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Preface

Preface

In September 1988 Applied Technology ColIDcil
(ATC) was awarded a contract by the Federal
Emergency Management Agency to assess the
seismic vulnerability and impact of disruption of
lifeline systems nationwide. The purpose of the
project is to develop a better understanding of
the impact ofdisruption of lifelines from
earthquakes and to assist in the identification
and prioritization of hazard mitigation measures
and policies. In addition, FEMA plans to utilize
results from the project to promote national
awareness of the importance of protecting
lifeline systems from earthquakes, and assuring
reliability and continued serviceability of
lifelines.

The project is being conducted in several
phases. Phase I, reported on herein, pmvides a
national overview of lifeline seismic
vulnerability and impact ofdisruption. Lifelines
considered include electric systems, water
systems, transportation systems, gas and liquid
fuel supply systems, and emergency service
facilities. The vulnerability estimates and
impacts developed are presented in terms of
estimated direct damage lOsses and indirect
economic losses. These losses are considered to
represent a first approximation because of the
assumptions and methodology utilized, because
several lifelines are not included, and because,
in some case, the available lifeline inventory
data lack critical capacity information.

Phase n, reported on in the ATC-25-1 Report,
provides a practical model methodology for the
detailed assessment of seismic vulnerability and
impact of disruption ofwater transmission and
distribution systems. Bubsequent phases to
develop model methodologies for the seismic

ATC-25

assessment of other lifeline systems are also
planned.

EQE Inc., a structural and earthquake
engineering firm with experience in the seismic
evaluation of lifeline systems, served as the
project subcontractor and prepared this report.
The reseacch and engineering work was
performed by Charles Scawthom, Principal-in
Charge, Mahmoud Khater, Principal Research
Engineer, and other EQE staff. Marvin
Feldman of Resource Decisions served as
consultant on the indirect economic loss
methodology and data.

The ATC-25 Expert Technical Advisory Group
(ETAG), comprised primarily of individuals
drawn from the technical committees of the
American Society of Civil Engineers (ASCE)
Technical Council for Lifeline Earthquake
Engineering (TCLEE), provided overall review
and guidance for the project. Members were:
Lloyd Cluff, James D. Cooper, Holly Cornell,
John W. Foss, James H. Gates, Neal Hardman,
Jeremy Isenberg, Anne S. Kiremidjian, Le Val
Lund, Peter McDonough, Dennis K. Ostrom,
GerardPardoen (ATC Board Representative),
Michael Reichle, Anshel J. Schiff, J. Carl Stepp,
and Domenic Zigant. The affiliatiolliS and
addresses of these individuals are provided in
Appendix A

Applied Technology Council gratefully
acknowledges the valuable assistance, support
and cooperation provided by Kenneth Sullivan,
FEMA Project Officer, and Arthur J. Zeizel and
KupllSsarnmy Thirumalai, prior Project Officers.

Christopher Rojahn
fuecutive Dir,ector
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Executive Summary

1.

llieline is an earthquake engineering term
denoting those systems necessary for human life
and urban function, without which large urban
regions cannot exist. Lifelines basically convey
food, water, fuel, energy, information, and other
materials necessary for human existence from
the production areas to the consuming urban
areas. Prolonged disruption of lifelines such as
the water supply or electric power for a city or
urbanized region would inevitably lead to major
economic losses, deteriorated public health, and
eventually population migration. Earthquakes
are probably the most likely natural disaster that
would lead to major lifeline disruption. With the
advent ofmore and more advanced technology,
the United States has increasingly become
dependent on the reliable provision of Iifeline
related commodities, such as electric power,.
fuel, and water. A natural question is: What is
the potential for major disruption to these
lifelines, especially at the regional level?

The initiation of this study by the Federal
Emergency Management Agency (FEMA) is
based in part on a need to better understand the
impact of disruption of lifelines from
earthquakes and to assist in the identification
and prioritization of hazard mitigation measures
and policies. In addition, the report is intended
to improve national awareness of the
importance of protecting lifeline systems from
earthquakes, and of assuring lifeline reliability
and continued serviceability.

The specific contractual requirements of this
project and report are:

• To assess the extent and distribution of
existing U.S. lifelines,. and their associated
seisll)ic risk; and

• To identify the most critical lifelines, and
develop a prioritized series of steps for
reduction of lifeline seismic vulnerability,
based on overall benefit.

FEMA is also sponsoring a companion study to
develop and demonstrate a model methodology
for assessing the seismic vulnerability and impact

of disruption ofwater transmission and
distribution systems (ATe, in preparation).

In this initial study, lifelines of critical
importance at the U.S. national level have been
analyzed to estimate overall seismic vulnerability
and to identify those lifelines having the greatest
economic impact, given large, credible U. S.
earthquakes. The lifelines examined include
electric systems; water, gas, and oil pipelines;.
highways and bridges; airports; railroads; ports;
and emergency service facilities. The
vulnerability estimates and impacts developed
are presented in terms of estimated direct
damage losses and indirect economic losses.
These losses are considered to represent afirst
approximation because of the assumptions and
methodology utilized, because several lifelines
are not included, and because, in some cases,
the available lifeline inventory data lack critical
capacity information.

Project Appli"oach. As summarized in the
project technical-approach flow chart (Figure
1), four basic steps were followed to estimate
lifeline damage and subsequent economic
disruption for given earthquake scenarios.

1. Development of a national lifeline inventory
database.

2. Development ofseismic vulnerability
functions for each lifeline
component/system,

3. Characterization and quantification of the
seismic hazard nationwide, and

4. Development ofdirect damage estimates
and indirect economic loss estimates for
each scenario earthquake.

I!..irnitations lind Constraints. During
development of tlris report and its supporting

c data, several problems were encountered that
, could not be resolved because of technical

difficulties and lack of available data. For
example, telecommunication systems, nuclear
and fossil-fuel power plants, dams,. and certain
water, electric, and transportation facility types
at the regional transmission level were excluded
from consideration in this project because of the

ATC-25. Executive Summary xil1
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Figure 1

ATC-13: ATC-13 Report, Earthquake Damage Evaluation Data for California (ATC, 1985)
ETAG: Expert Technical Advisory Group (project advisory panel)
EQE: EQE Engineering (project subcontractor)

Flow chart showing main steps in project approach.
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unavailability of inventory data or the need for
more in-depth studies.

Interaction effects between lifelines, seoondary
eoonomic effects (the impact of a reduced
,capacity of one eoonomic sector on a dependent
sector), and damage resulting from landslide
(due 10 lack of inventory data nationwide) were
also notoonsidered in developing lhis report_
These limitations and others described in
Chapters 2, 4, and 5 tend to underestimate the
losses presented her,ein; and other factors, as
described elsewhere in this report,. tend to
overestimate the losses. Lack of capacity
information for most lifelines was alliO a definite
limitation. In the aggregate, due primarily to the
el'clusion of certain systems (e.g., dams and
telecommunication systems), we believe the
estimates of losses presented in this report are,
in fact, quite conservative.

We also emphasize that this report is a
macroscopic investigation at the national level
and the results should not be used for
microscopic interpretations. The results, for
example, are not intended to be used to
evaluate any particular regional utility or
lifeline, and no specific information on such
specific facilities has been included.

2. National Lifeline Inventory

Development of the ATC-25 inventory, for all
major lifelines in the United States, was a major
task. The project scope required that lifelines be
inventoried in sufficient detail for conducting
lifeline seismic vulnerability assessments and
impact of disruption at the national leveL This in
tum required that the inventory be compiled
electronically in digital form and dictated that
inclusion of lifelines at the transmission level, as
defined below, was of primary importance.

