodology for the seismic evaluation of existing tanks. His method is based primarily on experimental
studies and observed performance of unanchored tanks during past earthquakes. Since then, a significant
amount of tank performance data from several recent earthquakes has become available. It is considered
timely that these data be evaluated and analyzed to test the applicability of the AWWA and Manos
methodologies. '

Dowling and Summers (1993) have argued that for certain cases, the AWWA methodology might be
considered conservative in predicting tank damage during earthquakes, and hence, while this method may
be appropriate for design of néw tanks, the alternate methodology (Manos) may be more appropriate for
evaluating existing tanks. The basis for their argument is through comparison with the method proposed
by Manos, which is based in part on observed tank performance.
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To realistically assess either of the two approaches, damage data from past earthquakes should be -
correlated with the predictions made by each approach. Results from such analyses can be relied upon
only if complete tank attribute and performance data are available in addition to knowledge of the actual
ground accelerations to which the tanks were subjected. The approach undertaken in this study was to
first compile all readily available data on 85 tanks during the following four earthquakes: the 1985 Costa
Rica, 1989 Loma Prieta, the 1992 Landers, and the 1994 Northridge. Tables 6-1 through 6-4 show the .
data for each of the tanks. It is clear from the tables that the data for most of the tanks are incomplete
with either one or multiple attributes missing. However, considering this is the first attempt to compile
these data, the results are still encouraging, because most of the missing data could probably be collected
with limited further effort. However, such effort was beyond the scope of the present study.

A review of Tables 61- through 6-4 show that a number of the tanks have data which are difficult to
collect years after the earthquake. The missing data mostly consist of either the thickness of the tank shell
and/or bottom plate or estimates of ground acceleration at the site. Accurate shell thickness data can be
obtained either by locating as-built drawings of the tanks or by ultrasonic measurements. The
nondestructive nature of the ultrasonic measurements make them relatively easy to conduct; however, the
difficulty lies in accessing some of the tank sites (owner permission is needed) for which these data are
missing and, of course, in assuming the as-measured thicknesses (today) will be equivalent to those at the
time of the earthquake. '

Estimates of actual ground motion at many of the tank sites have also been difficult to obtain at this stage
for two reasons. One, the precise location of some of the tanks was fer this stage unknown and, therefore,
the acceleration at the site could not be estimated. This location information, however, is relatively easy
to obtain with a little extra effort. The second reason is more complicated. Very few of the tank sites
have an onsite accelerometer or one located close enough to make a confident prediction of the higher
frequency accelerations at the site, which generate the impulsive forces in the tanks. In most cases, these
forces are the primary contributor to the large compressive stresses in the tank shell which have caused
shell buckling comumonly observed during earthquakes. The ground motions felt by the tanks can only be
predicted using either empirical attenuation relationships or acceleration contours estimated for the
earthquake based on regionally recorded ground motions. Both these methods have large uncertainties
associated with them, and they also do not accurately .consider local topographic or subsurface
amplification effects at the tank site. Estimated accelerations at the tank site are therefore approximate
and could easily differ from the actual accelerations by + 50%.

During this project, the main effort was spent in.compiling as much data as possible. Out of the 85 tanks
for which data were obtained, only 11 tanks had enough data to conduct an analysis using the AWWA
and Manos methodologies. Six tanks were from the Landers earthquake and five were from the
Northridge earthquake.

. The following subsections describe the data collected and some preliminary observations made from the *
results of the demonstration analyses. '

6.2.5.1 Ground Motions

Ground motions were estimated at known tank-site Iocations. These locations were known for 14 of the
tanks for which seismic performance data from the Landers Earthquake were available. However, of the
45 tanks for which seismic performance data for the Northridge Earthquake were available, the precise
locations of only 23 of them were known. Four of the tanks located in Barstow during the Landers
Earthquake were close to an accelerograph station and the recording from this station was considered a
reasonable approximation of the actual ground-motion excitation to the tanks. Accelerations for the
remaining 10 tank sites in the Landers area were estimated using the median attenuation relationship of
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Abrahamson and Silva (1997). Out of these 45 tank sites for the Northridge earthquake, only five sites
were sufficiently close to accelerograph stations to confidently estimate actual accelerations that the tanks
may have experienced. For each of the remaining tank sites, median estimates of peak ground
acceleration (PGA) were made using the empirical attenuation relationship by Abrahamson and
Somerville (1996), which was derived from the accelerogram data recorded during the Northridge
Earthquake. '

The site-dependent AWWA method and the Manos method require estimates of the 2 percent damped
spectral acceleration (for the first impulsive mode) and 0.5 percent damped spectral acceleration at the
period of the first sloshing mode (for convective response) rather than peak ground acceleration. The
approaches to estimate the spectral acceleration at each of the tank sites were the same as those for
estimating peak ground acceleration. ‘

6.2.5.2 Tank Physical Data

Tank attribute data necessary to perform this analysis include the diameter and height of the tank, fill
height of liquid at the time of the earthquake, and thicknesses of bottom shell course and bottom plate.
Other information such as roof plate thickness and subsurface conditions is desirable but less essential.
Diameter and height data were available for all of the 85 tanks. With the exception of 18 tanks from the
Northridge Earthquake, fill height data at the time of the earthquake were either available or could
reasonably be estimated. These estimates were based on assumptions of the tanks being full based on
evidence of roof damage due to sloshing, or on the presumption that the tanks were full during the early
morning hours when the Northridge and Landers Earthquakes occurred.

Thickness data for either the bottom shell course or the bottom plate or both were missing for the majority
of the tanks. Out of a total of 85 tanks, both the bottom shell and bottom plate thicknesses data were
available for only ten tanks. Only bottom plate thickness data were missing for 14 of the rematning 75
tanks. Typically, the bottom plate thickness of most small to medium size tanks is 0.25 inches or equal to
the thickness of the bottom shell course if the tanks have not been constructed with a sketch plate. If this
assumption is made, then the number of tanks for which analysis could have been performed would
increase from 11 to 24. However, this would have increased the uncertainty in the results and thus a
decision made to exclude these tanks from the present analysis.

6.2.5.3 Seismic Performance Data

Seismic performance data were available for all of the tanks included in the database. The performance
ranged from no damage to elephant’s foot buckling of the tank shell. Other forms of damage included
failure of overconstrained side or bottom penetrating piping, damage to the roof or the shell top course,
lateral movement of the tank or tearing of the shell (close to the bottom or near local areas of stiffness
such as manholes). Only one of the tanks, Tanks N35 in Valencia, totally collapsed (Northridge
Earthquake). Tables 6-1 to 6-4 also describe the types of damage for each of the tanks included in the
database.

6.2.5.4 Results from Preliminary Demonstration Analysis
Eleven tanks, six located in the felt areas of the 1992 Landers Earthquake, and five in the 1994 Northridge
Earthquake, were analyzed. Damage or no damage predictions (for shell buckling only) from the AWWA

and Manos methodologies were compared to actual earthquake responses of the 11 tanks selected for the
analysis.
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All six tanks (L1, L2, L11, L12, L13 and L14, Table 6-3) selected from the Landers Earthquake were

“predicted to fail using the AWWA methodology, where failure is defined when the allowable stability
ratio of 1.54 is exceeded. Only two of the six tanks (L1 and L2) had elephant’s foot buckling and
failure/tearing of the shell. Two (L12 and L13) out of the remaining four tanks had failure of
overconstrained piping, which is a consequence of tank uplift or lateral movement. For these tanks, the
AWWA methodology predicted uplift correctly (stability ratio greater than 0.785) but incorrectly
predicted instability (stability ratio greater than 1.54), which did not occur as the tanks did not have
elephant’s foot buckling or tear in the shell. For Tank IL11, a minor leak at the bottom flange was
reported, but was unconfirmed whether it was due to a rusting plate or the earthquake. The sixth tank
(L14) showed signs of lateral movement, but was not damaged.

The Manos method did not predict shell damage to five out of the six tanks (L1, L11, L12, L.13, and L14).
Tanks L11, L12, L13, and L14 did not have any shell damage, hence the predictions by the method were
correct. However, the Manos method did not correctly predict damage to L1. This tank was located
approximately 0.15 kilometers from the closest approach to the fault rupture, and there were no recorded
acceleration values in the vicinity of the tank site. It is possible that the median estimates of PGA (0.56g)
using the Abrahamson and Silva relationship may have under predicted the accelerations at the tank site.

The five tanks analyzed from the Northridge Earthquake were N15, N16, N17, N18, and N25 (Table 6-4)
The AWWA methodology correctly predicted no damage to two tanks (N15 and N25) and also correctly
predicted damage to one tank (N18). It incorrectly predicted damage to two tanks (N16 and N17) which
were undamaged. The Manos method correctly predicted no damage to three tanks (IN15, N16 and N25)
and also correctly predicted damage to one tank (N18). Like AWWA, it incorrectly predicted damage to
tank N17, which was not damaged.

In summary, the Manos method made nine comrect predictions and two incorrect predictions. From the
nine correct predictions, damage was correctly predicted for two tanks (L.2 and N18), while no damage
was correctly predicted for seven tanks (L11, L12, L13, L14, N15, N16, and N25). The AWWA method
made five correct predictions (L1, L2, N15, N18 and N25) and six incorrect predictions (L.11, L.12, 113,
L14,Ni6é and N17).

No final conclusions should be drawn from these demonstration analyses, because they were performed
for a very small subset of the total database. However, with additional effort, some of the missing
information could be readily obtained for many more tanks that would provide a better statistical sample
with which to test numerical methods for assessing seismic response of tanks. The results of this
additional analysis are expected to provide valuable insights in seismic performance of steel tanks that
could lead to improved seismic evaluation (and possibly design) methods.

6.2.6 Mitigation of Seismic Effects

Mitigating a seismic hazard can be quite involved or relatively simple. For overconstrained piping,
additional bends or a flexible section of piping may be added. Stairs and walkways can be solely
supported by the tank shell. Tank wall stability can be more difficult to correct. No one method will
work all the time and operating as well as construction economics should be considered.

Where the tank is found to be structurally inadequate (as determined by exceedance of the modified

Manos criteria or gross exceedance of the AWWA criteria), any of the following retrofits may be
implemented:
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a.  Reduction of the fill height; this is the simplest and most commonly recommended retrofit, and
should also be considered in cases where the available freeboard is found to be inadequate. Note
that reduction of fill height can have a significant effect on the economics of tank storage.

b.  Increase the shell thickness and/or the bottom platé or annular ring thickness.
¢.  Anchor the tank in accordance with the provisions specified in AWWA D100.

d.  Inlieu of anchorage, prevent ﬁplift of the tank by stiffening the tank base through the installation of
a concrete slab within the tank shell, or by other methods. This method is relatively untried but
may have the same effect as anchoring the tank."

