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ABSTRACT
There is a growing recognition of earthquake hazard in Oregon. Recent studies show a 16 to 22
percent probability of a major earthquake on the Cascadia Subduction Zone in the next 50 years.
Recognizing this risk, the Oregon House of Representatives directed the Oregon Seismic Safety
Policy Advisory Commission to prepare an Oregon Resilience Plan (ORP) to help set policy
direction to protect lives and maintain economic activity following an Mw 9.0 Cascadia earthquake
and tsunami. A seismic study of the City of Portland’s water system was performed to develop a
mitigation plan to meet ORP’s Target States of Recovery. Spanning over 225 square miles, it is
the largest water system in Oregon. The water system services 165 pressure zones and has over
2,000 miles of pipelines, two major dams, 38 pump stations, 59 distribution system tanks and 10
terminal storage reservoirs. The system also includes three approximately 20-mile-long
transmission pipelines from the Bull Run watershed, and a wellfield that is the second largest
source of water in the state of Oregon. Permanent ground deformation maps from liquefactioninduced lateral spread and settlement and seismically-triggered landslides were developed.
Vulnerability assessment of water system was performed to develop mitigation options.
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largest water system in Oregon. The water system services 165 pressure zones and has over 2,000
miles of pipelines, two major dams, 38 pump stations, 59 distribution system tanks and 10 terminal
storage reservoirs. The system also includes three approximately 20-mile-long transmission
pipelines from the Bull Run watershed, and a wellfield that is the second largest source of water in
the state of Oregon. Permanent ground deformation maps from liquefaction-induced lateral spread
and settlement and seismically-triggered landslides were developed. Vulnerability assessment of
water system was performed to develop mitigation options.

Introduction
Damage to water infrastructure in earthquakes can have disastrous consequences, such as
uncontrolled fires following the 1906 San Francisco, California and 1923 Kanto, Japan
earthquakes [1, 2]. Several recent earthquakes, including the 1989 Loma Prieta, California; 1994
Northridge, California; 1995 Kobe, Japan and 2010-2011Canterbury Earthquake Sequence (CES),
New Zealand, each caused major water system damage that resulted in loss of water supply for
fire suppression and basic human needs, which severely impacted the recovery efforts [3, 4, 5, 6].
Following the 1989 Loma Prieta Earthquake in California, state of Oregon’s Interagency
Seismic Task Force recommended the formation of a state commission to address earthquake
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hazard and preparedness. In 1991, the Oregon Safety Policy Advisory Commission (OSSPAC)
was formed as a result of Senate Bill 96. With increasing recognition of earthquake hazard from
the Cascadia Subduction Zone (CSZ), in 2011 lawmakers in Oregon House of Representatives
passed House Resolution 3 directing OSSPAC to prepare an Oregon Resilience Plan (ORP) with
a goal to protect lives and ensure business continuity during and after a Moment Magnitude (Mw)
9.0 megathrust earthquake on the CSZ [7].
To develop the ORP, OSSPAC formed eight task groups that addressed: (1) earthquake
and tsunami; (2) business and work force; (3) coastal communities; (4) critical buildings; (5)
transportation; (6) energy; (7) information and communications; and (8) water and wastewater.
The water and wastewater task group estimated that under present conditions, it may take one
month to a year to restore water service following a CSZ earthquake, which is considered
unacceptable for business continuity of Oregon industry and commercial enterprises. The task
group identified a broad set of goals, referred to as target states of recovery (TSoR), for the time
required to achieve different levels of service for the water system as shown in Fig. 1.
Event Occurs
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wells, impoundment)
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The City of Portland Water Bureau (PWB) undertook a comprehensive water system
seismic study in 2015 – 2016 to assess the seismic performance of its water system in an Mw 9.0
CSZ event, and based on the identified vulnerabilities develop a mitigation plan, which when
implemented over the next 50 years will improve the water system seismic performance to meet
or exceed the ORP’s TSoR.