Initially, a number of governmenl, utility, trade
and professional organizations, and individuals
were contacted in an effort to identify
nationwide databases, especially electronic
databases. In most cases, these organizations or
individuals referred the project back to FEMA,
since they had either previously furnished the
information to FEMA, or knew that the data
had been furnished to FEMA by others. As a
result, FEMA's database (FEMA, 1987) became
a major source of data for several of the
lifelines. A significant portion of these data

consist of digitized U.S. Geological Survey
(USGS) topographical maps andlor the
National Atlas (Gerlach, no date), performed by
the U.S. Geological Survey in support of
national census requirements. With the
exception of oil and gas pipeline data provided
by the National Petroleum Council, the
inventory data generally date from about 1966,
unless later updated by FEMA A number of
other sources were employed in various ways,
which are further discussed below.

The network inventory contained in the
database is generally at the higher transmission
levels, as opposed to lower distribution levels.
That is, inventories were generally only
compiled for networks at the bulk and/or
regional level, as opposed to lifelines at the
user-level (i.e., distribution level) within an area.
To use an analogy, the inventory contains only
the national arterial level, and neglects the
distribution or capillary system. For example, aU
federal and state highways are inventoried
(Figure 2), but county and local roads are not.
The maj,or reason for focusing on the
transmission level is that at lower levels the
systems only support local facilities. Thus, a
disruption of a local activity could not be used to
identify the overall regional importance of the
lifeline. However, disruptions, at the
transmission level impact large regions and are
therefore important for understanding the
seismic vulnerability and importance of lifelines
to the United States.

Inventury Overview. The inventory data
(Chapter 2) have been compiled into an
electronic database, which generally consists of
(1) digitized location and type of facility for
single-site lifeline facilities, and (IT) digitized
right-of-way, and very limited information on
facility attributes for network lifelines. The
inventory is only a partial inventory, in that
important information on a number of facility
attributes (e.g., number or length of spans for
highway bridges) was unavailable from FEMA

The inventory data include information fo, the
conteOllinous United States only.. Lifeline data
for Alaska, Hawaii, and U. S. territories,. such as
Puerto Rico, have been excluded because
lifelines in these regions would not be affected
by the scenario earthquakes (see Chapter 4)
considered in this study.
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Figure 2 State and federal highways.
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The specific lifelines that have been inventoried
for the conterminous United States are:

Transportation

• Highways (489,892 Ian of highway
(Figure 2); 144,785 bridges)

• Railroads (270,611 Ian of right-of-way)

• Airports (17,161 civil and general
aviation airports)

• Ports (2,177 ports)

Energy

• Electric Power Transmission (4,551
substations; 441,981 Ian of transmission
lines)

• Gas and Liquid Fuel Transmission
(77,109 Ian ofcrude oil pipelines; 85,461
Ian of refined oil pipelines; 67,898 Ian of
natural gas pipelines.)

Emergency Service Facilities

• Emergency Broadcast Facilities (29,586
stations)

• Hospitals ( 6,973 medical care
centers)

Water Aqueducts and Supply (3,575 Ian of
aqueduct; exeludes aqueducts in Utah,
which were unavailable)

An important lifeline, telecommunication
systems, which would be severely impact by
earthquake-induced ground shaking, was
excluded because of the unavailability of data, as
are certain regional transmissionnelwork
facility types (e.g., railway terminals, bridges,
and tunnels; certain aqueducts; major
freewaylhighway bridges; fossil-fuel power
plants; and aqueduct pumping stations). In
addition, data on nuclear reactors and dams are
excluded because it was believed that such
facilities should be the subject of special studies,
particularly because of the existing regulations
relating to seismic safety in many regions and
the expected complexity of the performance and
impact of these facility types. As a result, the
losses provided by this study will be
underestimated to the extent that these facility
types are not included.

Also excluded from the inventory, but included
in the analysis, are distribution systems at the
local level (water, highway, and electrical
systems) and police and fire stations. For these
facility types, the numberof facilities in each 25
Ian by 25-kID grid cell,. which is the grid size for
the seismic hazard analysis,. is estimated on the
basis of proxy by population (see Chapter 2).

PC-Compatible Electronic IDatabase. Because
the data could also serve as a valuable
framework (or starting point) for researchers
who wish to investigate lifelines at the regional
orlocallevel, including applications unrelated to
seismic risk,. the data have been formatted for
use on IBM-PC compatible microcomputers.
The data are unrestricted and will be made
available by ATC on 18,.1.2-megabyte, floppy
diskettes, together with a simple executable
computer program for reading and displaying
the maps on a computer screen.

3. LIfeline Vulner.abiliiy Funcl!ons

The second step in the project was the
development oflifeline vulnerability functions,
which describe the expected or assumed
earthquake performance characteristics ofeach
lifeline as well as the time required to restore
damaged facilities to their pre-earthquake
capacity, or usability. Vulnerability functions
were developed for each lifeline inventoried, fm
lifelines estimated by proxy, and for 0 ther
important lifelines not available for inclusion in
the inventory. The components of each
vulnerability function and how they were
developed are described in ehapter 3; the
functions themselves, too lengthy to include in
the main body of the report text, are provided in
AppendixB.

The vulnerability functions developed for each
lifeline consist of the following components:

• General information, which consllits of
(1) a description of the structure and its
main components, (2) typical seismic
damage in qualitative terms, and (3)
seismically resistant design characteristics
for the facility and its components in
particular. This information has been
included to define the assumed
characteristics and expected
performance of each facility and to
make the functions more widely
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applicable (i.e., applicable for other
investigatioIlS by other researchers).

• birect dal,Uage information, which
cOl1sists of (1) a description of its basis in
terms of structure type al1d quality of
construction (degree of seismic
resistal1ce), (2) default estimates of the
quality of construction for present
conditions and corresponding motion
damage curves, (3) defaUlt estimates of
the quality ofconstruction for upgraded
conditions, and (4) restoration cUl1Jes.

These functions reflect the general consensus
among practicing structural engineers that, with
few exceptions, only California and portions of
Alaska and the Puget Sound region have had
seismic requirements incorporated into the
design of local facilities for any significant
period of time. For all other areas of the United
States, present facilities are assumed to have
seismic resistance less than or equal to
(depending on the specific facility) that of
equivalent facilities ill California NEHRP Map
Area 7 (Figure 3). Three regions, representing
these differences in seismic design practices, are
defil1ed for the United States:

a. California NEHRP Map Area 7, which we
take to be the only region of the United
States with a significant history of lifeline

.seismic design for great earthquakes,

b. California NEHRP Map Areas 3-6, Non
California Map Area 7 (parts of Alaska,
Nevada, Idaho, Montana, and Wyoming),
and Puget Sound NEHRP Map Area 5,
which we take to be the only regions of the
United States with a significant history of
lifeline seismic design for major (as opposed
to great) earthquakes,and

c. All other parts of the United States, which
we assume have not had a significant history
of lifeline seismic design for major
earthquakes.

The two key quantitative VUlnerability-function
relationships developed under this project-
motion-damage cUI1Jesand restoration cUl1Jes-
define expected lifeline performance for each of
these regions and form the heart of the
quantitative vulnerability analysis. The curves
are based on the data and methodology

developed on the basis of expert opinion in the
ATC-13 project (Earthquake Damage
Evaluation Data for California, ATC 1985).
Because the ATC-13 data and methodology are
applicable for California structures only,
however, the data were revised and reformatted
to reflect differences in seismic design and
construction practices nationwide and to meet
the technical needs of the project. AIl
assumptions operative in ATC-13, such as
unlimited resources for repair and restoration,
also apply to these results.

The motion-damage cUl1Jes developed under this
project define estimated lifeline direct damage
as a function of seismic intensity (in this case,
Modified Mercalli Intensity); direct damage is
estimated in terms of repair costs expressed as a
fraction or percentage of value. Curves are
provided for each region defined above. An
example set of motion-damage curves for
ports/cargo handling equipment is provided in
Figure 4.

The restoration cUl1Jes developed for this project
define the fraction of initial capacity of the
lifeline (restored or remaining) as a function of
elapsed time since the earthquake. Again curves
are defined fcreach region. A sample set is
provided in Figures 5 and 6.