6.3 TREATMENT PLANTS AND PUMP STATIONS

From an engineering standpoint, water treatment plants and pump stations present some unique
challenges in addressing issues relating to seismic risk and providing mitigation alternatives (Ballantyne,
1994). They contain vastly different structures in terms of their behavior to earthquake forces.
Understanding the seismic behavior of such facilities require individuals well versed in structural,
geotechnical, mechanical, electrical and systems engineering.

Water treatment plants and pump stations contain structures ranging from small but highly vulnerable
unreinforced masonry buildings to large complicated control buildings at the treatment plant. They
contain water storage tanks with seismic behavior significantly different from that of buildings and
process tanks, the latter containing delicate movable mechanical components susceptible to damage by
sloshing waves. Equipment and components such as pumps, valves, electrical cabinets, control
equipment and large and small diameter water and process piping require special considerations due to
their inter-relationships with plant operations and their differing dynamic behavior.

Furthermore, seismic response of these facilities and components is affected by both structural and
geotechnical issues. The sections below provide different types of observed seismic darage and various
solutions for preventing or minimizing the damage to the various structures and components of water
treatment plants and pump stations.

6.3.1 Water Treatment Plants

The primary sources of water for drinking and fire fighting purposes are either ground water or surface
water. Watersheds, rivers, lakes, and impoundments are the main sources of surface water, while ground
water is obtained from wells and springs. In both cases, raw water without treatment cannot be used
directly for human consumption, as it contains turbidity, pathogens, organic and inorganic contaminants
and dissolved solids, chemicals and minerals. In order to make water safe for drinking and remove its
corrosivity, it has to be treated. Water treatment plants serve that purpose. In general water treatment
plants can be divided into two main groups, ground water treatment plants and surface water treatment
plants.

Ground water treatment plants are mainly used for the removal of dissolved minerals such as iron and -
manganese. Organic and inorganic compounds and other contaminants are also removed. Hard water is
treated to make it soft in these plants. ‘

Surface water treatment plants remove suspended solids with filtration galleries, setting basins, and

clarifiers. Chemical coagulants such as alum, ferric chloride and polymers are used to facilitate removal
of smaller sized suspended solids by bringing them together to join into larger heavier particles that can
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settle due to their own weight. Disinfection of drinking water is carried out by chlorination, sodium
hypochloride, chlorine gas, ozone or potassium permangnate is typically used for this purpose. Water
quality is improved by adding fluoride. '

The main components of treatment plants can be divided into buildings, process tanks, equipment and
piping. Each of these components and issues relating to their seismic vulnerability are discussed in the
following sections. '

6.3.1.1 Seismic Behavior of Buildings

Treatment plant buildings can be divided into (1) building structure and (2) non-structural elements and
components. The sub sections helow address these issues separately.

6.3.1.1.1 Structures

Typical buildings at a water treatment plant consist of control and operations buildings, storage buildings,
maintenance buildings and chlorination and dechiorination buildings. These buildings are typically one to
two story structures. Depending upon the age and location of the plant, the buildings can be of concrete
masonry, steel or light metal frame construction.

Design and upgrade of these buildings should be carried out on the basis of their importance, but they
should not be designed for less than the minimum code standards. Before the design or upgrade occurs,
the treatment plant buildings should be prioritized in terms of their criticality. Issues such as life safety,
impact on system operations, fire or chémical spill hazards and impact on adjacent facilities should be
given thoughtful consideration. Total or partial collapse of operations buildings can lead to loss of life or
injury to plant operators.

From a life safety standpoint, if an operations building 1s significantly damaged, it not only poses a threat
to life safety, but it also can result in shutdown of plant and system operation. System shutdown can
result in non-availability of water for fire fighting or drinking purposes. Major damage to chlorination
and dechlorination buildings can result in release of chlorine or other chemicals and can be a life safety
hazard. Similarly, storage sheds sometimes contain diesel tanks which, if damaged, can lead to a fire
hazard. '

Each facility can be rated as low, medium or high criticality. Performance criteria for each criticality
rating should be established. An example of such performance criteria is as follows.

e Low Criticality — Moderate structural damage. Moderate to major non-structural damage. No partial
collapse or life-threatening conditions. Shutdowns acceptable, but structurai and non-structural
damage repairable within months. '

¢ Medium Criticality — Minor to moderate structural damage. . Moderate non-structural damage.
Limited partial shutdowns possible. Repairable within days to weeks.

e High Cnticality — Minor structural damage. Minor to moderate non-structural damage. Minimal
partial temporary shutdowns possible, but not probable. Structural and non-structural damage
repairable within days.

Typically, current codes focus on preserving life safety during an earthquake and not continued operation.

Continuity of water supply for drinking and fire fighting is critical for emergency response and recovery
following an earthquake. Concepts of performance-based engineering that define levels of performance
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during occasional, rare and very rare seismic scenarios should be utilized (SEAOC, 1995). Generally
speaking, levels of ground motion from these events have associated probabilities of exceedance of 50%,
10% and 2%, respectively, in 50 years (SEAOC, 1995). Variations from these probability levels can be
justified based on a thorough evaluation of the risk levels that a community is willing to accept.

It is always prudent to avoid building types and details that have repeatedly demonstrated significant
vulnerabilities in past earthquakes. One notable example is unreinforced masonry (URM) buildings.
These building types do not have sufficient strength and ductility to maintain structural integrity
following moderate levels of shaking. Unbraced parapets on URM buildings are particularly vulnerable
and should be braced or removed. Nonductile concrete-frame buildings and tilt-up buildings have also
performed poorly in historic earthquakes. Tilt-up buildings constructed prior to the mid-1970s are
particularly vulnerable because of inadequate roof to wall connections which has failed during
earthquakes.

Braced steel frame, Butler-type buildings are resistant to earthquakes. However, even these buildings are
sometimes modified, weakening their seismic resistance. For example, bracing members have sometimes
been removed or cut; such members should be repaired or replaced.

6.3.1.1.2 Non-Structural Items and Components -

Improperly designed suspended ceiling panels and light fixtures are vulnerable to collapse. Light fixtures
should be supported directly from fixed ceilings. Relative movement of suspended ceiling panels can
sever sprinkler heads resulting in flooding. This can cause damage to computers and short circuiting of
electrical controls, which can result in shutdown of operations. Ceiling panels should be connected to
main structural members through diagonal wires and compression struts.

Non-structural items such as storage shelves and cabinets should be properly anchored or braced to
prevent toppling or overturning.

Laboratory equipment, chemicals, and other supplies should also be secured. Office equipment and
computers are vulnerable and can easily topple. They should be adequately anchored.

Raised computer floors not specifically designed for lateral seismic loading are vulnerable to collapse.
One mitigation alternative is to positively anchor the raised floor to the concrete floor below and anchor
computer equipment to the raised floor.

Storage shelving may topple and stored materials may fall to the floor during an earthquake. In addition
to anchoring the shelving units to a load-bearing wall, lips or other types of restrainers should be provided
to the front of the shelves to prevent the stored material from falling. File cabinet drawers usually roll
open and fall. Latching file drawers should be used and adjacent file cabinets tied together.

6.3.1.2 Process Tanks

Process tanks at treatment plants consist of sedimentation basins whose primary purpose is to remove
suspended solids through flocculation and coagulation. These tanks are rectangular, square or circular in
shape and contain baffles and weirs. In most modern plants sedimentation tanks consist of clarifiers that
contain moveable elements such as surface skimmers and sludge collectors.

Process tank baffles and other immersed and floating elements have been damaged from the effects of

significant hydraulic loading acting on such elements. Similar damage has occurred to secondary clarifier
baffles. Sloshing water has pushed rectangular-access hatches out of their frames allowing them to drop
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to the bottom of the basin. Damaged baffles can fall to the tank bottom and must be removed before
sludge collector mechanisms can be operated. Baffles and other immersed elements should be designed
to either withstand the large loading or, more reasonably, to break away and be quickly replaced. Break-
away elements should be secured to keep them from falling to the tank bottom and jamming sludge
collector mechanisms. ‘

Process tanks are typically constructed of reinforced concrete. They are relatively shallow in depth
(approximately 10 feet). Such tanks in the United States have performed well in earthquakes. In several
earthquakes outside the United States, lightly reinforced concrete baffles have failed. New concrete
structures should be designed in accordance with the latest American Concrete Institute Standard AC
350, Environmental Engineering Concrete Structures (ACI, 1989).

6.3.1.3 Equipment

Buildings are subjected to earthquake ground motions at their base. Due to the flexibility of the building,
these motions are usually amplified over the height of the building. ILargest motions are typically
recorded at the roof, which can be on the order of 2 to 3 times the motions at the base. Generally, the .
higher in the building the equipment is located, the higher the earthquake load it experiences. Heavy
equipment, such as sludge-processing equipment, should be located as low as possible in the building.
Heavy equipment loads must be taken into account in the building design as it will add to the building
mass resulting in larger earthquake motion forces.

Unanchored or inadequately anchored equipment can slide or topple, damaging the equipment; or causing
attached piping and conduit to fail. Equipment with a low center of gravity has less of a tendency to
overturn, but can still slide. In general, anchored equipment performs well, even if the anchorage is not
designed for the level of anticipated seismic loading. Nonetheless, anchorage design should be performed
in accordance with the latest accepted national standards. Cast-in-place anchors should be used when
possible. Chemically bonded, drilled anchors are acceptable for floor mnstallations, but can pull out in a
fire. They should not be used overhead. Drilled wedge anchors are acceptable for floor and wall
installations, but should not be used overhead. Drilled wedge anchors should not be used for rotating
equipment, as they may work loose. Self-drilling, drilled-sleeve, or power-driven anchors should not be
used. ‘

Equipment that is supported from both sides of a building expansion joint is subject to differential support
movement. Flexibility should be provided, or where possible, equipment should be supported on only
one side of the expansion joint. Horizontal pumps and their motors, engines, and attached generators
should be mounted on a single foundation to prevent differential movement. Vertical-turbine pumps
hanging in tanks should be avoided, if possible, or designed for seismic loads.