Study Organization
Seismic response of water transmission and distribution systems is complex because of
their geographically distributed nature. Water systems are typically built incrementally over many
years under evolving design standards and consist of components that respond differently to a
given hazard. Because of their geographical distribution, there is significant variation in seismic
hazards across the water system components. Water pipelines pose additional challenges because
their seismic response is a function of imposed ground deformation that can range from ground
failure caused by fault rupture, landslides, liquefaction, lateral spread, and dynamic compaction or
seismic settlement. Wave passage effects and general variation in site amplification during strong
ground shaking can damage pipelines and supporting infrastructure. Therefore, a comprehensive
water system seismic assessment requires multi-disciplinary input.
PWB’s water system seismic study was performed by a multi-disciplinary team including
geologists for the assessment of earthquake hazards; geotechnical engineers for local subsurface
response; structural/earthquake engineers for dynamic response of aboveground structures;
structural and geotechnical engineers specializing in soil-structure-interaction response of buried
infrastructure, including pipelines; GIS specialists to develop maps and perform spatial analysis to
relate distributed infrastructure with corresponding regional and local geo-hazards; water system
hydraulic analysis specialists to study system response; and risk and emergency response
specialists to seamlessly incorporate input from various technical disciplines. A group of 23
stakeholders from different groups within PWB and independent reviewers provided their input
and feedback resulting in the development of a consensus-based comprehensive mitigation
program that included pre-earthquake strengthening, post-earthquake repair and operational
planning to increase seismic resilience of the water system in a cost-effective manner.
Water System Description
PWB’s water system is the largest water system in Oregon. It covers an area of
approximately 225 square miles and serves a population of more than 935,000. The water system
provides water to both wholesale and retail customers. Based on a 5-year average from 2009 to
2014, the water system has an Average Day Demand of 99 million gallons per day (MGD), average
summer demand of 122 MGD, and Winter Average Day Demand of 85 MGD. Considering the
emergency nature of post-earthquake water demands, the Winter Average Day Demand was
selected as the level of service goal.
The water system consists of five categories: supply, transmission, terminal storage,
distribution, and support facilities. The distribution system is further divided into water mains,
pump stations, storage tanks, service lines, and appurtenances such as hydrants, meters, valves,
and fountains.
The Bull Run watershed is the primary source of water for the system, and can provide up
to 205 MGD. The watershed is approximately 26 miles east of Portland in the Sandy River Basin,
in the Mount Hood National Forest (Fig. 2). Runoff from rain and snowmelt in the watershed
drains into two reservoirs that store more than 17 billion gallons of water. Reservoir 1, located
upstream of Reservoir 2, is impounded by a 200-foot high concrete arch dam constructed in 1929.

Reservoir 2 is impounded by a 110-foot high rockfill dam with clay core constructed in 1962.
Water from the watershed is transported to Portland in three large diameter pipelines also
referred to as conduits. The three conduits range in diameter from 44 to 66 inches and were
constructed in 1911, 1925, and 1952, respectively. Intakes for the conduits are located at a
Headworks facility downstream of Reservoir 2. The conduits are physically separated in the Bull
Run watershed but allow transfer of water at two interties within the watershed. The conduits
connect at an intertie located at 162nd Avenue at the eastern margin of the City of Portland. A
pipeline from the 162nd Avenue intertie conveys water to two 50-MG terminal reservoirs at Powell
Butte. From the Powell Butte reservoirs, water is delivered, in generally east to west direction, to
other terminal reservoirs in the city, and to the distribution network.

Figure 2.

Portland water system.

In addition to the Bull Run supply, PWB uses groundwater from the Columbia South Shore
Wellfield (CSSWF) as a secondary source of water supply. The wellfield is the second largest
water source in Oregon and is located along the south bank of the Columbia River near the Portland
International Airport. Groundwater is extracted using 27 production wells from three aquifers as
shown in Fig. 3. Each CSSWF production well feeds into a collection main that delivers water to
PWB’s groundwater pump station facilities that include a groundwater pump station, a 2-milliongallon (MG) groundwater storage tank, an electrical substation, and a chemical treatment facility.
The wellfield can supply up to 95 MGD to the Powell Butte reservoirs through a 60-inch
groundwater transmission main (GWTM).
The water system has 59 distribution system tanks, five terminal reservoirs, and 38
operational pump stations. The PWB transmission and distribution system consists of over 2,000
miles of pipelines that service 165 pressure zones. The pipelines are predominantly cast iron and
ductile iron consisting of approximately 60 and 30 percent of total pipelines, respectively. The
remaining 10 percent include mostly concrete cylinder and steel pipelines with a negligible fraction
of different materials such as copper, brass, galvanized steel, wrought iron, high density

polyethylene (HDPE) and polyvinyl chloride (PVC).