4. Seismic Hazard

Seismic hazard, as used in this study, is the
expectation of earthquake effects. It is usually
defmed in terms of ground shaking parameters
(e.g., peak ground acceleration, Modified
Mercalli Intensity, peak ground velocity) but,
broadly speaking, can include or be defined in
terms of fault rupture, ground failure
(landslides, liquefaction), or other phenomena
(earthquake-induced fire) resulting from an
earthquake. Seismic hazard is a function of the
size, or magnitude of an earthquake, distance
from the earthquake, local soils, and other
factors, and is independent of the buildings or
other items of value that could be damaged.

The technical approachEor evaluating the
seismic hazard oflifeline structures in this
project (see Chapter 4) involved identifying (1)
the most appropriate means (parameter(s» for
describing the seismic hazard, (2) regions of
high seismic activity, (3) representative
potentially damaging, or catastrophic,
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earthquakes within each of these Iegions that
could be used as scenario events for the
investigation of lifeline loss estimation and
disruption,. and (4) a model for estimating the
seismic hazard for each of these scenario events.

Seismicity Overview althe United States. For
the purpose of characterizing seismicity in the
conterminous United States, several regions
may be identified (Algermiss.en, 1983):.

Descriptor of Seismic Hazard for this Study.
Following a review of available parameters for
characterizing seismic hazard, we elected to use
the Modified Mercalli Intensity (MMI) Scale
(Wood and Neumann, 1931), a commonly used
measure ofseismic intensity (effects at a
particular location or site). The scale oonsists of
12 categories of ground motion intensity, from I
(not felt, except by a few people) to XII (total
damage). Structural damage generally is
initiated at about MMI VI for poor structures,
and about MMI VIII for good structures. MMl
XI and XII are extremely rare. The MMI scale is
subjective; it is dependent On personal
interpretations and is affected, to some extent,
by the quality of construction in the affected
area Even though it has these limitations, it is
still useful as a general description ofdamage,
especially at the regional level, and for this
reason was used in this study as the descriptor of
seismic hazard.

1. Northeastern Region, which includes New
England, New York, and part of eastern
Canada;

2. Southeastern Region, including the central
Appalachian seismic region activity and the
area near Charleston,. South Carolina;.

3. Central Region,. which consists of the area
between the regions just described and the
Rocky Mountains;

4. Western Mountain Region, which includes
all remaining states except those on the
Pacific wast;

5. Northwestern Region, including
Washington and Oregon; and

6. California and Western NeVada.
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Table 1 Representative Earthquakes for
Lifeline Loss Estimation .

Region -,EO!v~e!.!!nt,-,-__

Northeastern Cape Ann, 1755

Southeastern Charleston, 1886

Central New Madrid, 1811
1812

The historical record indicates that each region
appears to have significant historic precedent
for a damaging earthquake of potentially
catastrophic dimensions. For purposes of
examining this potential, the earthquakes
indicated in Table 1 are representative events
for the investigation of lifeline loss estimation
and disruption.

Evernden et al. (1981) estimates that these
events represent almost the maximum
earthquake expected in each area. Review of
Algermissen et al. (1982) indicates general
agreement.

Western Mountain

Northwestern

Southern California

Northern California

Wasatch Front, no date

Puget Sound, 1949

FortTejon, 1857

Hayward, 1868

Choice of a Model for Estimatingthe
Distribution and Intensity of Shaking for
Scenario Earthquakes. In order to estimate the
seismic hazard (i.e., deterministic intensity) of
the scenario events over the affected area
associated with each event, a model of
earthquake magnitude, attenuation, and local
site effects is required. For the conterminous
United States, two general models were
considered: Evernden and Thomson (1985), and
Algermissen et al. (1990).

Selection of one model over the other was
difficult, but the Evernden model offered the
following advantages for this study: (i)
verification via comparison with historical
events, (ii) incorporation of local soileffects and
ready availability of a nationwide geologic
database, and (iii) ready availability of closed
form attenuation relations. An important
additional attribute for this project was that the
Everden model would estimate the distribution
and intensity of seismic shaking in terms of
MMI, the shaking characterization used in the
ATC-13 study and the basic parameter for the
ATC-25 lifeline vulnerability functions.

magnitudes are interpreted as maximum
credible for these locations.

The choice of a scenario event on the Hayward
fault for the San Francisco Bay Area, rather
than the 1906 San Francisco event, is based on
the perceived high likelihood of a magnitude 7.0
event (USGS, 1990) as well as the potential for
major damage and lifeline disruption, should
such an event occur (CDMG, 1987). Since most
lifelines approach San Francisco Bay from the
east, more of them cross the Hayward Fault
than cross the San Andreas Fault. So the
Hayward event would appear to represent as
disruptive an event, and potentially more so,
than the 1906 event, which is presently
pen;~ived to be of low likelihood in the near
future.

The Evemden model was employed to generate
expected seismic intensity distribution in the
conterminous United States for the eight
scenario events. Shown in Figure 8 is an
example intensity distribution for the New
Madrid magnitude-8.0 scenario event.

Region Event Magnitude

Northeastern Cape Ann 7

Southeastern Charleston 7.5

Central NewMadrid 7 and 8

Western Mountain Wasatch Front 7.5

Northwestern Puget Sound 7.5

Southern California FortTejon 8

Northern California Hayward 7.5

Scenario Earthquakes. Based on the
representative earthquakes identified in Table
1, which are considered representative of all
majorregions of the conterminous United
States, eight scenario events were selected for
this investigation. The eight events are indicated
in Table 2. With the exception of the Cape Ann,
Charleston, and Hayward events, all magnitudes
are reflective of the representative earthquake
for the region (as specified in Table 1). The
scenario events for Cape Ann, Charleston, and
Hayward have magnitudes one-half unit higher
than the representative event. These

Table 2 Scenario Earthquakes
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• Seismic hazard,

5. Estimates of Direct Damage

The analysis of seismic vulnerability of lifeline
systems and the economic impact of disruption
is based on an assessment of three factbrs:

In this investigation these factors are used to
quantify vulnerability and impact of disruption
in terms of (1) direct damage and (2) economic
losses resulting from direct damage and loss of
function of damaged facilitIes. Estimates of
direct damage to lifelines, expressed in terrns of
percent replacement value and dollar loss, are
discussed in Chapter 5. Indirect economic losses
are discussed in Chapter 6.

Direct damage is defined as damage resulting
directly from ground shaking or other collateral
loss causes such asjiquefaction. For each
facility, it is expressed in terms of cost of repair
divided by replacement cost and varies from 0 to
1.0 (0% to 100%). In this project it is estimated
using (1) estimates of ground shaking intensity
provided by the seismic hazard model (from
Chapter 4), (2) inventory data specifying the
location and type of facilities affected (from
Chapter 2), and (3) vulnerability functions that
relate seismic intensity and site conditions to
expected damage (from Chapter 3 and
Appendix B).

Light damage (1-10% replacement value);

Moderate damage (10-30% replacement
value);

Heavy damage (30-60% replacement value);
and

Major to destroyed (60-100% replacement
value). .

•

•

•

•

lifeline component in each grid cell, using the
motion-damage curves provided in Appendix B.
The procedure for utilizing the. motion-damage
curves varied slightly by facility type, depending
on whether the lifeline was a site specific facility,
or a regional transmission (extended) network.

Site-Specific Lifelines. Direct damage to site
specific lifelines, I.e., lifelines that consist of
individual sited or point facilities (e.g.,
hospitals), were estimated using the
methodology specified above. For airports, ports
and harbors, medical care facilities (hospitals),
and broadcast stations, the inventory data
summarized in Chapter 2 were used tei define
the number and distribution of facilities. For fire
and police stations, iocations were assumed to
be lumped at the center of the Standard
Metropolitan Statistical Areas, and number of
facilities affected were estimated by proxy,
assuming certain established relationships
between population and number of facilities.