Chlorine cylinders (150 lbs} can topple, breaking connecting piping. They should be restrained on top
and bottom. Chlorine containers (1 ton) can roll or slide, breaking connecting piping and pigtails. They
should be anchored with chain binders or nylon straps. Gaseous chlorine containment and stabilization
measures described in the latest Uniform Fire Code (UFC) are recommended. Chiorine Institute (2001 L
St. N.W., Washington, DC 20036) repair kits should be provided and stored outside the potentially
hazardous area. Secondary containment should be provided for hazardous chemicals and fail-safe control
devices installed on chemical feed systems. Vacuum control valves should be located as close to chlorine
tanks as possible. Chlorine evaporators are particularly heavy. Often they are not installed with adequate
anchorage making use of all of the bolt holes provided by the manufacturer. They should be anchored
securely.
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Large unanchored horizontal tanks, such as liquid natural gas, propane, diesel, or surge tanks, may slide,
breaking connecting piping and draining contents. Adequate load transfer from the tank to the foundation
must be provided through properly designed anchorage. Such tanks should be provided with saddles to
prevent slippage and rupture of attached piping. Buried tanks and manholes may float in liquefiable
material; they should be positively anchored in place.

The legs of equipment and small tanks without cross bracing may bend and collapse; bracing should be
provided, as should lateral support for HVAC equipment that may otherwise fall to the floor. In some
instances, failed HVAC equipment has blocked egress routes. The HVAC system may be critical for
ventilation of areas with toxic fumes.

6.3.1.4 Piping

Piping and associated equipment at a water treatment plant range from large diameter influent and
effluent lines to small gage chlorine piping.

Yard piping is vulnerable where it interfaces with structures, particularly when differential settlement
occurs. This is of greatest concern when structures are pile supported and the piping is direct buried.
Flexibility should be provided at interfaces by using double flexible couplings in series or proprietary
flexible joints.

Rod-supported plant piping swings and can break at weak points, such as threaded connections and cast-
iron valves. Plant piping should be supported in three orthogonal directions in accordance with the
Uniform Building Code (UBC) and the Sheet Metal and Air Conditioning Contractors’ National
Association (SMACNA) requirements, or similar approved national standards. Equipment and pipe
connections can move relative to each other and cause the system to break at the weak point. Therefore,
flexible connections should be provided. Flexibility should also be provided in connections and piping
where they span expansion joints or structures that can respond differentially or are on different
foundations. Pipe appurtenances, such as air-release valves, respond as inverted pendulums, amplifying
ground motions, and can break. They should be laterally supported.

- Equipment and piping containing hazardous chemicals should be protected from falling debris. Overhead
hoists should be left in a "safe” position after use so that if they start swinging, they will not break a
chlorine line.

6.3.2 Pump Stations

Most pump stations are typically small singie story concrete, wood or masonry structures. Due to their
size and weight they are not susceptible to significant damage unless they are constructed of unreinforced
masonry. Most pump stations are unmanned most of the time. Given this level of risk, a risk to life
safety is, therefore, not very significant. Given this level of risk, a code based design is usually sufﬁcu-:nt
to provide adequate seismic resistance.

Below-grade pump stations are usually relatively symmetrical structures employing a heavy reinforced
concrete shear wall design. They typically perform well during earthquakes (Ballantyne, 1994) provided
they are not subjected to soil failures, such as liquefaction or significant differential settlement. While
earthquakes may increase the lateral earth pressures on in-ground structures, the seismic inertial forces
should be significantly lower in these below-grade structures than in above-grade pump-station structures.
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6.3.3 Geotechnical Issues

Earthquakes will increase lateral soil pressures on in-ground structures. Methods developed by
Mononobe and Okabe (Seed and Whitman, 1970) provide direction in designing for increased active soil
pressures. Passive soil pressures may be activated when liquefaction-induced lateral spreading occurs.

Tank structures, channels, and large conduits in water treatment plants are vulnerable to differential
settlement, increased lateral soil pressures, and flotation. Differential settlement i1s most likely in
structures founded on soils subject to densification and/or on soils that vary significantly across the
foundation. Different types of foundations across a structure also increase the risk of differential
settlement. The facility should be located to avoid soils that may densify. Structures should also be
located on a consistent foundation. Otherwise structures should be designed to resist expected soil failure
or designed with provisions to accommodate the expected differential movement. Pounding damage or
permanent movement between adjacent, but unattached or inadequately attached structures may result in
the opening of expansion joints in basins. Flexibility should be provided between such structures.

Liquefaction may cause underground structures in areas of high groundwater to float or subside
differentially. Keeping tanks full offers some mitigation against flotation. Landslides may also be a
concern at particular sites.

6.3.4 Electrical and Communication Systems

Water treatment plants contain electric power and instrumentation systems. The plants may be served by
small substations. In most all plants, local transformers are present. Other electrical and communication
equipment consist of MCC and PLC cabinets, conduits and cable trays, telemetry and SCADA
equipment, emergency generators and related components, and lighting.

Emergency power supplies should be provided for critical system elements because electrical power will
likely be out of service following a major earthguake. To ensure they will operate, these power should be
tested on a frequent basis. Prionty service for the district should be arranged with the local power utility.
Batteries, used for instrumentation backup and starting emergency generators, may topple if unanchored;
they should be positively secured.

During an earthquake, unanchored electrical cabinets and transformers may topple or slide. These units
should be anchored to the floor or attached to the wall with clips. Electric motors may be damaged from
voltage-phase fluctuation. Monitoring and automatic shutdown should be provided for larger motors.
Pole-mounted transformers that are unanchored may also fall, or the pole itself may topple. Emergency
generators require the functioning of a series of support systems. Vibration isolators not designed for
seismic loading are vulnerable. Snubbers should be used for vibration-isclated bases. The vulnerability
(i.e., anchorage, support, and flexibility) of fuel, cooling, starting and exhaust systems, should be
reviewed.

Telemetry systems using dedicated or hardwired systems may have had their cables broken during a
major earthquake. After that event, undedicated telephone line systems will probably not have a phone
line available. A radio system with adequate backup power should be provided. Electrically operated
valves and equipment, or those triggered by telemetry signals, can behave unexpectedly when the power
fails or the signal is lost. Plans should be developed for ways of determining the status of pumps, valves,
or tank levels if the power or telemetry fails.
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TABLE 6-1: SUMMARY OF TANK PERFORMANCE DATA - LOMA PRIETA EARTHQUAKE

No. Tank Location Tank Physical Attributes Earthquake Damage Analysis Results
Name/ PGA
Owner at Site
®
Capacity Type Diam. Ht. Fill Ht. Shell Description of Shell Shell
(MG) (ft) (ft) During Darmage Damage Damage Damage
B/Q (Yes/No) {Shell and Other) Predicted by | Predicted by
(ft) AWWA Modified
(Yes/MNo) Manos
Yes/No)
LPI  [20001/Texaco Richmond 0.840 | Welded 55 43 18.5 No None 'j :
LP2 20002/ Texaco Richinond 0.840 Welded 55 48 40.8 No OPBP % y
LpP3 20003/ Texaco Richmond 0.840 Welded 55 48 26.1 No None
LP4 20008/Texaco Richmond 0.840 Welded 54 49 3746 No Roof walkways
: Jumped off rails :
LP5 20009/ Texaco Richmond 0.840 Welded 54 49 224 No None §
LP6 20010/Texaco Richmond 0.840 Welded 54 49 124 No Roof walkways e
jumped off rails i
LP7 3978/Unocal Richmond 7 Welded 425 7 28 Yes EFB, SBP, fullen I
) walkway "
LP8 3957/Unocal Richmond ? Welded 425 ? 28 No OPSP %
LPY 3956//Unocal Richmond ? Welded | 425 ? 28 Yes SBP i
LPIO ] 3955/Unocal Richmond ? Welded 42.5 ? 28 No OFL ;’é‘
LI 4170/Unocal Richtmond ? Waelded 50 ? i3 Yes EFB a0
LPM12 | 3949/Unocal Richmond 7 Bolied 42.6 ? 28 No OFL l‘f}

Abhreviations: .

TLM -
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Peak ground acceleration
Elephant’s foot buckling of shell

Failure of overconstrained piping - side penctration
Failure of overconstrained piping - boltom penctration
Failure of shell - boltom plate seam or tear in shell below manhole/side penetrating reinforced nozzle

Leakage of bottom flange (smadl)

Damage to shell due to overconstrained foam line
Shetl/bottomn plate thickness data missing

Roof damage
Shell buckling near roof
Tank lateral movement

Y Shaded arcas indicate data is missing and analysis could not be perforied.