Figure 3.

Columbia South Shore Wellfield.
Elements of the Study

Paleoseismic studies from data extending as far back as approximately 10,000 years show
that numerous earthquakes with Magnitudes greater than 8.0 that ruptured the entire length of the
CSZ. These ruptures have occurred, on average, about every 500 to 530 years [8]. Data from these
studies correlates well with the most recent Mw 9.0 earthquake that occurred in January 1700. The
geologic record also shows an average recurrence interval of about 240 years for earthquakes with
Magnitudes 7.0 to 8.0 along the southern margin of the subduction zone.
Studies by the United States Geological Survey (USGS) show that there is a 7 to 12 percent
probability of a great earthquake rupturing along the entire length of the CSZ in the 50 years. Such
a rupture would extend 800 to 860 kilometers and strong shaking would impact infrastructure
throughout the entire Pacific North West [7, 8]. The probabilities are much higher for a very large
earthquake in southern Oregon and northern California and range from 21 to 43 percent in the next
50 years. Earthquake probabilities for the central and northern Oregon coast have recently been
revised upwards to 16 to 22 percent in the next 50 years [9].
The Mw 9.0 scenario earthquake on the CSZ was selected for this study as it was the basis
of the ORP. Although there are several local earthquake sources including the Portland Hills Fault,
Oat Field Fault and East Bank Fault, the Mw 9.0 CSZ earthquake represented the most significant
hazard to the City of Portland because of its long duration and widespread regional impact. The
estimated median surface peak ground acceleration (PGA) and peak ground velocity (PGV) from
the Mw 9.0 CSZ event ranges from 0.14g – 0.24g and 6 inches/sec – 18 inches/sec, respectively
within the PWB service area. While these levels of ground shaking are moderate they can cause
widespread liquefaction and landslides within the watershed. Therefore, the predominant seismic
hazard to the PWB water system is from liquefaction within the distribution system and
seismically-triggered landslides within the watershed. Liquefaction-induced lateral spread and
settlement result in significant permanent ground deformation (PGD) hazard along the margins of

the Columbia and Willamette Rivers, as shown in Fig. 4. The PGD maps were developed using a
3D geologic model developed by Oregon Department of Geology and Mineral Industries
(DOGAMI) and close to 1,000 publically available geotechnical borings. Detailed methodology
for the development of PGD hazard maps is discussed separately [10].

Figure 4.

Permanent Ground Deformation Hazard from Lateral Spread.

Recognizing that the overall cost of seismic mitigation for a water system can be
substantial, ORP recommends a phased approach for system improvement so that water for safety
and public health is available at critical locations following an earthquake. ORP recommends
identifying a backbone system consisting of key supply, treatment, transmission, distribution, and
collection elements that can be upgraded, retrofitted, or rebuilt to withstand the Mw 9.0 CSZ
earthquake. As envisioned in ORP, the backbone system should be capable of supplying water for
fire suppression, health and emergency response, and drinking water at key distribution points,
while damage to the larger (non-backbone) system is being addressed.
Critical components of the water system that can serve as a backbone were identified in a
workshop with key members of the project team and PWB stakeholders. Elements of the system
identified as backbone include terminal reservoirs, critical pump stations, and major transmission
and distribution pipelines that can transport water across PWB’s service area through the mainly
east to west corridors. The backbone also included PWB’s Bull Run and CSSWF supplies as well
as conduits and pipeline to the Powell Butte reservoirs. In addition to providing water to general

areas of the system, the backbone provides water to critical non-PWB facilities such as major
hospitals and Portland International Airport. The identified backbone system is based on the
current system and water needs and may change in the future. The identified backbone system is
shown in Fig. 5.

Figure 5.

Backbone Water System.

Water system components assessed as part of this study included seismic assessment of the
conduits, major components of CSSWF, backbone and distribution system pipelines, pump
stations, distribution system tanks, and two out of the five terminal reservoirs. Recently
constructed terminal reservoirs were excluded from the study since they were designed using
current seismic standards.
Seismic vulnerability assessment of water system infrastructure included site
reconnaissance combined with seismic analyses. For aboveground facilities, seismic assessment
included consideration of inertial effects from ground shaking and foundation instability from
permanent ground deformations. For buried infrastructure, transient ground strains resulting from
seismic wave passage, and permanent ground deformation resulting from liquefaction and
landslides, were considered.