For summary and compa.rative purposes, four
damage states are considered in this study:

Lifeline ,inventory, and

Vulnerability functions.,•

•

The analysis approach to estimate direct damage
considers both damage resulting from ground
shaking as well as damage resulting from
liquefaction. Damage due to other collateral
loss causes, such as landslide and fire following
earthquake, are not included because of the
unavailability of inventory information and the
lack of available models for estimating these
losses nationwide.

The analysis approach for computing direct
damage due to ground shaking proceeded as
follows. For each earthquake scenario, MMI
leyels were assigned to each 25-km grid cell in
the affected region, using the Everden MMI
model, assigned magnitude, and assigned fault
rupture location (from Chapter 4). Damage
states were then estimated for each affected

.The total number of affected facilities and the
percentage of facilities in each damage state are
summarized for each lifeline and scenario
earthquake (see Chapter 5, Tables 5-1 through
5-6). Following is a discussion of the direct
damage impact on an example lifeline--ports
and harbors.

Ports and Harbors. Since ports and harbors are
located in the coastal regions, only those
scenario earthquakes affecting these regions will
negatively impact this facility type. As indicated
in Table 3, the most severe damages to ports
and harbors are expected for the Charleston and
Puget Sound events. For example, one hundred
percent, or 20 ports and harbors, in South
Carolina can be expected to sustain heavy
damage (30 to 60%), and 73%, or approximately
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Table 3 Damage Percellt for Ports alld Harbors for Selected SCenarIo Earthquakes (Percent of
Ports and Harbors in State)

CAPEANN (M=7.0)

Massacl1uselts
84

1;00%

0%

0%

Connecticut
22

0·%

0%

0%

Delaware
10

0%

0%

0%

0%

Rhode Island New Hampshire
22 9

aB% 0%

0% 0%

0% 0%

ATC-25

CHARLESTON (M:7.5j

South Carolina North Carofina Georgia
Total Number 20 16 80

Ugh! Damage
1-10 % 0%. 0% ro%

Moderate
10-30% 0% 0% 0%

Heavy
30-1m % 100% 0% 73%

Major to Destructive
60-100% 0"10 0% 0%

HAYWARD FORT TEJON PUGHSOUND
(M:7.5j (M=8.0) (M=7.5)

California California Washington
Totaf Number 125 125 17

Light Damage
1-10 %' 4% 0% 25%

Moderate
10'...sO% 2~/CI 34% 26%

Heavy
30-80% 0% 0% 14%

Major to Destructive
0%60-100 % 0% 0%
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EarthCluake

Cape Ann

Charleston

Fort Tejon

Hayward

New Madrid, M '" 8.0

New Madrid, M = 7.0

Puget Sound

Wasatch Front

The estimates provided in Tables 5a,b and 6 are
based on the available inventory data, cost per
facility assumptions, and other models and
assumptions described throughout the report.
As a result, the accuracy of these estimates may
vary from lifeline to lifeline. Estimates for
electdc systems, in particular, are believed to be
more sensitive to the lack of capacity
information than are the other lifelines.

By combining the data from Tables 5a,b and 6,
we estimate the total direct damage dollar losses
(in billions of U. S. dollars) for the eight
sce~ario earthquakes as follows:

Direct
Dollar Loss

(in Billions, 1991$)

$4.2

$4.9

$4.9

$4.6

$11.8

$3.4

$4.4

$1.5

Crude Oil. Direct damage to the crude oil
system as a result of the magnitude-8 New
Madrid event, estimated using damage curves
for transmission pipelines and the special
probabilistic model for pipelines, is plotted in
Figure 9. This figure indicates that three
pipeline sections would be damaged due to the
magnitude-8.0 New Madrid event and suggests
that crude oil flow to the north·central section
of the United States would be disrupted.
Pipelines would also be damaged as a result of
the magnitucle-7 New Madrid and magnitude-8
Fort Tejon earthquake scenarios.

Dollar Loss Estimates. Summaries of dollar loss
estimates for direct damage to site-specific
systems and extended regional lifeline networks
during the eight scenario earthquakes are
provided in Tables Sa and 5b. Estimated dollar
losses due to direct damage to local electric,
water, and.highway distribution systems are
provided in Table 6. .

Extended Lifeline Networks. With the
exception of pipeline systems, direct damage to
extended network lifelines, such as highways,
railroads and other networks at the bulk and/or
regional level, was ~timated using the
methodology specified above. For pipelines
direct damage was estimatedusing an analytical
model that estimat~ the probability of breaks
occurring within given lengths of pipe subjected
to given earthquake shaking intensities (IOlater
et al., 1989).

22 such facilities would be similarly affected in
Georgia. In Washington, 14% of the ports
(approldmately 11) would be similarly affected.
Numerous ports and harbors in these states
would also sustain moderate damage (10 to
30%), as would approldmately 22 such facilities
in California for the Hayward magnitude.7.5
event. The primary cause of such damage, of
course, is poor ground.

Railroad System. The railroad system isa highly
redundant system, and damage to the system
due to the selected events wasfound to be
relatively localized to the epicentralarea. Direct
damage estimat~ for· the railroad system are
based on damage curves for track/roadbed and
exclude damage to related facility types not
included in the project inventory--railway
terminals, railway bridges and tunnels.

Results are presented in terms of (1) the same
four damage states used for site.specific
lifelines, and (2) maps indicating the damaged
portions of each extended network for the
various scenario earthquakes (see Chapter 5).
Example reSults for two extended lifeline.
networks follow.

The direct damage data (Chapter 5, Table 5-7)
suggest that the magnitude-8 New Madrid, Fort
Tejon, and Hayward events would cause the
most extensive damage, with 2,265 km, 872 km,
and 585 km of roadbed, respectively, sustaining
damage in the 30 to 100% range. Damage in the
Charleston, Puget Sound, and magnitude-7.0
New Madrid events would also be severe, with
980, 650, and 640 km of roadbed, respectively,
sustaining heavy damage (30-to-60 %). A map
showing the distribution of damage to the
railroad system for the magnitude·8 New
Madrid earthquake scenario is shown in Figure
8.
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Figure 8 Damage to railroad system following magni!ude-8 New Madrid Event.
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Figure 9 Damage to crude oil system following magnitude-8 New Madrid Event. Broken pipelines
are shown in red; unbroken pipelines are shown in black.
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Table Sa Direct Damage Losses to Site-Specific Lifelines ($ Millions}

Scenario Broadcast Fire
Earthquake Airports Ports Hospitals Stations Stations

Cape Ann $91 $53 $490 $19 $6
Charleston 142 380 565 68 9
Fort Tejon 148 170 1,431 26 48
Hayward 37 115 1,297 17 7
New Madrid {M=8} 411 0 1,297 91 13
New Madrid (M=7) 145 0 396 34 3
PugetSound 210 196 507 49 13
Wasatch Front 29 D 205 44 2

Table 5b Direct Damage Losses to Regional Network Lifelines ($ Millions)

Scenario Natural Refined Crude
Earthquake Hifthways Electric Railroads Gas Oil Oil Water

Cape Ann $382 $1,312 $9 $0 $0 $0 $0
Charleston 773 1,264 156 0 0 0 0
Fort Tejon 470 886 158 11 0 28 140
Hayward 208 1,310 115 6 0 0 91
New Madrid (M=8) 2,216 2,.786 458 56 28 47 0
New Madrid (M=7) 204 1,077 108 19 9 19 0
Puget Sound 496 1,834 96 6 0 0 18
Wasatch Front 323 90 31 6 0 0 0

Table 6 Direct Damage Losses to local Distribution Systems

Electric Water Highways
Event $ Billion $ Billion $ Biltion

Cape Ann $0.89 $0.30 $0.60
Charleston 0.74 0.31 0.50
Fort Tejon 0.91 0.23 0.23
Hayward 0.90 0.20 0.25
New Madrid (M=8.0) 2.07 0.88 1.40
New Madrid (M=7.0) 0.65 0.28 0.44
PugetSound 0.58 0.09 0.28
Wasatch Front 0.38 0.13 0.26
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6. Estimation oi Indired Economic
Effeds

Earthquakes produce both direct and indirect
economic effects. The direct effects, such as
dollar loss due to fires and collapsed structures,
are obvious and dramatic. However, the indirect
effects that these disruptions have on the ability
of otherwise undamaged enterprises to conduct
business may be quite significant. Although the
concept of seismic disturbances and their effect
on lifelines has been investigated for at least two
decades, there is very little literature on indirect
economic losses.