Comments

| Diesel; SBPTDM

41 Gasoline; SBPTDM

| Gasolinc; SBPTDM

%] Gasoline; SBPTDM

Y Gasoline; SBPTDM

| Gasoline; SBPTDM

{ Lube oil; 0,3 MG storage during

E/Q; SBPTDM

Gasoline; 0.3 MG storage during
E/Q; SBPTDM

Gasoline; 0.3 MG storage during

i| E/Q: SBPTDM

Gasoline; 0.3 MG storage during

| E/Q; SBPTDM

Gasoline; 0.3 MG storage during

i B/Q; SBPTDM




TABLE 6-2: SUMMARY OF TANK PERFORMANCE DATA - COSTA RICA EARTHQUAKE

No. Tank Location | Tank Physical Attfibutes | PGA Earthquake Damage Analysis Results Comments
Name/ ' at Site :
Owner (®)
Capacity Type Diam. Ht. Fill Ht. Shell Description of Damage Shell Shell
(MG) (ft) (ft) During Damage (Shell and Other) Damage Damage -
EQ (Yes/No) Predicted by | Predicted by
(fo AWWA Modified
(Yes/No) Manos
. (Yes/No)
CRI 701/ RECOPE Moin, Costa Rica 3.70 Welded 145 32 29.9(1) No Fire caused by Tank Light crude; SBPTDM
Refinery . 192, RD '
CR2 704/ RECOPE Moin, Costa Rica 4.66 Welded 145 40 37.8(1) No RD Light crude; SBPTDM
Relinery
CR3 705/ RECOPE Moin, Costa Rica 4.66 Welded 145 40 37.8(1) No RD Light crude; SBPTDM
Refinery
CR4 708/ RECOPE Moin, Costa Rica 0.86 Welded 69.4 32 30.5(1) Yes EFB i] Heavy crude; SBPTDM
Refinery . __
CRS 709/ RECOPE Moin, Costa Rica 0.86 Welded | 694 32 30.5(1) Yes EFB 4| Heavy crude; SBPTDM
Refinery i
CR6 715/ RECOPE Moin, Costa Rica 2.10 Welded - | 97.4 40 37.7(2) No RD : #] Naphtha; SBPTDM
| Refinery : :
CR7 | 717/ RECOPE Moin, Costa Rica 0.76 Welded | 58.6 175 17(2) No RD 444 Naphtha; SBPTDM
Relinery ‘ . i h
CR8 725/ RECCOPE Moin, Costa Rica 0.76 Welded 58.6 375 37(2) No RD i ] 4] Heavy naphtha;
Refinery _ P . g i /1 SBPTDM
CR9 726/ RECOPE Moin, Costa Rica 0.76 Welded 38.6 375 37(2) No RD;TLM & 4 Heavy naphtha;
Refinery . SBPFTDM
CRID | 728/ RECOPE Moin, Costa Rica 4.07 Welded 134 40 38.6(1) No SBR; TLM 1 Bunker oil; SBPTDM
Refinery ‘ ey
CRI1 | Unknown/ Moin, Costa Rica 3.95 Welded 134 40 37.5(1) No TLM #| Diesel; SBPTDM
RECOPE Refinery : . ‘
CRi2 |738/RECOPE Moin, Costa Rica 0.42 Welded 48 32 11.13) Yes EFB #| Gasoline; SBPTDM
Refinery '
CR13 | 745/ RECOPE Moin, Costa Rica 0.21 Welded 34 k] 31.0(3) Yes EFB | Diesel; SBPTDM
Refinery ‘ :
CR14 |792/ RECOPE Moin, Costa Rica 0.023 Welded 15.7 15.9 15.9(1) Yes Overturned tank; i{ Slop; SBPTDM
Relinery explosion
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TABLE CONTINUED ON NEXT PAGE




Abbreviations: EFB

MNotes: ()
(2)
3

Agen.cics: RECOPE

§T9
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TABLE 6-2: Continued

- Elephant’s foot buckling of shell

- Failure of overconstrained piping - side penetration

- Failure of overconstrained piping - bottom penetration

- Faiture of shell - bottom plate seam or tear in shell below manholefside penetrating reinforced nozzle
- Leakage of bottom flange (small)

- Damage to shell due to overcanstrained foamn line

- Shell/bottom plate thickness data missing

- Roof damage

- Shelt buckling near roof

- Tank Iateral movement

Estimated fill height based on tank being reportedly full at time of earthquake
Tank assumed to be fulf based on fluid sloshing damage
Tank assumed to be full based on observed damage (note that this may or may not be the case)

- Recope Qil Refinery (Costa Rican oil refinery, Refinadora Costarricense de Petroleo)

% Shaded areas indicate data are missing and analysis could not be performed.
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TABLE 6-3: SUMMARY OF TANK PERFORMANCE DATA - LANDERS EARTHQUAKE

No. . Tank Location Tank Physical Attributes PGA Earthquake Damage Analysis Results Comments
Name/ at Site :
Owner (g) .
Capacity Type Diam. Ht. Fill Ht. Shell Description of Damage Shel! Sheli
(MG) (fty (ft) During Damage (Shell and Other) Damage Damage
E/Q {Yes/No) Predicted by | Predicted by
(m AWWA Modified
(Ycs/No) Manos
(Yes/No)
LI 8/BDVWA W. of Landers 0.42 Welded 55 24 219 0.56 Yes EFB, OPSP, SBP Yes No
L2 CSA-70 Landers 0.21 Bolted 38.6 24.1 22.0 0.47 Yes EFB, OPSP, SBP Yes Yes Assumed fill ht. = 22",
: . Assumed Subsurface 15 soil
L3 “g/BDVWA(l) | W. of Landers 0.10 Welded 26.5 24 22.8 0.55 No None SBPTDM
L4 seompywall) | W.oof Landers 0.50 Welded 59.5 24 22,6 0.55 No None SBPTDM
L5 10/BDVWA W. of Landers 0.10 ? 326 16 14.6 0.55 No None SBPTDM
L6 22A/BDVWA Flamingo Hts. - 0,10 7 326 - 16 i4.6 0.54 No None SBPTDM
L7 22B/BDVWA Flamingo Hts. 0.10 ? - 326 16 14.6 0.54 No None | SBPTDM
L8 22C/BDVWA Flamingo Hts, 0.20 ? 46 16 14.6 054 No None SBPTDM
L9 22D/BDVWA Flamingo Hts. 0.50 ? 73 16 14.5 0.54 No . Nonc SBPTDM
L0 | 3H/BDVWA S. of Flamingo Hts. 0.042 ? 21 16 14.7 Q.55 No None SBPTDM
LI1 | BerySCWC Barstow 0.13 Bolled 30 24 21 .14 No LBF Yes No
Li2 | Basalt/SCWC Barstow 0.13 Bolted 30 24 21 0.14 No OPBP . Yes No
LI3 [ Arville-N/SCWC | Barstow 0.20 Welded 29.3 41.5 37 0.14 No OPBP ch No
(fillet)
L4 Arville-S/SCWC | Barstow Welded 29.3 44,5 40 014 No TM Yes No

0.22

KAOOd\nist\finalrpt.doc

TABLE CONTINUED ON NEXT PAGE
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Abbreviations: EFB
QPSP
OPBP
SBP
LBF
OFL
SBPTDM
BPTIDM
RD
SBR
TLM

Notes: [)]

Agencies: BDVWA
CSA

- SCwWC
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TABLE 6-3: Continued

Elephant’s foot buckling of shell

Failure of overconstrained piping - side penetration
Failure of overconstrained piping - bottom penetration
Failure of shell - bottom plate seam or tear in shelt below manhole/side penetrating reinforced nozzle
Leakage of bottom flange (small)

Damage to shell due to overconstrained foam line
Shell/bottom plate thickness data missing

Bottom plate thickness data missing

Roof damage

Shell buckling near roof

Tank lateral movement

Precise name not known; two tanks at this location (curremly designated Tanks “B” and “C")

Bighorn Desert View Water Agency
County Service Agency
Southern California Water Company

Shaded areas indicate data are missing and analysis could not be performed.
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TABLE 6-4: SUMMARY OF TANK PERFORMANCE DATA - NORTHRIDGE EARTHQUAKE (Page 1 of 3)

No. Tank Location Tank Physical Attributes PGA Earthquake Damage Analysis Results Commenls
Name/ at Site
Owner . 8
Capacity | Type. | Diam, Ht. Fill Ht. Shell Description of Damage Shell Shell
(MG) (f) (foy During Damage (Shell and Other) Damage Damage
‘ E/Q (Yes/No) - Predicted by Predicted by
(fty ' AWWA Modified
(Yes/No) Manos
: . (Yes/No)
NI JAla Vist/LADWP San Fernando Valley 0.5 Riveted 54 30 29 0.90 No None
N2 |Alta Vist/LADWP San Fernando Valley 1.8 Welded | 95 36.5 30.5 0.90 No None
N3 |Alta View/LADWP San Fernando Valley 1.0 Riveted| 65 42,5 41 0.25 - No STL BPTDM
N4 {Beverly Glen/LADWP | San Femando Valley| 2.2 Riveted | 100 | 40.604 { Unknown | 0.28 No SBR, RD, OPSP
N5 [Clearwel/ LADWP San Fernando Valley 4.6 Welded | 140 40 383 0.96 No None SBPTDM
N6 [Coldwater/LADWP San Fernando Valley| 2.2 | Riveted| 100 | 40.604 | Unknown | 0.16 No  [RD, TLM, QPSP BPTDM, foundation seltlement
N7 |Corbin/LADWP San Fernando Valley 4.0 Welded | 156 30 25 0.38 No OPBP . Partially buried, BPTDM
N8 |Donick/LADWP San Fernando Valley 1.1 Welded | 122.8 24 225 0.38 No SBPTDM
N9 |Granada High/ LADWP | San Fernando Valley] 0.58 |Riveted| 55 35 31.7 0.46 Yes  [C, OPSP ank  Removed, SBPTDM,
' drwgs. Available
N0 [Kittridge 3/LADWP San Fernando Valley| 10,0 | Welded | 190 51 Unknown 0.40 No 1" annular ring, BPTDM
NI Kitridge 4/1LADWP San Fernando Valley| 10,0 Welded | 190 51 Unknown 0.40 No 1" annular ring, BPTDM
N12 [Mulholland/LADWP? San Fernando Valley| 052 | Riveted{| 52.5 35 Zero 0.23 No Overflow pipe damage ank out of service during EQ
N13 [Topango/LADWP San Fernando Valley| 0.215 | Welded 18 29.7 26.5 0.38 No OPSP
N‘l4 Zelzah/LADWP San Fernando Valley 1.0 Wel(VIEd 70 40 323 0.22 Yes (OPSP, RD, EFP {minor)
NI1S JAlamo/SCWC Simi Valley 1.3 Welded 100 26 20.5 0.30 No None No No
N16 [Crater East/SCWC Simi Valley 0.5 Bolted 60 24.1 | Unknown | 0.30 No None Yes No - Fill ht. at time of earthquake -
. [assumed to be 22
N17 [Crater West/SCWC Simi Valley 0.21 Bolted 40 24.1 23 0.30 No  |Nene Yes Yes Fill ht. At timc of earthquake]
assumed to be 23'
N18 [Katherine/SCWC Simi Valley 0.21 Bolted | 38.67 24.1 20-21 0.75 Yes  |EFB, OPSP, SBR, RD, Yes Yes BPTDM
LBF
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TABLE 6-4 CONTINUED (Page 2 of 3)

N19 {Lautenschlager #1/SCWC Simi Valley 0.5 Welded [ 64 22 19.5 No None - i

N20 Lautenschlager #2/SCWC Simi Valley 0.5 Welded 64 24 19.5 No None ’g"’ 7

N21 [Rebecca Narth/SCWC Simi Valley 0.21 Bolted ‘38.67 24.1 22—23- 0.32 Yes EFB, OPSP, SBR

N22 (Rebecca South/SCWC Simi Valley 0,126 Bolted | 29.75 24,1 22-23 0.32 Yes OFSP, EFB, SBR

N23 iSycamore North/SCWC Simi Valley 0.126 | Bolted | 29.75 24.1 16.5 0.30 Yes  |OPSP, EFB, LBF

