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Foreword

This paper is one of a series dealing with earthquake hazards of the Pacific Northwest, primarily in western
Oregon and western Washington. This research represents the efforts of U.S. Geological Survey, university, and
industry scientists in response to the Survey initiatives under the National Earthquake Hazards Reduction Program.
Subject to Director’s approval, these papers will appear collectively as U.S. Geological Survey Professional Paper
1560, tentatively titled "Assessing and Reducing Earthquake Hazards in the Pacific Northwest." The U.S. Geological
Survey Open-File series will serve as a preprint for the Professional Paper chapters that the editors and authors
believe require early release. A single Open-File will also be published that includes only the abstracts of those
papers not included in the pre-release. The papers to be included in the Professional Paper are:

Introduction
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Ma, Li, Crosson, Robert, and Ludwin, Ruth, "Focal mechanisms of westen Washington earthquakes and
their relationship to regional tectonic stress”
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Washington"

Madin, Ian P., "Earthquake-hazard geology maps of the Portland metropolitan area, Oregon”

Silva, Walter, Wong, Ivan, and Darragh, Robert, "Engineering characterization of strong ground motions
with applications to the Pacific Northwest"

Ground Failure

Chleborad, A. F. and Schuster, R. L., "Earthquake-induced ground failure associated with the April 13,

1949, and April 29, 1963, Puget Sound area, Washington, earthquakes”

Grant, W. P., Perkins, W.J., and Youd, L., "Liquefaction susceptibility maps for Seattle, Washington North
and South Quadrangles

Earthquake Risk Assessment
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Implementation
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ABSTRACT

Water and sanitary sewer systems are vital lifelines for cities and towns. These systems have been damaged
by recent earthquakes including the recent Loma Prieta, California earthquake of October 17, 1989. The damage of
a water system would hamper the fire-fighting capability and the damage of a sanitary sewer system could cause
health problems. Both systems need protection against a major earthquake, and the mitigation of earthquake damage
to water and sewer systems becomes local and regional concerns.

Portland, Oregon has been identified by USGS as one of the earthquake-prone areas that needs an carthquake
hazard mitigation. This project develops an efficient and realistic seismic loss-estimation model for the water and
sanitary sewer systems using Portland, Oregon as an example. The model can also be applied to other communities
within earthquake-prone regions of the country to assist in the earthquake hazard mitigation of water/sewer lifelines.

The scope of the project consists of (1) the development of a methodology for the inventory of water and
sewer systems using GIS (Geographic Information System) technology for a timely retrieval of statistical reports and
spatial depiction of affected network and areas, (2) the formulation of a simple semi-empirical loss-estimation
algorithm for the damage to such lifeline systems under different levels of earthquake ground shaking, and (3) the
demonstration of the efficient display of loss-estimation algorithm by using two specific sewage drainage basins in
Portland which contain important water and sewerage facilities.

For seismic applications, two earthquake scenarios, one local and one subduction, have been applied to the
loss-estimation algorithm to estimate the pipeline damage in the two demonstrated drainage basins. Both earthquake
shaking and soil liquefaction effects have been considered in the analysis.

A semi-empirical seismic loss algorithm for buried pipelines (both water and sewer) has been developed for
various earthquake intensities. The model includes such parameters as soil conditions, pipe materials, and joint
properties. Using this model, the loss and replacement costs under an earthquake scenario can be estimated and
displayed by the GIS systems. The affected areas can also be displayed.

PC- and workstation-based hardwares have been used to demonstrate the feasibility and applicability of the
project to a small or moderate-sized city. Two relatively easy operational GIS software packages are used for the
availability and affordability reasons.

The GIS model developed using a PC or a workstation can help the small to moderate-sized city to conduct
pre-earthquake planning, to identify the affected areas from breakage(s) reported in the network systems during the
earthquake, and to set a priority for a post-earthquake damage survey, repair, or restoration under the emergency
situation.

INTRODUCTION

Water and Sanitary sewer systems are vital lifelines for cities and towns. Recent Studies (Kubo and Isoyama,
1980; Wang, Sun, and Shen, 1985) have shown that water and sewer systems have been damaged by earthquakes
including the recent Loma Prieta, California earthquake of October 17, 1989 (EERI, 1989). Because of the breakage
of water mains, fires burned extensive portions of the cities of San Francisco in 1906 and Tokyo in 1923. The spread
of disease could become epidemic due to the breakage of sanitary sewer lines during earthquakes. Thus, the
protection of water and sewer systems becomes local and regional concemns and is urgently needed.