This study provides a first approximation of the
indirect economic effects of lifeline interruption
due to earthquakes. To accomplish this the
relevant literature was surveyed. Then a
methodology was developed to relate lifeline
interruption estimates to economic effects of
iifeline interruption in each economic sector.
This required a two~tep process:

1. Development of estimates of interruption of
lifelines as a result of direct damage

Connectivity analyses measure post-earthquake
completeness, 'tconnectedness," or "cut~nessll of
links and nodes in a network. Connectivity
analyses ignore system capacities and seek only
to determine whether, or with what probability,
a path remains operational between given
sources and given destinations.

Serviceability analyses seek an additional
valuable item of information: If a path or paths
connect selected nodes following an earthquake,
what is the remaining, or residual, capacity
between these nodes? The residual capacity is
found mathematically by convolving lifeline
element capacities with lifeline completeness.

A complete serviceability analysis of the nation's
various lifeline systems, incorporating
earthquake effects, was beyond the scope of this
project. Additionally, capacity information was
generally not available for a number of the
lifelines (e.g, for the highway system, routes
were available, but not numberof lanes).
Rather, for this project, a limited serviceability
analysis has been performed, based on a set of
simplifying assumptions.

2. Development of estimates of economic loss
as a result of lifeline interruption

For site-specific systems (i.e., lifelines consisting
of individual sited or point facilities, such as
airports or hospitals) the time-to-restoration
curves are used directly whereas for extended
regional networks, special analysis procedures
are used. These procedures consist of:

Estimates of Lifeline Interruption. Lifeline
interruption resulting from direct damage is
quantified in this investigation in residual
capacity plots that define percent of function
restored as a function of time. The curves are
estimated for each lifeline type and scenario
earthquake using (1) the time-to-restoration
curves discussed in Chapter 3 and provided in
Appendix B, (2) estimates of ground shaking
intensity provided by the seismic hazard model
(from Chapter 4), and (3) inventory data
specifying the location and type of facilities
affected (from Chapter 2).

•

•

connectivity analyses, and

serviceability analyses.

The fundamental assumption has been that, on
average, all links and nodes of a lifeline have
equal capacities, so that residual capacity has
been determined as the ratio ofthe number of
serviceable (i.e., surviving) links and nodes to the
original number ofserviceable links and nodes,
for a given source/destination pair, or across some
appropriate boundary. For example, if the state
of South Carolina has 100 airports, and 30 of
these are determined to be unserviceable at
some point in time following a major
earthquake, then the air transport lifeline
residual capacity is determined to be 70% of the
initial capacity.

An example illustrating the residual capacity
plots for one lifeline and their implication is
discussed below. Included in Chapter 6 are
example residual capacity plots for all lifelines
considered. Appendix C contains all residual
capacity plots developed under this project (for
the various lifelines and scenario earthquakes).

Ports. An example residual capacity plot for
South Carolina, the worst-case situation, is
provided in Figure 10. In this example, the initial
loss is nearly 100 percent of capacity, and full

Executive Summary ATC-25
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Figure 10 Residual capacity ofSouth Carolina portsfollowing Charleston event (M=7.5).

capacity is not restored until about day 200.
Georgia would also experience similarly high
losses due to the Charleston event.
Massachusetts and Rhode Island would
experience the largest losses due to the Cape
Ann event.

Estimates of Indirect Economic Loss~s.

Economic activitywithin each industrial sector
was measured in terms ofvalue added. Value
added refers to the value of shipments
(products) less the cost ofmaterials, supplies,
contract work and fuels used in the manufacture
or cultivation of the product. The United States
Bureau of EconoitIDc Analysis publishes annual
data for value added for each industrial sector.
For simplicity, data from the 99 sectors were
collapsed into 36 sectors. Data for 1983 were
the latest available (published by BEA, 1989),
and were used in this study.

Reduction in Value Added Due to Lifeline
Interruption. Table 7 pr,esents the percent
reduction in value added for each sector
resulting from increasingly severe crude oil
lifeline interruptions. (Similar tables are shown

for ail lifelines in, Appendix D.) Values are
shown for each decile of lifeline interruption
and are assumed to pertain to monthly GJcoss
National Product (GNP).

Indirect Economic Loss Results. Indirect
economic losses were estimated for each lifeline
system and scenario event using the residual
capacity plots provided in Appendix C and the
economic tables described above. The cal
culation procedure are described in Chapter 6.

Summaries of the total, indirect economic losses
resulting from damage to site-specific systems
and extended regional networks, based on 1986
GNJP data, are provided in Table 8. Total
indirect economic losses resulting from damage
to local distribution systems are presented! in
Table 9. We note that Table 8 contains total loss
amouruts expressed! in terms of lower bound,
upper bourud!, and! best estimate. The lower
bound represeruts economic loss calused by tile
singulalr lifeline system causirug the greatest loss;
the upper bound! .is the sum oflosses caused by
all systems;. and the best estimate is the square
root of the sum of the squares (SRSS) of losses

ATC·25 ExeCUTive Summary
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Figure 16 Damage to railroad system following magnitude-8 New Madrid Event.
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Figure 17 Damage to crude oil system (allowing magnitude-8 New Madrid Event. Broken pipelines
are shown with solid diamonds.
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Bar charts showing the indirect losses caused by
transmission lines (upper bound data) by state

By combining like system data from Tables 8
and 9 in a least squares (SRSS) fashion, we
estimate the total indirect economic losses for
the eight scenario earthquakes as follows:

caused by each lifeline. We note also that the
SRSS procedure was used to estimate total
indirect economic losses resulting from damage
to local distribution networks (Table 9).

for each scenario earthquake were also
developed. An example plot for the magnitmle
8 New Madrid scenario event is provided in
Figure 11. We note that estimates of indirect
economic losses for each state are sensitive to
the assumed location of the source zone for
large-magnitude events (e.g.,. had the assumed
source zone for the magnltude-8 New Madrid
event been located further north, estimates of
direct damage in Missouri would have been
substantially larger).

The data provided in Figure 11 suggests
Mississippi and Arkansas would experience the
highest indirect losses due to the magnitmle-RO
New Madrid event. Similar plots for the other
scenario earthquakes (Chapter 6) indicate that:
Massachusetts would experience the highest
indirect losses due to the Cape Ann event with
the electric system contributing the highest
portion; and South Carolina, Utah, Washington,
Northern and Southern California would
experience the highest indirect losses due to the
Charleston, Utah, Seattle, Hayward, and Fort
Tejon events, respectively. The electric system
contributes the highest indirect losses, among all
systems, for most of the events.

Indirect
Loss
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Figure 11

~. Air Trans. ";;<d Crude Oil ~ Refined Oil

lEE! :aeciric _ Railroad ~ Highway

Percent indirect economic loss by state (monthly GNP).resulting from damage to various
lifelines,. New Madrid event (,y/=8.0). Note that the relatively {ow losses for Missouri
refteet the assumed {ocation of the scenario earthquake source zone and the estimated
distribution of intensity (see Figure 7),

ATC·25 Executive Summary



Unfortunately, data necessary for estimating life
loss associated with these component failures
are not readily available, precluding
development of reliable casualty estimation
methodology and data for lifeline structures.