N24 [Sycamore South/SCWC Simi Valley 0.2i Bqlted 38.67 24,1 16.5 0.30 Yes EFB

N25 [Tapo/SCWC Simi Valley 3.0 Welded | 130 321 28.5 0.32 No None

N26 [Newhall No. [/NCWD Newhall 063 |Welded] 60 30 Unknown Yes EFB, é, OPSP

N27 [Newhall No. 2/NCWD Newhall 03 Welded 40 32 Unknown Yes EFB, OPSP, TLM

N28 [Newhall No. 3/NCWD Newhall 03 Welded | 40 32 Uni(nown Yes  [OPSP, TLM, SBP ‘éf”

N29 [Newhall No. 4INCWD Newhall 03 Welded | 40 ‘ 32 Unknown ) Yes  |OPSP, OPBB, TLM, SBP,

N30 INewhall No. 5/NCWD Newhall 0.75 Welded 64 32 Unknown Yes OPSP, OPBB, TLM, SBP
JIN3T [Newhall No. 6/NCWD Newhall 006 |Weldedj 20 20 Unknown Yes  lOPSP, OPBB, EFB, SBP e

N32 [Newhall No. 7/NCWD Newhalt 1.5 Welded 90 32 Unknown No RD, SBR i

N33 JAmir/unknown Simi Valley 0.3 Welded | 42 29.83 | Unknown Yes EFB

N34 [Larwin Santa Clarita 0.82 |Welded] 60 40 32 Yes  |EFB, SBP,RD

N335 MM Valencia 0.5 Bolted 60 24 26 Yes |C

N3G MM?2 Valencia 0.75 Bolted 73 24 20 - l No Damage

N37 [Santa Clarila Valencia 1.5 Welded 80 40 39 ‘Yes EFB, RD

N8 [A/Sepulveda Terminal Sepulveda (.84 Welded 65 36 24 No

N39 [B/Sepulveda Terminal Sepulveda 1.05 Welded 72 36 12 No

N4 IC/Sepulveda Terminal Sepulveda 0.76 | Welded 60 I PR 2 No

N4 |1/Van Nuys Terminal Van Nuys 0.23 Welded 29 48 Unknawn No

kA\OOMAnist\finalrpt.doe

1

ABPTDM

i RPTDM

BPTDM

BPTDM, onset of EFB

{BPTDM, onset of EFB

BPTDM, onsct of EFB

{1SBPTDM

SBPTDM, damage to tub ring

SBPTDM, damage to tub ring

4ISBPTDM, damage to tub ring

ISBPTDM, damage to tub ring

1SBPTDM, damage to tub ring

JISBPTDM, evidence of rocking

Fire protection tank, BPTDM

ISBPTDM, anchored tank

SBPTDM

Damage due to adjacent MM
collapse, SBPTDM

SBPTDM, [ocation & owner
unknown

SBPTDM, Fuel storage tank

SBPTDM, Fuel storage tank

SBPTDM, Fuel storage tank

SBPTDM, Fuel storage tank




TABLE 6-4 CONTINUED (Page 3 of 3)

SBPTDM, Fuel storage tank

SBPTDM, Fuel storage tank

1SBPTDM, Fuel storage tank

{SBPTDM, Wastewater

0£-9

NCWD -

Shaded areas indicate data are missing and analysis could not be performed,

Newhall County Water District sCwe
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N42 [2/Van Nuys Terminal Van Nuys 0.36 Welded 36 48 Unknown Na
N43j3/Van Nuys Terminal Van Nuys 1.26 | Welded| 67 48 Unknown No
N44 |4/Van Nuys Terminal Van Nuys 143 |Welded| 72 48 Unknown No
N45 15/Van Nuys Terminal Van Nuys 0.038 | Welded {5 30 Unknown Na
Abbreviations: C. - Collapse

EFl - Elephant's foot buckling of shell

apPsp - Failure of overconstrained piping - side penetration

OPBP - Failure of overconstrained piping - bottom penctration

SBP - Failure of shell - bottom plate seam or tear in shell below

manhole/side penetrating reinforced nozzle
LBF - Leakage of bottom flange {small)
- Roof damage

SBR - Shell bucking near roof

STL - Settlement

TLM - Tank lateral movement

BPTDM - Bottom platc thickness missing

SBPTDM - Shell and bottom plate thickness data missing Agencies:

LADWP: - Los Angeles Department of Water and Power

Southern California Water Company
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Poor Details

{ Retrofit Recommendations
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Figure 6-4 Typical Poor Details at Unanchored Tanks and Retrofit
Recommendations (Adapted from Dowling and Summers, 1993)
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Poor Details ! Retrofit Recommendations
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Figure 6-4(Cont.) Typical Poor Details at Unanchored Tanks and Retrofit
Recommendations (Adapted from Dowling and Summers,-1993)
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7.0 MITIGATION ALTERNATIVES

7.1 WORKING RELATIONSHIPS BETWEEN FIRE DEPARTMENTS AND WATER
AGENCIES

7.1.1 Recommendations to open communications between fire and water departments

Fire and water departments bear joint responsibility in disasters involving fires and the delivery of adequate
water supply to control the fires that occur. If mains are inadequate, or are gated to set up different zones,
these gates must be opened at such major fire events to insure adequate supply to fire department pumpers.

Communications between the two agencies is critical to allow for coherent operations of the two agencies at
emergencies. Fire Departments and Water Agencies should meet and agree upon protocols and operating
procedures for operations at emergencies.

Communications by a water department representative to the Incident Commander at a fire incident should
be defined and structured so it fits into the overall emergency operations procedures. Fire Department
command and dispatch centers should be tasked with contacting the Water Department Operations Center to
respond to a fire incident. Major incidents such as earthquakes and wild land fires will demand the utmost of
water departments to maintain adequate fire flows. Satisfactory communications between the two agencies
will be a critical factor in satisfactory operations.

A standard operating procedure could be developed where the fire command center automatically sends a
request for a water agency representative to respond to the incident. A recommended response would be for
" water department response to all second or greater alarms that are struck for a fire. A second alarm or
greater is defined as the call for assistance beyond the initial fire response to a fire call.

With such an automatic response procedure for large fires, fire dispatch personnel would get used to the
routine of calling for the water department response and the water department personnel will be used to the
calls and reporting into the command post at actual incidents.

It is important that this response procedure of water department personnel to large fires be structured as
automatic response, it should not be seen as an extraordinary duty for water department personnel, nor
should it be left to Incident Commanders to request water department representatives to respond. The
command post at a major fire can become very hectic and a request for a water supply representative could
fall through the cracks in requesting response. If water supply problems develop, there can be considerable
delay in the response of the water supply representative if they are requested after the event has occurred.

7.1.2 Post earthquake issues facing fire and water departments

Earthquakes can cause major disruption in water supply systems. This can have catastrophic results in fire
fighting following an earthquake where the water system suffers substantial damage. Fires following
earthquake occurs with regularity in built up areas due to a variety of ignition sources. The first priority of
fire departments following earthquakes is to quickly determine where fires have occurred and to devise an
action plan to control them.
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»  Water supply will be a primary concern for the fire department in this situation. The first priority
of water departments following an earthquake is to determine where breaks have occurred in mains or
storage facilities and what the situation is regarding electric power to operate pumps and other facilities.

s Major breaks must be quickly isolated so that reservoirs are not drained. Coordination with fire
departments must take place so that water supply can be provided or maintained where fires have
occurred.

o Communications between fire and ‘water departments will be critical in the initial phase of the
post earthquake event.

Post earthquake scenarios where damage to the water system and fire breakouts have occurred can have
catastrophic consequences for a city or urban area. The primary mission of the fire department will be to try
to prevent conflagration conditions developing with the fire situation. Water supply to allow the fire
. department to function will be the critical issue in success or failure of fire fighting efforts.

Pre-event planning will be of utmost importance. for successful emergency operations of fire and water
departments. Actions by employees of both department will have to be taken that will be in effect, "damage
control”, to enable systems to function initially. The importance of an operations plan for actions following
earthquake by both departments is critical. :

Training exercises, both table top and actual field exercises in closing down valves, communications and
coordination must be done from time to time to insure that plans and procedures that have been developed
actually work in a practical manner. Both fire and water agencies should participate in such exercises, with
critiques to be held following such joint training exercises.

After the fires are brought under control, the fire and water departments will then focus their efforts in
getting the damaged water system back into service as soon as possible. This may entail fire departments
assisting water departments in using their equipment to help in bypassing breaks and getting temporary
systems in place to provide fire flows until permanent repairs are made to underground mains.

As an example, following the Northridge earthquake in southern California, fire departments worked with
the water districts for several weeks in providing assistance in pumping from one water zone to another,
bypassing breaks and restoring service to undamaged areas that were gated off.

Pre-planning by fire and water departments for earthquake events can usually establish the most likely areas
of the water system that will sustain damage. Study of soil conditions and engineering studies of the water
system can usually develop an accurate profiles of where damage is most likely to occur to the water
system. Pre-planning to mitigate this damage can be developed and emergency operations plans can be
developed to deal with this projected scenario.. This type of planning and coordination between fire and
water departments is very important for them to have some idea of the difficulties they will be facing in such
events. Contingency planning for both departments in these situations will have great benefit for successful
operations.

This type of planning will be critical for the fire department in understanding the potential of large fires that
may develop into conflagrations. The fire service needs to know the weak points of the water system and to
be able to anticipate where breaks in mains are likely to occur. With this knowledge they can develop fire
fighting operational plans that will be realistic under the conditions that they will be facing.
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Restoration of the water lifeline systems following an earthquake is a top priority for fire and water
departments. Planning, communications, coordination between both agencies is vital and necessary for
successful emergency operations. Each agency must be aware of the needs and problems facing the other,
as without water supply the dimension of the disaster can reach catastrophic proportions.

7.2 PRIORITIZATION OF SYSTEM HARDWARE REPLACEMENT
The prioritization of system hardware replacement consists of a three step procedure, as described below:

(1) . In the first step, each component of the system is rated in terms of its criticality with respect to
system operation, with the main objectives consisting of life safety, fire fighting, providing
emergency water, and being able to complete system restoration following an earthquake.
Component criticality refers to the significance of a given component with respect to these issues.
By way of example, an operations building is more critical than an unmanned tool storage shed.
-The criticality of each component is established in terms of an overall criticality rating (OCR).

) The second step consists of an engineering evaluation of each component of the system to
establish its seismic vulnerability by estimating expected damage that the component may
experience during the postulated earthquake. The expected seismic performance of a structure or
component against an established performance criterion is known as the seismic vulnerability.
An attempt should be made to assign seismic vulnerability ratings (SVRs) to all facilities in the
system. :

(3) The final step in the prioritization process consists of assigning a retrofit priority to each of the
components of the system, with consideration given to both the criticality and vulnerability.