While a seismic code for water or sewer systems is not available in the United States at the present time,
some counter-measures have been suggested (Wang, 1988; Ballantyne et al., 1980). An ASCE Advisory Note on
Lifeline Earthquake Engineering has been published (ASCE/TCLEE, 1983). However, very little practical work has
been done for specific sites.

Some urbanized earthquake-prone areas in the country have initiated rigorous earthquake damage mitigation
planning. The East Bay Municipal Utility District EBMUD) in Oakland, California has a strong on-going earthquake
hazards mitigation program. The State of California has outstanding earthquake preparedness projects such as SCEPP
(Southern California Earthquake Preparedness Project) and BAREPP (Bay Area Regional Earthquake Preparedness
Project).



Recently under the USGS National Earthquake Hazards Reduction Program (NEHRP), a project to study an
earthquake risk to Utah water and gas systems by Taylor et al. (1988) and a project to study earthquake loss
estimation modeling of the Seattle water system by Ballantyne (1989) have been initiated. In addition to California
and Utah, Seattle, Washington and Portland, Oregon have been identified by USGS as earthquake-prone areas that
also need the attention for earthquake hazard mitigation planning.

The Portland Bureau of Water Works (figure 1) is the largest supplier of potable water in the State of Oregon
and provides domestic water to about 25% of the population in the state. Providing an earthquake loss estimation
modeling of Portland water and sewer systems will assist the City to effectively conduct pre-earthquake planning
and to demonstrate its techniques and usefulness to lifeline communities in the nation.

The goal of this project is to develop a realistic loss estimation model coupled with efficient GIS
functionalities using a personal computer (PC) or a workstation for the Portland, Oregon water and sewer systems.

The objectives of the project are: (1) to assist the City of Portland and its surrounding areas in pre-earthquake
planning by showing the potential losses to the water and sewer systems, (2) to help post-earthquake emergency
repair and/or restoration of the damaged system(s) by showing the disaster-affected areas, and (3) to provide a
workable model for other cities and towns in earthquake-prone areas to adopt this relatively easy operational model
for earthquake hazard mitigation planning/action.

The methodology for inventory with the display of water and sewer systems is to use the tool of GIS
(Geographic Information System) for timely retrieval of data and spatial identification of affected network. Two
applicable GIS software packages have been chosen for this project because they are available and relatively
inexpensive. One is called FMS/AC (Facility Mapping Systems, Inc., 1989) and the other is Geo/SQL (Generation
5 Technology, Inc., 1989). The GIS-based model would assist a community to evaluate effectively its current water
and sewer network potential loss in a hazardous earthquake.

The reliable but simple loss-estimation algorithm for estimating the damage to buried lifeline systems under
different levels of earthquake ground shaking is a semi-empirical approach. Specific applications have been
demonstrated by investigating two typical sewage drainage basins (Tanner and Fiske) in Portland. Each of these
basins contains important water and sewerage facilities.

The scope of the paper describes (1) the development of a methodology for inventory with the display of
water and sewer systems using GIS technology, (2) the development of the semi-empirical loss algorithm for buried
pipelines, (3) the evaluation of seismic and geotechnical conditions of the site, and (4) the application of them to
Portland water and sewer systems.

Two GIS software packages, running on a PC and workstation, were used to demonstrate the feasibility,
applicability and cost-effectiveness of the project to a small or moderate-sized city. For’seismic applications, two
earthquake scenarios; one local and one subduction, have been applied to the loss-estimation algorithm to estimate
the pipeline damage in the two drainage basins. Both earthquake shaking and soil liquefaction effects have been
considered in this analysis.

STUDY AREAS

Figure 1 shows the water source and delivery system for the City of Portland. A watershed of more than
100 square miles in size located 25-miles east of Portland is the primary water source. An emergency and back-up
source has been developed using groundwaters of the Columbia River and several large capacity wells, and pumping
facilities. Most of the Portland water system is supplied by gravity. Terminal reservoirs on the west side of the
Willamette River represent the end of gravity supply. These terminal reservoirs serve the downtown central business
district. Water for higher elevations is served through pump stations and storage tanks.

The Portland system of sanitary sewers consists of a wide range of sewer pipe sizes and types that collect
sewage by gravity from homes and businesses and convey it to sewage lift stations that in turn convey the sewage
to interceptors, larger pipelines and eventually to sewage treatment plants. The sewage systems include concrete, clay,
brick and metallic pipes.

To demonstrate the approach for the inventory and analysis, the study focuses on two areas that include
important water and sewage facilities and different characters of land use. These are also representative of different
types of Portland geography.