Although it can be argued that the deaths and
injuries caused by lifeline failure in the Loma
Prieta earthquake were the exception, not the
rule, the vulnerability functions developed for
this project suggest that substantial life-loss
from lifeline component failure should be
anticipated. Lifeline failures that could cause
substantial life loss or injury include bridge
failure, railroad derailment, and pipeline failure.

Casualties Resulting From Lifeline Direct
Damage. Casualties can result from direct
damage, especially catastrophic collapse, of
lifeline components. Although few deaths
occurred directly as a result of lifeline damage in
U. S. earthquakes prior to 1989, life-loss due to
lifeline failure was tragically demonstrated
during the October 17, 1989, Loma Prieta,
California, earthquake. Approximately two
thirds of the 62 deaths from this earthquake
resulted from the failure of a lifeline
component--partial collapse of the Cypress
structure, a double-decked highway viaduct in
Oakland approximately 100 km from the
earthquake source zone..

7. Combln9d Economic Losses,
Deaths and Injuries

Human Death and Injury. It is generally felt
that lifeline performance and continuity of
operation is vital to human survival in the
modern, urban, world. Most observers believe
that damage to lifelines would result in human
death and injury. Analogous to direct damage
to property and indirect economic losses, human
death and injury resulting from lifeline damage
can be categorized as follows:

1. Human death and injury caused by
lifeline functional curtailment, where
persons suffer as a result of deprivation
of vital services; and

2. Human death and injury resulting from
direct damage to lifelines (e.g., occupant
injuries resulting from the collapse of an
air terminal building).

Casualties Due to Lifeline Functional
Curtailment._Without the benefit of hard data it
is difficult to estimate with high confidence the
number of casualties that will result from
curtailment of lifeline function. Our preliminary
assessment is that human death and injury due
to functional curtailment of lifelines can
generally be expected to be very low. This is a
fundamental assumption of this study, and will
probably cause some debate. Each lifeline was
considered, and this conclusion was found to
hold, based on the following assumptions: (1)
most vital installations that normally require a
lifeline service have back-up emergency
supplies, and (2) most lifelines have
considerable elasticity in demand, and the level
of service necessary for life maintenance is very
low. Examples follow:

• Electricity. Persons can survive without
power, even in the Northeast in the
winter. Most hospitals and similar
installations have emergency generators.
Those that lack emergency generators
can transfer patients to other sites.

•

•

Gas and Liquid Fuels. Gas and liquid
fuel systems are probably the most
critical of all lifelines, yet capacity is very
elastic, and only short-term shortages
are expected. Fuel for heating in the
Northeast in the winter can be
conserved if necessary by clustering
people in school gymnasia, national
guard armories, and so on.

Rail. Air, and Highway Transportation.
Transportation lifelines are highly
redundant and thus very elastic;
emergency food and medicines would be
expected to be deliverable regardless of
earthquake damage.

• Water. Water for human survival is very
minimal. Humans can survive without
water for 48 or more hours, and water
for human survival can be imported if
necessary.

Combined Direct and Indirect Economic
Losses. Summaries of total dollar losses from
direct damage and indirect economic losses are
combined and summarized for each scenario
earthquake and lifeline in TablelO. The total
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8. Hazard Mitigation 01 Critical
Lifelines

losses for each scenario earthquake are as
follows:

Strengthening a building, bracing
equipment, or performing other
corrective retrofit measures to mitigate
shaking effects;

Densifying the soil beneath a structure,
or placing a structure on piles, or using
other techniques to mitigate hazardous
geotechnical conditions, e.g.,
liquefaction potential,

•

•

Measures for Reducing Vulnerability of
Lifeline Systems. The seismic vulnerability of
lifeline systems, from the point of view of
fulfilling function, can be reduced through three
primary approaches:

1. Damage reduction measures. In this
approach reliability of function is enhanced
by reducing damage. This approach may
take the form of :

Direct Plus
Indirect Losses

(in Billions, 1991$)

$133

$15,1

$16,6

$15.7

$26A

$83

$105

$5A

Earthquake

Cape Ann

Charleston

Fort Tejon

Hayward

New Madrid, M = 8.0

New Madrid, M = 7.0

Puget Sound

Wasatch Front

1. Electric System New Madrid
(M=8.0)

Identification of Critical Lifelines. Based on
the combined direct and indirect economic
losses presented above and with due
consideration of the assumptions and limitations
expressed throughout this report, we offer the
following relative ranking of the criticality of
different lifelines in terms of the estimated
impact of damage and disruption:

Other component improvements,
depending on the component and
potential earthquake impacts, e.g.,
replacement of vulnerable
systems/components with new
systems/components that will provide
improved seismic resistance.

•

2. Provision for system redundancy. In this
approach, reliability of function is enhanced
by providing additional and alternative links
(e.g., new highways, pipelirtes, other
transmission or distribution links). Because
earthquake damage is fundamentally a
random phenomena, addition of system links
will tend to increase system reliability.

3. Operational improvements. In this approach
reliability of function is enhanced by
providing emergency response planning and
the capability to rapidly and effectively
repair damage, redirect functions, or
otherwise mitigate earthquake damage
impacts on system operations and thereby
re"establish system function.

Ofthese measures, the most common are
component strengthening/retrofit measures,
which are discussed at length in Appendix B of
this report. The proposed measures (Appendix
B) include generic solutions, such as designing
structures to meet current seismic design or
retrofit standards of the local community, or
anchoring equipment. In addition, there are

EventiLocation

Highways

Rank Lifeline

2.

.Hayward

Cape Ann,
Charleston,
Fort Tejon

New Madrid
(M=8.0)

Fort Tejon

Hayward,
New Madrid
(M=7.0)

3. Water System* Fort Tejon

4. Ports Charleston

5. Crude Oil Fort Tejon

*The ranking for the water system may be
underestimated because critical components such as
pumping stations and dams were not included in the
~tudy.
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9. Reeommendc:rllons lor Further Work

The ATC-25 project has raised a number of
questions and indicated areas in which
knowledge is inadequate or nonexistent with
respect to the impact of lifeline disruption due
to earthquake. Following are recommendations
for further research and other efforts. This list
is not meant to be all inclusive but rather an
overview ofsome of the more important issues
that should be pursued.

Lifeline Inventory. Organizations such as the
Federal Emergency Management Agency,
Department of Transportation, and American
Society of Civil Engineers Technical Council of
Lifeline Earthquake Engineering are
encouraged to build On the work performed in
this project, develop standards for complete
lifeline inventories, and coordinate the

.acquisition of the needed additional and
updated data from various lifeline owners.

4. Conduct cost-benefit studies 10 determine Ihe
most cost effective measures. We note that, in
some cases, retrofit measures may not be very
cost effective. In regions where the return
period for large earthquakes is quite long, for
example, replacement over the life cycle of the,
facility or component may be a reasonable
approach.

,5. Implementthe selected hazard reduction
measures.

Compr,essor, metering and pressure
reduction stations

•

Lifeline Component Vulnerability. We
recommend amajor effort to acquire data on
lifeline .eismic performance and damage, and
conduct analysis towards the development of
improved component vulnerability functions.
This effort should also investigate lifeline
recovery data, and incorporate the extensive

. experience realized during the 17 October 1989
Loma Prieta,. California, earthquake, as well as
from other damaging earthquakes.

Seis:mic Hazard Data. We suggest that the U. S.
Geological Survey dev,elop, or coordinate
through the various .tate.' Office of Geologists,
a series ofdigitized .oils/geologic databases.

For electric systems:
.' Substations
• Power stations

For gas and liquid fuels:
'. Distribution storage tanks
• Transmission pipelines

2. Conduct an investigation of the seismic
vulnerability and impact of disruption for the
lifeline(s) and region(s) of concern. Lifeline
seismic evaluation methodologies and other
potential resources for this purpose have been
developed by the ASCE Technical Council for
Lifeline Earthquake Engineering (see
references, Chapter 10), the Applied Techno
logy Council (ATC, in preparation) and others.