These concepts are described in more detail below.
7.2.1 Development of Overall Criticality Rating (OCR)

Overall criticality ratings (OCRs) are assigned to each component and pipeline segment in the system in
numerical order from 5 (highly critical) to I {not critical). The OCR is generally chosen to be a weighted
average of the following six individual criticality ratings (or any other criticality ratings, as appropriate),
m which each individual criticality rating also ranges from, say, 5 (highly critical) to 1 (not critical):

SOR - System Operation Rating
CSR - Capacity/Size Rating
LSR - Life Safety Rating

FFR - Fire Flow Rating

DWR - Drinking Water Rating
DPR - Damage Potential Rating

The first two individual criticality ratings above (SOR and CSR) can be combined to form a Facility
Criticality Rating (FCR) using Equation (7-1) below. The FCR remains the same for each component at
any given facility. For example, a clarifier and a motor control center (MCC) at a given treatment plant
should both have the same FCR. The FCR is intended to establish the importance of each facility in the
systemn. As another example, two large tanks at different locations in the system that may have the same -
CSR, may very likely have different SORs (since they may be of different criticality with respect to
system operations), and hence, have different FCRs.

FCR = (X, x SOR) + (X; x CSR) | (7-1)
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The latter four individual criticality ratings described above (LSR, FFR, DWR and DPR) can be
combined using Equation (7-2) to form a Component Criticality Rating (CCR) for each of the
components at any given facility. In the above example, the clarifier and the MCC at the treatment plant
need not have the same CCR.

CCR = (Y; x LSR) + (Y2 x FFR) + (Y3 x DWR) + (Y4 x DPR) (7-2)

Finally, the FCR and CCR can be combined using Equation (7-3) below to give the Overall Criticality
Rating (OCR).

OCR = (Z; x FCR) + (Z, x CCR) - o (7-3)

The relative weights assigned to each of the individual criticality rétings described above need to be based
on individual system performance requirements. The weighting factors for the FCR (X, X5), the CCR

(Yy, Yo, Y3, Yy) and the OCR (21, Z3), should add respectively to 1.0.

An example definition of the individual component criticality ratings is given below.

System Operation Rating (SOR) ranges from 5 (highly significant with respect to system operation) to 1
(not highly significant with respect to system operation).

Capacity/Size Rating (CSR) is a function of component size. As an example, for reservoirs, the CSR
could be defined as follows: '

5 - 5,000,000 gallons or greater
4 - 3,000,000 - 5,000,000 gallons
3 - 1,500,000 - 3,000,000 gallons
2 - 750,000 - 1,500,000 gallons

1 - Less than 750,000 gallons

For other components, the CSR can be based on relative water throughput.
Life Sa'[eg Raring (1LSR) can be assigned as follows:

5 - Continuously cccupied
4 - Hazardous materials release
3 - Occupied 50% of time
2 - Occupied 25% of time
1 - Occupied 10% of time or less

Fire Flow Rating (FFR) ranges from 5 (highly critical with respect to providing water for fire
suppression) to 1 (not critical with respect to providing water for fire suppression). -
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Drinking Water Rating (DWR) ranges from 5 (highly critical with respect to providing drinking water
following an earthquake) to 1 (not critical with respect to providing drinking water following an
earthquake).

Damage Potential Rating (DPR) ranges from 5 (significant issues with respect to damage potential to
adjacent facilities, e.g., numerous residences in the direct flood path of a potential catastrophic reservoir
failure) to 1 (mintmal damage potential to adjacent facilities). The DPR can also reflect the damage
potential to the component itself, adjacent facilities or the entire system, e.g., an unrestrained bookshelf
that could fall and adversely impact crmcal computer/control equipment causing significant damage
should have a high DPR.

Pipeline segments should also be assigned an OCR that ranges from 5 (highly critical) to 1 (not critical).
Pipeline OCRs are usually established in a discussion with the utility personnel. The OCRs selected for
pipeline segments can be the same as the SORs for the various facilities along the pipeline system. OCR
5 pipelines can be those required to move water to and from major portions of the system. There is
usually no redundancy for OCR 5 pipelines. OCR 4 pipelines, on the other hand, often have some limited
redundancy, but are stili critical “backbone” transmission pipelines. OCR 3 pipelines are those required
to serve the various cities along the extremities of the system. "Each OCR 3 pipeline serves only a
relatively small area. OCR 1 and 2 pipelines are generally only for distribution systems, rather than the
backbone transmission system. :

7.2.2 Determination of Seismic Vulnerability Rating (SVR)
7.2.2.1 Facilities

Seismic vuinerability ratings (SVRs) should be assigned to each component based on the seismic
performance estimates during the postulated (design or evaluation level) earthquake. SVRs range from 5
to 1 in accordance with the ratings given'in Table 7-1. SVRs are assigned if one or more of the cntena in
Table 7-1 is met.

7.2.2.2 Pipelines

SVRs can be assigned to each pipeline segment based on the seismic performance estimates in terms of
damage rate (damages per km) for the postulated earthquake, where damage is defined as a pipeline leak
or break that would be identified within 7 days following the earthquake. SVRs can range from 5to 1 as
shown in Table 7-2.

7.2.3 Retrofit Prioritization

Retrofit prioritization is accomplished thfough use of a risk analysis matrix relating the seismic
vulnerability rating, SVR, and the overall criticality rating, OCR. An example is provided in Table 7-3.

The significance of the recommended action items in each of the retrofit categories, A, B, C, and D,
should be evaluated, including estimated cost and comsequences to the system if the component or
pipeline segment was to fail. All priority A and B recommendations should generally be implemented.
Priority C and D recommendations should be evaluated on their own merit.
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7.3 MONITORING AND CONTROL OF LIFELINE SYSTEMS AS A MITIGATION
ALTERNATIVE

7.3.1 Introduction

This section summarizes the problem of earthquake damage to lifeline systems, particularly buried pipe, and
the high cost of mitigation by replacement. System monitoring and control is presented as an alternative.
Earthquake hazard, structural, soils, and system operation parameters are identified as useful for system
control; examples are presented. Monitoring and control system implementation issues are discussed
_including system configuration, local/centralized control, hardware, and. appropriate types of systems for
earthquake mitigation implementation.

7.3.2 Problem Statement

E;irthquakes cause damage to lifeline syétems, particularly buried pipelines and transportation facilities.
Upgrade of these lifeline system elements to remain functional following design level earthquakes can be
prohibitively expensive, and may not be technically feasible.

Examples of lifeline system failures include water and gas systerns in both the Northridge, California, and
Kobe, Japan earthquakes. The Northridge Earthquake initiated 58 building strocture fires, 51 of which
involved natural gas; 172 mobile homes were destroyed by fire, most fueled by natural gas. An estimated
100,000 services were without water as a result of failure of 24 of LADWP's major trunk lines and 700
distribution lines. Fire crews were using tankers to transport water to fires. A mptured liquid fuel line
discharged 4,120 barrels of product into the Santa Clara River requiring a major cleanup effort.

In Kobe, Japan, approximately one million houses were without water following the January 17, 1995 event
as a result of leakage from 4,200 pipeline failures. Two-thirds of the reservoir sites serving urban Kobe,
providing water for drinking and fire protection, drained within six hours. There were over 148 fire
ignitions; approximately one-third from natural gas. It took six hours to shut down the gas distribution
system.

. Wholesale replacement of water system pipeline materials vulnerable to earthquakes is prohibitively
expensive as an earthquake mitigation measure. The Seattle water system has approximately 2,400 km of
pipelines less than 31 cm in diameter and approximately 550 km of pipelines larger than 31 cm in diameter
(Ballantyne, 1988). Approximately 6 percent is in areas highly vulnerable to liquefaction. Most of the
system 1s cast iron pipe. The estimated cost to replace the entire system with ductile iron or welded steel pipe
would be over $1.5 billion. Replacing just the pipelines in areas susceptible to liquefaction would cost an
estimated $100 million. These costs exceed the Seattle Water Department's financial capability to replace
vulnerable pipelines. A monitoring and control system alternative will mitigate the effects of some pipeline
damage at a cost less than replacing vnlnerable pipelines.

There is some question whether even pipelines constructed with the most seismic resistant materials and
designs will resist large permanent ground deformation.

7.3.3 Post-earthquake System Monitoring and Control Strategy

The mitigation strategy described in this paper is to monitor 1) seismic hazard parameters, 2) structural
component and soil parameters, and 3) post-earthquake system operation. With that information, control
secondary damage that might occur and/or keep systems functional to provide continued service. Secondary
damage that might occur includes trains running off the tracks where embankments or bridges have failed, or
natural gas from broken pipelines igniting. Continued service could be maintained in water systems by
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isolating damaged parts of the system that would then allow provide water for fire suppression in undamaged
areas.

Evaluation of seismic hazard parémeters such as peak ground acceleration would enable identification of
areas of high peak ground accelerations where structural damage and 3011 failures are more likely to occur.
Table 7-4 shows examples of monitoring and control approaches.

One or more of these parameters can be combined to provide a more reliable assessment of the situation. In
water systems, peak ground acceleration, PGA, flow, rate of change of flow rate, and/or pressure can be
combined for various levels of controlled response. For gas service meters, flow, flow duration, seismic
intensity, pressure, and gas concentration exceeding predetermined levels have are all monitored to make a
shutdown decision.

PGA threshold levels for earthquake valves on reservoirs in the Kobe, Japan water system are set at the
following levels with the corresponding action: .

40 gal: manual alarm (where 980 gal = 1 x gravity)
80 gal combined with rate of change of flow: shut down
250 gal: shut down

Standard Japanese trains are directed to slow to 15 kph with PGAs exceeding 40 gal, until the first train
passes and does not identify damage. At 80 gal, train service is suspended, and trains running on tracks are
directed to proceed to the nearest station at 15 kph. The Shinkansen (Bullet Train) power is shut down at a 40
gal threshold, with resumption of service at reduced speeds and/or rerouting depending on the earthquake
magnitude and intensity, as measured by seismographs at each transformer station. All bullet trains are
rerouted when the PGA exceeds 120 gal. There is increasing concern with quick shut down as train speeds
increase to 270 kmph, requiring 3 to 4 km to stop.

Measuring offsets of structural component differential movement is being used both for building of active
control systems and tunnels. The technology is available for monitoring pipe joint displacement, but is -
probably too expensive for any but the most crucial pipelines and those serving as surrogates of long pipeline
segments. In-situ liquefaction monitoring technology has been developed and implemented by Tokyo Gas;
implementation is unknown.