TANNER DRAINAGE BASIN

The Tanner Drainage Basin is on the southwest side of the Willamette River. It includes a portion of the
downtown area and follows westerly along Highway 26. The Tanner basin incorporates a large portion of Portland’s
central business district and residential areas. The Tanner Basin was selected for this study because of the variety
of systems.

FISKE DRAINAGE BASIN

The Fiske Drainage Basin is bounded on the southwest by the Willamette River and, the northeast by the
Columbia Slough. The Fiske Drainage Basin was selected because it includes the Columbia Boulevard Treatment
Plant plus several storage tanks.

DEVELOPMENT OF A LOSS ALGORITHM FOR BURIED PIPELINES

BASIC DATA

This section develops a method for combining both analysis and data in order to derive illustrative and
preliminary loss algorithms for damaged pipelines. Some of the problems in deriving these loss algorithms are
indicated in this section. Note that alternative methods (Rojahn and Sharpe, 1985; Eguchi, et al., 1982) are available
in the literature, which should be consulted in the development of loss algorithms to actual pipeline networks.

Seismic vulnerability and loss estimation models have been developed by several investigators including
Eguchi (1983), Taylor, et al. (1986), and Wang (1979). The development of this preliminary loss algorithm
(percentage loss or dollar loss versus Modified Mercalli Intensity, (MMI)) for application to seismic risk analysis
is based on the statistics for buried pipelines compiled and interpreted by Katayama, et al. (1975) and others as
indicated in figure 2. The data in the figure represent the repairs per kilometer of buried pipelines versus peak
ground acceleration (PGA) from many earthquakes around the world. The damage has been classified for different
soil conditions (poor, average and good) which are based on subjective judgment. However, no distinctions are made
with reference to pipe materials, (e.g. cast iron, concrete, reinforced or prestressed concrete, steel, asbestos, plastics,
etc.), pipe diameter, pipe type (segmented or continuous) or types of failure (axial, bending, shear, etc.). Readers
should carefully scrutinize them before making any application, especially for earthquake scenarios with high peak
ground accelerations affecting pipelines with poor soil conditions. A realistic upper bound on expected numbers of
breaks per kilometer has been set at 15.0 in this project in order to avoid physically unreasonable extrapolations from
the data.

Since the available data is not enough to perform various correlation analyses, the following assumptions for
a referenced (average) condition are made in order to develop a robust loss algorithm for a wider range of
applications.

1.  Pipeline repair data are considered to be the same as pipeline damage data due to earthquakes.
2. Referenced (average) conditions;

Material : Cast Iron

Failure Strain : &=0.003

Diameter : ¢ =12 inches (30 cm)
Length : L =20 feet (6.5m)
Type : Segmented

Max. Joint Displ.  : d; = 1 inch (25 mm)
3. Soil conditions (in terms of typical shear wave propagation speed);

Poor : 500 ft/sec (150 m/sec) or lower
Average : 2000 ft/sec (600 m/sec) 500 ft/sec (150 m/sec)
Good : 6000 ft/sec(1800 m/sec) or higher

4.  Average year of construction - 1950.

Using data in figure 2, the equations for pipeline damage (breaks/km) versus peak ground acceleration (g) are
as following:



For a poor soil condition
Log Y = 64241 Log A + 4.822; up to 15 breaks/km ¢))

For an average soil condition
Log Y = 6.0051 Log A + 3434; up to 15 breaks/km )

For a good soil condition
Log Y = 5.3221 Log A + 1.602; up to 15 breaks/km €))

where Y is breaks/km, and A is peak ground acceleration in fraction of the gravitational acceleration.

PIPELINE DAMAGE (BREAKS/KM OR PERCENTAGE LOSS) VERSUS EARTHQUAKE INTENSITY (MMI)
Since damage relationships are typically described in terms of an intensity scale while attenuation relationships
are defined in terms of strong motion data, it is frequently necessary to relate the two for seismic risk and other
studies. As a result of these conversion needs, various investigators have developed alternative intensity conversion
formulae.
Using the following conservative relationship between Modified Mercalli Intensity (MMI) scale and peak ground
acceleration (g) proposed by Wiggins and Taylor (1986) for the demonstration purpose as:

Log A =-2.940 + 0.286 I 4)

Using above relationship, figure 2 can be reconstructed to show the pipeline damage (breaks/km) versus MMI
relations as indicated in figure 3. The correlation equations are given below:

For a poor soil condition
Log Y = 1.837 I - 14.065; Y<I15 )

For an average soil condition
Log Y = 1.7171 - 14.221; Y<15 ©)

For a good soil condition
Log Y = 1.522 1 - 14.005; Y<15 @)

where I is MMI intensity.