Site reconnaissance was completed for all storage and pumping facilities, groundwater
production wells, and groundwater pump station facilities included in the study. Geologic field
reconnaissance included documentation of observed ground conditions at facilities, river
crossings, and mapped historic landslides. Structural reconnaissance focused on as-built conditions
and documentation of any visible signs of structural distress.
Seismic analysis ranged from simplified calculations to non-linear finite element analysis
for critical pipelines. Both empirical and analytical methods were used to develop estimates of
failure probabilities for water system components, including pipelines, conduits, Willamette River
crossings, tanks, and pump stations. Monte Carlo analyses were performed to include uncertainties
in hazard quantification, structural response, and structural capacities of water system components
for the estimation of failure probabilities.
The study showed significant vulnerabilities in the current supply, backbone, distribution,
storage, and pumping systems. Hydraulic analysis of the backbone system showed that the existing
system is unable to meet the service goals following the Mw 9.0 CSZ earthquake, and that the
system could potentially drain within minutes following the earthquake, due to the large number
of predicted pipeline damage estimates.
Median estimates of time required to perform necessary post-earthquake pipeline repairs
show that with even the most optimistic estimates of repair crew availability, the ORP’s TSoRs
for the restoration of backbone and distribution cannot be reasonably met. For example, in the
system’s existing state, it takes a minimum of 5 days to complete the median estimate of backbone
repairs, assuming 40 crews working one 12-hour shift, or 20 crews working two 12-hour shifts per
day; whereas the ORP’s TSoR for the restoration of 80 to 90 percent of the backbone is 24 hours.
Similarly, it would take a little over 5 weeks to complete the median estimates of repairs for the
distribution system (assuming that the backbone and wellfield pipeline repairs will be performed
first), whereas the ORP’s TSoR for the restoration for 80 to 90 percent of the distribution system
is 1 to 2 weeks. Furthermore, these estimates did not account for other demands on the repair
crews, such as repair of damage to the supply system, electrical/mechanical components in the
pump stations, and structural damage to the pump stations, tanks, and the production wells in the
wellfield.
Mitigation Plan
This study showed that the existing projected performance and damage estimates for the
water system are such that it cannot be restored within the time frame identified in the ORP. To
meet the desired performance goals (TSoR) in the ORP, a combination of pre-event hardening of
assets and post-event repair was recommended. If the repair resources were sufficient, pre-event
hardening would not be required. A series of targeted mitigation projects were identified to close
the gap between the existing performance and the desired performance goals of the ORP. These
projects included replacement of about one mile of the conduits, multiple projects to improve the
reliability of CSSWF including the development of redundant ground water source, replacement
of up to 25 miles of backbone and about 15 miles of distribution pipeline, seismic retrofit of 5
pump stations and 8 tanks. The recommended mitigation projects for backbone were ranked with
highest priority, followed by seismic improvements to other components of the system to meet the

goals of the ORP. The total cost of mitigation recommendations was close to US$ 1 billion.
Hydraulic analysis of the improved water system confirmed that when all of the recommended
mitigation projects are implemented, the system would meet the TSoRs of the ORP.
Conclusions
Recent studies show a 16 to 22 percent probability of major earthquake on the Cascadia
Subduction Zone in the next 50 years. Seismic assessment of PWB’s water system was performed
for an Mw 9.0 scenario earthquake. The study identified significant vulnerabilities in the supply,
backbone, distribution, storage, and pumping systems. Water system pipelines within the city of
Portland are most impacted by liquefaction-induced lateral spreading, whereas the conduits that
transmit water from the watershed to the city are impacted by both liquefaction-induced lateral
spreading and seismically triggered landslides with the latter being more predominant. System
response to seismic vulnerabilities was studied through hydraulic analysis that showed that the
expected damage could drain the system within minutes following the earthquake and time to
restoration was significantly greater than the target states of recovery recommended in the Oregon
Resilience Plan. Mitigation options consisting of close to US$ 1 billion (2016 dollars) in
infrastructure improvement have been recommended to increase the seismic resilience of the water
system to meet the Oregon Resilience Plan goals.
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