System operauon parameters, particularly flow, is being used both mdependently as well as in combination
with shaking intensity as a control parameter.

Ground motion instrument distribution can have a significant effect on the level of accuracy of ground
motions at any given site. Kobe Water has a single ground motion instrument centrally located within there
system that is used for post earthquake control of the system. Osaka Gas has approximately 30 ground
motion instruments that are integrated to calculate ground motions throughout their system. Standard
Japanese railways locate ground motion instruments approximately every 40 km along their alignment, with
the Shinkansen locating them every 25 km. The USGS/California Institute of Technology CUBE system
makes use of the USGS network of ground motion instruments.

7.3.4 Applications in Different Water System Configurations
Further discussion in this section focuses on application of monitoring and control of water systems. There
are three basic applications for monitoring and control (isolation valves) in water systems, 1) reservoir

isolation, 2) pipelines vulnerable at rivers and/or fault crossings, and 3) areas susceptible to liquefaction. In
all three cases, it is the intent to isolate the stored water from the damaged pipeline system. Another
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application is the use of an isolation valves on one of two reservoirs at a single site, maximizing system
reliability, but still isolating some water from damaged pipelines. This application was in place in Kobe,
Japan, and worked effectively following the earthquake.

7.3.5 System Control and Keeping the System Operating

Water systemns can be monitored and controlled either locally, or from a central location. In a pure, local

system, the parameters selected for control would be monitored, when the set point was reached, the isolation

valve would be actuated. Alternatively, parameters such as ground motion could be monitored locally and -
telemetered back to a central location; parameters such as ground motion could be monitored at the central

location. Control decisions could then be made in the central location where trained staff could evaluate

other system conditions and make a more informed decision. The advantage of the local system is high

reliability; no communication system is required. The disadvantage is that the control parameters that control

the local decision can not consider other disaster-related activities. The best system is a combination where

the local decision could be overridden from a central location.

Supervisory Control And Data Acquisition, SCADA, systemns already exist as part of many water systems. In
the event system damage is identified by recognizing excess flows and/or accelerated reservoir drawdowns,
operation crews can be dispatched to close valves. The disadvantage of this approach is that it may take too
much time (possibly as little as 15 to 30 minutes) to reach the critical valve, before the reservoir is drained. In
the Whittier Earthquake, operations crews were able to get to a tank, and close the valve before it drained. In
the Loma Prieta Earthquake, response crews were not able fo get to critical valves before the tank dramed in
the San Francisco Auxiliary Water Supply System.

One advantage of a staffed central control system is that the water system will only be shut down as a last
resort, only when the reservoir would otherwise drain. It is difficult to have an automated system make such
a decision. In the Northridge Earthquake, the Los Angeles Department of Water and Power decided to keep
key transmission lines in operation to provide water for fire suppression to a neighboring community, even
through they knew reservoirs would be ultimately drained. Major fires were averted.

There is a fine line between "system control” and emergency response based on analysis of hazard
information. Systems are in place in both Japan and Southern California where emergency response crews
are dispatched based on areas where earthquake damage is expected to be the most severe.

7.3.6 Appropriateness for Different Types of Systems

It is more appropriate to implement a control system on a system that can be shut down without significant
consequences. On potable water systems, system shut down may result in water contamination due to back
siphonage. Similarly, shut down would render sprinkler systems inoperable. Water from hydrants for fire
suppression would be stopped, and water for general use at critical facilities such as hospitals would be
stopped. If the situation is critical, system shutdown may still be appropriate; if the system is shutdown
inadvertently, or needlessly, there could be significant negative consequences.

Damaged portions of dedicated fire protection systems could be shut down with minimal impact on other
users. Isolation systems may have more application on dedicated systems. Construction of a dedicated water
system has been economically justified in Vancouver, B.C.. The existing potable water system did not meet
. fireflow requirements and was in need of a significant pipeline improvement program. The City decided to
spend the money on a dedicated system that could be designed to high post-earthquake Performance
standards, including a monitoring and control system.
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 7.3.7 System Hardware

Primary devices for measuring ground motion are available from a number of manufacturers. Instruments
with adjustable set points at increasing ground motion levels are available. These devices can be integrated
into systems with flow and pressure measuring devices with outputs to controllers that can be programmed
to actuate isolation valves under specified conditions. All systems must be designed with its own battery
backup system.

Vancouver, British Columbia selected butterfly valves reguiring only one-quarter turn by the actuator to be
used as the isolation valves in their system. San Francisco uses gate valves that were already in place on their
AWSS system. In all cases, a self-contained energy supply for valve actuation must be provided.
Compressed air works with one-quarter turn actuators; batteries with motorized operators.

The most economical system can be provided by piggy-backing a seismically activated controller on the pilot
control system of an existing pressure reducing valve. These are usually in place between pressure zones

- cascading down to lower elevations. The advantage of this system is the isolation valve is already in place,
and an additional energy source for valve actuation is not required.

7.3.8 Implementation Cost Versus Earthquake Risk

The cost of implementation and systemn maintenance must be compared against the reduction of earthquake
risk. The expense of an installation must be compared against consequences of system failure if it is not
installed. Earthquake isolation valves can be more readily justified on major key facilities than on smaller
installations.

Areas with a high earthquake risk, such as much of coastal California, can likely justify monitoring and
control systems before areas in the mid-west. One water system engineer in the Pacific Northwest related the
cost of an earthquake valve to the cost of replacing a significant length of small diameter vulnerable pipe with
larger diameter restrained joint ductile iron. He said he would benefit more from the pipe replacement than

-the isolation valve. The pipe would start working for him the first day it was installed, while the valve may
not be needed for one or two generations.

Monitoring and control installations must be maintained. Maintenance of a systern for a generation without
ever seeing it operate is difficult to justify psychologically as well as being expensive. In more seismically
active areas it may be more economically feasible.

The majority of the cost is in the valves and actuator rather than the control system. Use of valves that are
already in place for another reason is preferable. A regional earthquake monitoring system is in place in
Southern California, and soon to be in place in Northern California. These regional systems may be less
expensive for users with numerous facilities.

7.3.9 Monitoring and Control System Reliability

Monitoring and control systems must be reliable. They must function when they are needed, even if that is
only once every one to two generations. More importantly, they must not actuate isolation valves
inadvertently. There are two examples that focus on the reliability 1ssue. The Seattle Water Department lost
there entire telemetry system when a backhoe severed a single cable connecting their control center to the
system. This was in a non-earthquake situation.
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System reliability can be increased by providing system redundancy in both the reservoir and pipeline system
as well as in the control system. The system should also be designed to remain functional following the
design earthquake.

7.3.10 Northridge and Kobe Earthquake Water System Performance

The Los Angeles Department of Water and Power, LADWP, did not have any earthquake valves in their
water system during the Northridge Earthquake. They suffered approximately 1,200 pipeline failures, and
lost service to much of the San Fernando Valley. They could not provide water from the system for fire
suppression in all areas. LADWP staff made decisions not to close valves to isolate pipelines in order to
maintain service for fire suppression. It is unknown whether a monitoring and control system would have
improved system performance.

The Kobe Water Department had a monitoring and control system in place on 21 reservoirs at the time of the
Kobe Earthquake. The system worked on 18 reservoirs. Each of the reservoirs was one of a pair; the other
reservoir remained online. The objective of the system was to isolate three liters of drinking water per person
to last for seven days following the earthquake. Even though it functioned, there were many complaints
about inadequate drinking water.

7.3.11 Conclusions and Recommendations

Monitoring and control systems offer an alternative to mitigate water system earthquake damage at a
moderate cost compared to pipeline replacement. The effectiveness of monitoring and control systems should
be considered on a case by case basis. More seismically active areas are more likely to benefit. System
reliability is crucial. ‘

7.4 MITIGATION ALTERNATIVES: AUXILIARY SUPPLIES

Supplemental or auxiliary water supplies should be identified by fire and water agencies that can be utilized
for emergencies. Generally, this would include all supplies of 10,000 gallons or greater. Swimming pools,
storage tanks, ponds, cisterns, reflecting pools, lakes, and all other manner of natural water sources should
be identified, together with the means of access to such supplies. This information should be collated into
operations centers of fire and water departments into computers, manuals and emergency directories. A
plan should be developed as to how these supplies can be used in emergencies. Back flow prevention must
be addressed in use of all auxiliary supplies so that drinking water systems do not become polluted during
fire fighting operations.

7.4.1 Auxiliary Supplies

Suction connections are one means for fire departments to have pre-installed connections to static supplies
such as bays, lakes, reservoirs, tanks, and rivers. Suction connections allow access problems for fire
department pumpers to such supplies to be minimized. Often it is difficult to access static water supplies
because of the nature of the geography and construction of buildings, walkways and piers that prevent
positioning of a pumper truck for drafting access. ‘

Suction connections, which consist of a six inch pipe into the water, (below low tide or low water marks),
with a suction connection at the street level so a pumper truck can connect its hard suction for operations.
The City of San Francisco has recently installed 42 such connections.along its waterfront for fire department
use. The Marin Municipal Water District in Marin County, California, recently installed special fire
department connections to many tanks to aliow supply to be taken even if the water mains from such tanks
were not in service for any reason.
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A more recent development is the use of large diameter hose, (5, 6, 8 and 12 inch), as a means of
establishing emergency above ground distribution systems or feeders in time of emergency. Some cities’
have adopted specialized apparatus and equipment to utilize this new capability. This type of equipment
and systems must be coordinated into the overall emergency plan of the fire and water departments.

Use of auxiliary supplies together with above ground distribution system capability takes considerable
planning, training and coordination and between fire and water agencies. In areas where earthquake hazard
and wild land hazard is significant such planning is vital for successful emergency operations when disaster
events occur. Fire Departments are generally more prepared for emergency operations as they do this as a
matter of routine on a daily basis. Water Departments are more geared to the planning and developmental
process, with long term main replacement programs in use and daily service repairs being accomplished.
The goals of the fire and water agencies can be to utilize the best capabilities of each in developing the
emergency plans, equipment and most efficient use of available facilities.

7.5 USE OF GIS TO EVALUATE EARTHQUAKE HAZARD EFFECTS AND MITIGATION ON
PIPELINE SYSTEMS

7.5.1 Introduction

Geographic information systems, GIS, were developed in the 1980s in parallel with mini (UNIX based)
(ESRI, 1995) and micro (personal) (Maplnfo, 1996) computers. During this same time frame, the lifeline
earthquake engineering technical community began to develop a better understanding of earthquake
impacts on pipeline systems.