Please note that figure 3 shows straight lines plotted on a semi-log scale. The straight line equations (Eqns 5,6,
and 7) may be used as a basis for modification of other parameters in terms of breaks/km.

If each pipe section is assumed to be approximately 20 ft (6.5 m), then there are approximately 150 pipe sections
in a kilometer. It is likely that if breaks exceed a certain number within a specific kilometer then the entire pipe
length will be replaced. On the other hand, costs for repairing some pipe breaks and leaks is far less than the cost
for replacement of one section of pipe. A further complication is that several leaks may occur within the same section
of a pipe. These and other complications would need to be considered in a more precise analysis of pipeline repair
costs from earthquakes. As a result of the previous assumption that a maximum of 15 repairs are physically
reasonable for a kilometer of pipe, a maximum of 10% replacement cost to pipelines has been assumed. These limits
are illustrative of the decisions faced in applications to existing systems. Since only a very small percentage of
pipelines are replaced in existing systems in the course of a normal maintenance in a year, the small percents referred
to here may, in some cases, far exceed normal annual replacement rates. Therefore, figure 4 shows the percentage
loss versus intensity as a measure for loss estimation of buried pipelines. The equations governing these percentage
loss are shown below:

For a poor soil condition
Log Y = 1.8371 - 16.241;

=
IA
o
—

®



For an average soil condition

Log Y =17171-16.397; Y <01 )
For a good soil condition
Log Y = 1.5221 - 16.221; Y <01 (10)

where Y is a percentage loss, which will be used for this project study. These equations are considered as the
referenced or basic loss algorithms for buried pipelines.

PARAMETRIC PIPELINE DAMAGE (PERCENT LOSS) VERSUS EARTHQUAKE INTENSITY (MMI)

To extend the basic empirical information to include such parameters as pipe material, year and type of
construction and other soil conditions, we propose to modify the slopes and the constants of the above-mentioned
basic loss algorithms (Eqns 8, 9, and 10) for various parameters by the following general equation:

Log?:aaaol'ﬂlbo'ﬁ (11)

where o, is the modifier for the slope due to the change of soil condition, a, is the slope and b, is the constant of
the loss algorithm for the average soil condition, P, is the modifier for soil, and B, the modifier for the constant
which is defined as:

B =Log (B.."B; "By (12)

in which B, is the modifier for material ductility, B; for type of construction and B, for the year of construction.
For this study, only the soil condition, pipe material, type of construction and year of construction will be
considered. However, for any other influential parameter, same procedure can be applied without difficulty.

Modifications for Soil Condition, o, and B,

From the damage statistics shown in figures 2 to 4, one notices that both the slopes and the constants are
changed for different soil conditions. To include various soils (in terms of shear wave propagation speed) in the loss
algorithm, both the slope and the constant will have to be modified. The modifications will be based on a linear
interpolation from an average soil condition to a poor soil condition and from average to good condition for the
referenced values assumed earlier.

Based on the damage statistics (fig. 3) and the assumed average conditions, the following constant variables are
obtained.

C, = 150 m/sec or less a;= 1.837 for poor soil condition
C,=600 m/sec a, = 1717 for average soil condition
C, = 1800 m/sec or more a; =1.522 for good soil condition

where C, is shear wave propagation speed.
By linear interpolation, the change of the slope from average to poor soil condition, ¢ a, is shown below, where
o is the modifier and a, = 1.717 is the slope of the loss algorithm for the average soil condition.

a,a,-a, a,-a8, _ 1837 - 1717

= = 0.000267 (13)
600 -C, 600-150 600 - 150

From Eqn (13) and a, = 1.717, o, can be determined as:

a, = 1.093 - 1.556 x 10™* C, (14)

Similarly, the modifier for the slope from average to good soil condition, @, is determined as:



a; = 1.057 - 9.5 x 10 C, (15)

The linear interpolation is graphically shown in figure 5. Note that since the slopes of the algorithms based on the
breaks/km or percentage loss are the same, no additional work is needed.

Using the same linear interpolation scheme, the modification equations of constant term in the algorithm for soil
properties are given below without further explanation.