Following are recommended steps when
implementing a program to reduce seismic
hazards ofexisting lifelines:

For water transportation systems:
• Port!cargo handling equipment
.' Inland waterways

numerous specific measures that relate to
unique systems or components within each
lifeline. Special attention should be directed to
those systems and conditions that are of greatest
concern, such as porcelain components in
electric substations.

For highway systems
• Bridges
• TUJ1J1els
• Roadbeds

For water systems:
• Pumping stations
• Tanks and reservoirs
• Treatment plants
• Transmissions aqueducts

1. Review existing descriptions ofseismic
performance ami rehabilitation measures for the
lifeline(s) ofconcern, i.e., familiarize yourself
and your organization with the overall problem.
Sources include Appendix B and Chapter 10
(References) of this report.

3. Focus first on the most vulnerable lifelines,
components, and conditions (e.g., liquefaction
or landslide potential). Vulnerable components
include:

ATC-25 Executive Summary xxxix



Economic Analysis and bnpacts Data and
Methodology. We recommend further research,
especially in: economic areas such as: .

• Economic impacts associated with
lifeline disruption,

• Second-order economic effects (e.g.,
interaction between lifelines),

• Elasticities of demand, or substitution of
a lesser disrupted lifeline for a more
disrupted lifeline,

• Inter-regional impacts, and

• So-called "benefits," such as increased
econoIllic activity associated with repair,
or replacement of older equipment with
new technology.

Lastly, we note that this study did not address
environmental consequences associated with
lifeline disruption, especially the potential for
oil spills from broken pipelines in the nation's
waterways following a New Madrid event.
Investigation of this issue is critically important.
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1. Introduction

1.1 Background and Purpose

Lifeline is an earthquake engineering term
denoting those systems necessary for hllffian life
and urban function, without which large urban
regions cannot exist. Lifelines basically convey
food, water, fuel, energy, information, and other
materials necessary for human existence from
the production. areas to the consuming urban
areas. Prolonged disruption of lifelines such as
the water supply or electric power for a city or
urbanized region would inevitably lead to major
economic losses, deteriorated public health, and
eventually population migration. Earthquakes
are probably the most likely natural disaster that
would lead to major lifeline disruption. With the
advent ofmore and mOCl"e advanced technology,
the United States has increasingJy become
dependent on the reliable provision of lifeline
related commodities, such as electric power,
fuel, and water. A natural question is: WIlat is
the potential for major disruption to these
lifelines, especially at the regional level?

The initiation of this study by the Federal
Emergency Management Agency (FEMA) is
based in part on a need to better understand the
impact ofdisruption of lifelines from
earthquakes and to assist in the identification
and prioritization ofhazard mitigation measures
and policies. In addition, the report is intended
to improve national awareness of the
importance of protecting lifeline systems from
earthquakes, and of assuring lifeline reliability
and continued serviceability.

The specific contractual requirements of this
project and report are:

• To assess the extent and distribution of
existing U.S. lifelines, and their associated
seismic risk; and

• To identify the most critical lifelines, and
develop a prioritized series ofsteps for
reduction of lifeline seismic vulnerability,
based on overall benefit.

FEMA is also sponsoring a companion study to
develop and demonstrate a model methodology

for assessing the seismic vulnerability and impact
ofdisruption ofwater transmission and
distribution systems (ATC,. in preparation).

In this study, lifelines ofcritical importance at
the U.S. national level have been analyzed to
estimate overall seismic vulnerability and to
identify those lifelines having the greatest
economic impact, given large, credJ1"ble U. S.
earthquakes. The lifelines examined include
electric systems;. water, gas, and oil pipelines;
highways and bridges; airports;. railroads; ports;
and emergency service facilities. The
vulnerability estimates and impacts developed
are presented in terms of estimated direct
damage losses and indirect economic losses.
These losses are considered to represent a first
approximation because of the assumptions and
methodology utilized, because several lifelines
are not included, and because, in some cases,
the available lifeline inventory data lack critical
capacity information.

1.2 Imporlance of the Lifeline
Earlhquake Risk Problem

The critical importance and earthquake
vulnerability of lifelines were probably first
strongly emphasized in the earthquake and
ensuing fires in San Francisco in 1906. The
disaster in San Francisco,. which was the worst
urban fire in history to that time, and which
continues today to be the worst earthquake
disaster in U.S. history,. was in large part
attributable to the failure of several lifelines,
including:

• Breakage of gas distnoutioru and service
lines, leading to numerous outb~eaksof fire.

• Damage to fire stations, resulting in
inoperable apparatus and injured fire
fighters. The single worst example of this
was the fatal injDry ofSan Francisco Fire
Chief Dennis Sullivan, effectively
"decapitating" the fire department at tile
worst possible momenl.

• Worst of ail, literally hundreds of breaks to
the water distn"bution system within San

ATC-25 1: Introduction 1



Francisco, resulting in. total loss of water for
fire-fighting purposes.

After that disaster and in recognition of the
absolute necessity of water following an
earthquake, the San Francisco Fire Department
built and today still operates the Auxiliary
Water Supply System (AWSS), a unique high
pressure water system separate and redundant
from the·domestic drinking water supply.

Following 1906, major earthquakes in the U.S.
and elsewhere continued to illustrate the prime
importance of lifelines in earthquakes. In the
1933 Long Beach Earthquake, for example,
numerous authorities at the time cited the
prompt shutdown of the municipally operated
gas system with the prevention of major fires
(e.g., NBFU, 1933; Smethurst, 1933; Binder,
1952):

•

•

•

•

•

Major damage to a telephone central
switching office, and loss of telephone
service due to this damage as well as
saturation;

Near-collapse of a major dam;

Numerous breaks in the gas distributiort
system, resulting in large burning gas flares
at several intersections;

Collapse of major freeway overcrossings,
resulting in fatalities and major disruption of
traffic; and

Major damage to emergency facilities,
including collapse and major loss of life at a
hospital, and major damage or partial
collapse at several other hospitals, including
very modern structures at one hospital.

The 1971 San Fernando Earthquake illustrated
more than any other event the essential
interaction of lifelines and earthquakes.
Examples of lifeline effects .in that relatively
modest earthquake included:

Broken gas services and devices caused 7 of
the 19 fires reported in Long Beach during
the night of 10 March 1933. Prompt closing
ofvalves, together with a major break in a
high pressure main, undoubtedly prevented
fires in numerous locations in the business
district. Preparedness for disturbance is of
very great importance in connection with
gas service (NBFU, 1933).

Instructions had been issued and signs had
been posted near the control valves ofthe
gas and light public utility control stations to
the effect that, in the event of an
earthquake, these switches mustbe pulled
or valves closed, and this was the reason that
the gas lights were shut off in less than four
minutes after the earthquake had occurred
(Smethurst, 1933).

• Major damage to electrical substations,
. including overturning of extra high voltage
(EHV) transformers;

Since the 1971 San Fernando Earthquake,
significant research into lifelines has been
conducted, too extensive to summarize herein
(see the following references for major
compilations: Kubo and Jennings, 1976; ASCE
TCLEE, 1977; Kubo and Shinozuka, 1981;
ASCE-TCLEE, 1981; Smith, 1981; Ariman,
1983; Cooper, 1984; Scawthom, 1985; Eguchi,
1986; BSSC,1987). Additionally, several design
guidelines have resulted from this research
(ASCE-TCLEE, 1983; GLFC, 1984; ATC-6,
1981; ATC-6-2, 1983), which should result in
improved future lifeline design and
performance.