In the early 1990s, these three technologies, computers, GIS, and lifeline modeling, came together
- allowing end users to employ them at a reasonable cost. All of a sudden, many communities were putting
geologic hazard data and pipeline data in GIS format, along with many other types of electronic
information. Historically, the most significant cost associated with conducting a computer modeling
study was collecting the data. Now, in many cases, the data was already available in electronic format,
waiting to be manipulated to achieve results useful to the end user. In the cases described herein, the end
users are water and sewer service providers. ‘

Now, in the United States, use of GIS to evaluate pipeline vulnerability is becoming a standard practice.
The procedure is generally described in a publication of the American Water Works Association
(Ballantyne, 1994).

This section describes earthquake pipeline loss modeling procedures and their application in several
communities. The use of pipeline loss results is described to give the reader an opportunity to identify
opportunities for application.

7.5.2 Use of Results

Typically, pipeline damage is estimated in terms of number of failures per unit length and segment of -
pipeline. This information can then be used to estimate the fanctionality of a water or sewer system for a
given earthquake scenario. If the system is not expected to be functional, the information can be used to
estimate the time 1t will take to restore the system to full operation. There is a wide variety of
applications for this information, with new uses continuing to be identified regularly.
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7.5.2.1 Emergency Preparedness

One of the crucial elements of an earthquake mitigation program is emergency planning. Immediately
following an earthquake, resources required for effective response are in limited supply, and time
becomes a very important parameter. GIS can be used to optimize use of these resources. Several
examples of uses along with places where they were used are described below.

e Develop emergency operation strategy - in Bellevue, Washington, results of the water system
pipeline evaluation (Dames & Moore, 1996) were used to identify locations where earthquake
valves could be effectively employed in the system to isolate vulnerable pipelines.

e Estimate resources required for restoration such as staff, equipment, repair materials. In Seattle,
Washington, Seattle Metro used pipeline loss estimates to develop an inventory of repair
materials required for post-earthquake recovery.

7.5.2.2 Mitigation

GIS is being used as a tool to optimize mitigation planning. As utility budgets continue to shrink, it is
crucial to make the best use of available funds for both capital improvements and maintenance. Some
applications are described below:

e Compare estimated system performance with planning objectives - at the Portland Bureau of
Environmental Services, policy makers set post-earthquake sewer system performance objectives.
GIS was used to estimate expected system performance for several levels of earthquakes for
comparison against the objectives to establish capital improvement requirements.

s Identify, and prioritize upgrade for deficient pipeline segments/areas/functions - At the Marin
Municipal Water District, just .north of San Francisco’s Golden Gate Bridge, GIS results
(Kennedy/Jenks, 1995) were used to identify pipeline segments that were vulnerable, and-crucial
to maintain system operation, and combining these parameters to prioritize mitigation efforts.

7.5.2.3 Dollar Losses

GIS systems can quickly calculate dollar losses once units of damage have been estimated, and has a
tremendous ability to put the information in dazzling graphic format. - Applications include:

¢ Estimate probable maximum losses to use as a tool in negotiating insurance coverage and
premiums - The Unified .Sewerage Agency in Hillsboro, Oregon, used GIS results (Dames &
Moore, 1995) to better understand their exposure to earthquake damage to pipelines for
discussions with their insurance provider. :

¢ Influence decision makers - loss estimates, including pipeline losses are compelling information
to influence decisions makers to fund future earthquake programs. The color graphics generated
by GIS are excellent presentation graphics for key meetings. The GIS maps for the Marin project
are key components of the package being assembled to provide voters information on an $80
million bond issue for water system improvements.
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o Quickly calculate dollar losses for governmental agencies to speed assistance - EPEDAT was
used by EQE to provide early damage losses to the California Office of Emergency Services to
negotiate funding from the Federal Emergency Management Agency following the Northridge
Earthquake.

7.5.2.4 Corridor Selection for New Pipelines

For new systems, GIS is an excellent tool to assess relative nsk both earthquake and non~earthquake for
different pipeline corridors.

7.5.3 Procedure

GIS offers a framework to conduct pipeline loss studies. This section steps through the pipeline loss
modeling process.

7.5.3.1 Seismicity

Typically, earthquake scenarios are selected that represent standardized probabilities of exceedance, or
otherwise meaningful to the particular community. Often, operating basis earthquakes are selected that
have a 50% chance of exceedance in a 50 year life of a facility. The premise is that the facility will
probably experience the defined intensity of shaking during its life, and should be designed to remain
functional. The design basis earthquake, DBE, is often taken as an intensity that has a 10% chance of
exceedance in that same 50 year life of the facility. The facility will probably not be subjected to the
prescribed earthquake intensity during its life, but may, and should be designed at least to maintain life
safety. The Uniform Building code used in the Western United States uses this standard.

It is much easier to model an earthquake scenario rather than a probabilistic earthquake ground motion.
Usually, a scenario is selected that represents the ground motions comparable to the OBE or DBE.

In some cases a specific earthquake scenario is of greater interest. In the Marin Municipal Water District
project that is described herein, an event on the near by San Andreas Fault was one selected scenario
because it will likely occur within the next 100 years, and heavily impact the District.

Once these earthquake scenarios are selected, ground motion intensities are calculated across the study
area using the GIS.

7.5.3.2 Hazard Mapping

Geologic hazards are mapped in electronic format. To the extent possible, existing hazard mapping
information is obtained. Washington, Oregon, and California all have hazard mapping programs with
maps available for many urban areas. The USGS has also funded a significant hazard mapping effort.
There is a wide variation of the quality of information available.

Typically liquefaction and landslide susceptibility are the basic hazard maps required. In California,
surface faulting must be taken into account. In Washintgton and Oregon, surface faulting is unusual, and
therefore not considered. In more sophisticated studies, site amplification 1s taken into account to better
establish liquefaction and landslide probabilities (calculated for the specific scenario shaking intensity).
Site amplification may also influence damage from wave propagation effects, although these are
considered to be small compared to permanent ground displacement effects.

k\OOM\nist\finalrpt.doc 7-13



Key parameters required to achieve reasonable certainty of results include areal extent of liquefaction and
landslide, and lateral spread displacement. In earlier studies, it became apparent that an estimate of the
percentage of the area that would deform as a result of liquefaction was different, and probably much less
than liquefaction probability. Geologists started to provide an estimate of areal extent. Lateral spread
displacements are an important relationship in establishing the segmented pipe failure rates. Youd and his
colleagues provided the LSI and MRL techniques to estimate displacements (Youd & Perkins, 1987;
Bartlett & Youd,.1992). GIS provides an excellent tool to calculate displacements using digital elevation
maps to calculate slopes and identify free faces used in the MRL calculation.

Refer to Table 7-5 for an example of how the liquefaction hazard parameters are developed and input into
the GIS for the Marin Municipal Water District project.

Visualization of these parametérs using GIS is very useful in gaining an understanding of the regional
geologic hazard environment.

7.5.3.3 Pipeline Damage Algorithms

Pipeline damagé is estimated by applying damage algorithms relating earthquake geologic hazards to
pipeline categories, each with different parameters. These pipeline categories are then mapped on GIS.
Pipeline parameters that are usually taken into account include: -

¢ Ductility

¢ Geometry

¢ Condition

s Joint flexibility
Joint restraint

Basic algorithms to estimate wave propagation losses relate Modified Mercalii Intensity, MMI, or Peak
Ground Velocity, PGV, to pipeline damage. Most of the empirical damage data used to develop these
algorithms is based on MMI. An effort is underway to use PGV as the standard ground motion parameter
for pipeline wave passage damage as it is thought to be more representative of wave propagation effects.

Early damage algorithms for permanent ground displacements related liquefaction or landslide
susceptibility to pipeline damage. The use of GIS has allowed easier input of parameters required to
estimate ground displacements. Recent damage algorithms relate permanent ground displacement to pipe
damage. This relationship is most applicable to segmented pipe. Continuous pipe damage is more
closely related to lateral spread block size (O’Rourke, 1992). The pipeline community is interested in
obtaining information on hazard mapping techniques establishing block size.

The results of the pipeline analysis are in terms of pipeline failures per unit length and per segment (node
to node).

Results are presented on graphs or tables in standard categories that are based on the probability of
damage in 1 km of pipe as shown in Table 7-6. Graphical presentation makes vulnerable areas become
very apparent.

7.5.3.4 Dollar Losses and Restoration Time

Once the number of pipe failures is calculated, repair costs can be directly calculated. Restoration time
can be estimated as a function of the number of failures, available resources and repair crews.
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7.5.3.5 Hydraulic Analysis

Once the number of pipeline failures is known, a systern hydraulic analysis can be performed using a
standard computer network hydraulic analysis package. A rule of thumb is that 20% of the failures are
breaks that result in loss of pipeline hydraulic continuity. An exception to this rule is in areas of fault
~ rupture where a much higher percentage of failures are likely to be breaks. These systems have been
refined to account for negative pressures.

7.5.3.6 Pipeline Criticality

If the objective is to prioritize pipeline deficiencies for a mitigation program, pipeline criticality is
developed. Pipeline criticality is a function of thQ pipeline redundancy, capacity, and/or ease of repair. In
the Marin Municipal Water District study, pipeline criticality ranged from 5 (high) to 1 (low).

In Marin County, the single raw water pipeline from the source to the treatment plant, and from the
treatment plant to the distribution system, was given the highest criticality rating of 5. In another instance
in Marin county, two redundant pipelines carried water between two points. Both were highly vulnerable.
One was inaccessible. The other accessible pipeline was given a high criticality rating because it is the
one the District would depend on, repairing it if necessary, following an earthquake.

7.5.3.7 Prioritization of Deficiencies and Mitigation

Pipeline mitigation is prioritized considering both wvulnerability and criticality, and is derived from a
matrix as shown in Table 7-3.

7.5.4 Conclusions

1. GIS and computer hardware development are making powerful GIS systems readily available to
end users.

2. Estimating earthquake losses to pipeline systems using GIS is becoming common in areas of high
and moderate seismicity in the United States.

3. Estimates' of earthquake dainage to water and sewer systems is useful for emergency
preparedness, mitigation optimization, making dollar loss estimates, and corridor studies for new
pipelines.

4. Current procedures quantify earthquake hazards, pipe parameters, and component criticality
leading to prioritized mitigation recommendations. :

5. We should continue to gather information relating permanent ground displacements and ground
shaking intensity to pipeline damage.
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