Breaks/km Loss Algorithm; Percentage Loss Algorithm
From average
to poor soil B, = 0.985374 + 24.4 x 10°°C,; B; = 0.983779 + 27.1 x 10°°C, (16)
condition
From average
to good soil B: = 1.006188 - 10.3 x 10°C,; B: = 1.008422 - 14.0 x 10°°C, (17)
condition

Modifier for Pipe Material, B,

The modification of the loss algorithm for materials is based on the failure strain (measurement of ductility) of
the material, &, . It is assumed that the slope of the algorithm in the semi-log axis will remain constant while the
material property will shift the loss (damage) line horizontally, i.e. changing the constant term of the straight line.
The modifier, B, is for the pipe material defined as follows:

P = o;aa (18)

The above equation is referenced to the failure strain £, = 0.003 of cast iron pipe.

Maodifier for Continuous Pipeline, B,

Since the referenced pipeline is a segmented pipeline, both the pipe strains and joint displacements are taking
up the seismic ground strain. For pipelines without joints, pipe strain will be solely responsible to take up the
seismic ground strain. The modifier, B, will be:

€ €
Bc= f S

0003 » 25 000717 (19)
' 600

Note that the above modifier resumes a 2.5 cm joint movement capacity over a 6m pipe segment length.

Maodifier for Joint Construction, B;
The modifier for joint construction B;, will be based on the ultimate joint displacement, A, with reference to the
ultimate joint displacement of a rubber gasket joint in a 12" (30 cm) pipe.

__A(em)
Bi= 25 (20)

Modifier for Year of Construction, B,



It is assumed that the failure or damage of pipeline will be 50% or more for pre-1950 construction and 50% or
less for post-1950 construction. Therefore,

Bj=12  and By =2 @n

Please note that the above modifier is adopted for demonstration purpose. More statistical analysis on damaged pipes
would be needed to give better correlation.

GIS APPLICATIONS

INTRODUCTION

Geographic Information System (GIS) is a computer-based multi-functional tool for integrating, analyzing and
managing geographically referenced data from many sources. Today’s GIS technology has the capability to store
sizable network maps into an indexed spatial database which is based on the topological structure of network
segments. Simultaneously each network-segment’s features are stored into a GIS’s attribute database. By using GIS’s
inquiry functions, a potential liquefaction zone can be overlaid on water and sewer networks and displayed on a
computer monitor window. Within the zonal boundary, each pipeline’s features can be posted on the screen and can
also be statistically summarized into a report.

GIS has several major contributions to this project. First, it creates a more efficient way to derive the earthquake
loss estimation for pipelines than the current method in practice. The developed model has proved to be faster in
figuring out the replacement cost, since all the processing steps are automated and streamlined. The current practice
is still in semi-automated manner. Second, the model can more accurately and flexibly depict the features of
individual pipelines than the existing method which groups pipeline features within a grid overlay. In addition, the
model can help a city conduct the pre-earthquake planning by identifying the potential weak spots on the network.
And finally, during the earthquake, the model can help speed up repair works and set up priorities based on the
importance to the network operations and the size of the affected area.

The overall general process for the model development is, first, to combine areawide maps of soil and seismic
conditions to produce the map of potential liquefaction zones by rank; second, to use each liquefaction potential zonal
boundary as a spatial limit to retrieve the specified pipelines within the zone onto a graphic screen and
simultaneously to generate a file containing each displayed pipeline’s length, material and diameter; and finally, to
multiply the pipeline length by a pipeline failure rate and by a pipeline replacement cost per unit length to obtain
the total loss-estimation of the system.

INVENTORY SCOPE.

Figure 6, which is the common factors map, shows the overall study area and the two specific drainage basins;
Fiske and Tanner, in the city of Portland, Oregon. The spatial data are inventoried for the overall study area and
more detailed for the two basins. The entire area, approximately 105 square miles, (270 square kilometers), contains
the major portion of the Portland water and sewer systems. Aggregated parcels, water and sewer networks inventoried
for Fiske and Tanner basins are about 2 and 2.5 square miles (5.1 and 5.9 km?), respectively.

Large concentrated facilities have been inventoried over the entire area. The pipeline joints are inventoried within
two drainage basins.

One of these tested areas (Tanner) contains critical water transmission and storage facilities and sewage
collection facilities serving a portion of the central business district of downtown Portland. The other basin (Fiske)
includes the principal sewage treatment plant for the city of Portland, the Columbia Boulevard Sewage Treatment
Plant.

DATA ORGANIZATION

The organization of spatial data in accordance with the GIS general principles concerns about the linkage
between a graphic and its associated attribute databases, the dynamic retrieval from databases, and the elimination
of data duplications in storage. These principles are<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>