Based on these efforts, it is fair to say that
substantial lifeline earthquake engineering
knowledge, data, and experience are presently
available today, for the purpose of designing or
retrofitting lifelines to withstand the effects of
earthquakes. However, because much of the
U.S. national infrastructure was constructed
prior to the research and guideline development
of the 19705 and 19805, the United States is still
faced with the problem of existing lifelines that
are seismically vulnerable and that, if disrupted,
would result in major economic displacements,
and probable environmental damage and human
injury.

• Literally hundreds of breaks in the water
distribution system;

This last point was tragically demonstrated on
October 17,1989, when the magnitude 7.1
Loma Prieta Earthquake struck the San
Francisco Bay Area, resulting in 62 deaths, more

2 1; Introduction ATC-25



than 3,700 injuries, and leaving more than
12,000 persons homeless. Approximately two
thirds of the fatalities in this event were due to
the failure of a lifeline--the collapse of the
Cypress double-decked highway structure in
Oakland. Lifeline damage and disruption were
one of the most significant features of this
earthquake, the most damaging to str&e the
conterminous United States since 1906. One of
the world's major bridges, the San Francisco
Oakland Bay Bridge, was dosed for a month due
to structural failme. Power was disrupted over a
widespread area, water systems failed in several
communities, and other lifeline problems
contnbuted to major disruptions.

1.3 Project Approach

This study is concerned with the seismic risk to
lifelines and provides a first approximation of
the indirect economic effects of lifeline
interruption due to earthquakes. The analysis is
first order in that uncertainties in vulnerability
functions, seismic hazard, and all other factors
were not considered. The overall objective of
the study is to quantify the extent and
distribution of lifelines. in the lower 48 States, to
identify the most critical lifelines in terms of
their vulnerability and impact on the national
economy, and to develop a prioritized series of
steps for reducing seismic risk to these lifelines.

Figure 1-1 summarizes the main steps of the
approach used to develop this report. Four basic
steps were followed to estimate lifeline damage
and subsequent economic disruption for given
earthquake scenarios.

1. Development of a national lifeline inventory
database.

2. Development of seismic vulnerability
functions for each lifeline system,

3. Characterization and quantification of the
seismic hazard nationwide, and

4. Development of direct damage estimates
and indirect economic loss estimates for the
various scenario earthquakes.

1.4 Llmllaiions and Co,ns1roints

During development of this report and its
supporting data, several problems were

,encountered that could not be resolved because
of technical difficulties and lack of available
data. For example, te1ecommunkation systems,
nuclear and fossil-fuel power plants, dams,
and certain water, electric, and transportation
facility types at the regional transmission level
were excluded from consideration in this projeet
because of the unavailability of inventory data
or the need for more in-depth studies.

Interaction effects between lifelines, secondary
economic effects (the impact of a reduced
capacity oIone economic sector on a dependent
sector), and damage resulting from landslide
(due to lack of inventory data nationwide) were
also not considered in developing this report.
These limitations and others described in
Chapters 2, 4, and 5 tend to underestimate the
losses presented herein; and other factors, as
described elsewhere in this report, tend to
overestimate the losses. Lack of capacity
information for most lifelines was also a definite
limitation. In the aggregate, due primarily to the
exclusion of certain systems (e.g., dams and
telecommunication systems), we believe the
,estimates of losses presented in this report are,
in fact, quite conservative.

We also emphasize that this report is a
macroscopic investigation at the national level
and the results should not be used for
microscopic interpretations. The results, for
example, are not intended to be used to
evaluate any particular regional utility or
lifeline, and no specific information on such
specific facilities has been included.

1.5 Organizaiionol the Report

The organization and contents of this report
have been dictated in large part by the project
approach. Follov"ing this introduction is Chapter
2, which oontains a description ofthe inventory
data developed for and utilized in this project.
Seismic vulnerability functions, in the form of
damage curves and restoration curves for all
lifelines .considered" are developed and
described in Chapter 3. In Chapter 4 we discuss
the seismic hazard nationwide, identify available
seismic hazard models that could have been
used in the analysis stages of this project,
indicate the model that was selected and
describe its advantages and disadvantages, and
define the eight earthquake scenarios that
provide the basic framework for all damage and
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loss estimates presented in this report. Direct
damage estimates and estimates of indirect
economic loss are developed in Chapters 5 and
6. The direct damage and indirect economic loss
estimates are combined, summarized, and
discussed in Chapter 7. In Chapter 8 we identify
the most critical lifelines, identify hazard
mitigation stra tegies,. and discuss the potential
benefits of implementing such strategies.

Chapter 9 provides brief remarks about
additionally needed research and other efforts.
References are provided in Chapter 10. The
report concludes with a series of appendices
containing names and affIliations of project
participants and substantial amounts of lifeline
vulnerability assessment data too voluminous to
include in the main body of the report.

ATC-25 , 1: Introduction 5



2. NaUonal Lifeline Inventory

2.1 Introduction

Development of the ATC-25 invento1y, for all
major lifelines in the United States, was a major
task. The project scope required that lifelines be
inventoried in sufficient detail for conducting
lifeline seismic vulnerability assessments and
impact of disruption at the national level. This in
turn required that the invento1y be compiled
electronically in digital form and dictated that
inclusion of lifelines at the transmission level, as
defined below, was of prima1y importance. At
the same time, the level of effort that could be
devoted to this task was constrained by the
budget available.

Initially, a number of government, utility, trade
and professional organizations, and individuals
were contacted in an effort to identify
nationwide databases, especially electronic
databases. In most cases, these organizations or
individuals referred the project back to FEMA,
since they had either previously furnished the
information to FEMA, or knew that the data
had been furnished to FEMA by others. As a
result, FEMA's database (FEMA, 1987) became
a major source of data for several of the
lifelines. A significant portion of these data
consist of digitized U.S. Geological Survey
(USGS) topographical maps and/or the
National Atlas (Gerlach,. no date), performed by
the U.S. Geological Survey in support of
national censunequiremenls. With the
exception ofoil and gas pipeline data provided
by the National Petroleum Council, the
inventory data generally date from about 1966,
ooless later updated by FEMA. A number of
other sources were employed in various ways,
which are further discussed below.

The network invento1y contained in the
database is generally at the higher transmission
levels, as opposed to lower distribution levels.
That is, inventories were generally only
compiled for networks at the bulk and/or
regional level, as opposed to lifelines at the
user-level (i.e., distribution level) within an area.
To use an analogy, the invenlo1y contains ouly
the national aneriallevel, and neg1ecls the
distnbution or capillary system. For example, all

federal and state highways are inventoried, but
county and local roads are not. The major
reason for focusing on the transmission level is
that at lower levels the systems only support
local facilities. Thus, a disruption of a local
activity could not be used to identify the overall
regional importance of the lifeline. However,
disruptions at the transmission level impact
large regions and are therefore important for
understanding the seismic vulnerability and
importance oflifelines to the United States. For
some lifelines, such as highways and railroads,
an additional reason for focusing on the
transmission level is the increasing redundancy
that contributes to system reliability as one
descends in the lifeline hierarchy. Lastly, even at
the transmission level, the mvento1y effort alone
is conSiderable.

The invento1y data have been compiled into an
electronic database, which generally consists of
(i) digitized location and type offacility for
single-site lifeline facilities, and (ii) digitized
right-of-way,. and ve1y limited information on
facility allributes for network lifelines. The
invento1y is only a partial invento1y, in that
,important information on a number offacility
attributes (e.g., number or length of spans for
highway bridges) was unavailable from FEMA

2.2 National Lifeline Inven10ry Data--
Overview

The invento1y data include infonnation for the
conterminous United States only. Lifeline data
for Alaska, Hawaii, and U. S. territories, such as
Puerto Rico, have been excluded because
lifelines in these regions would not be affected
by the scenario earthquakes (see Chapter 4)
considered in this study.

The specific lifelines that have been inventoried
for the conterminous United! States are:

Tramportation
• Highways
• Railroads
• Airports
• Ports and Harbors

ATC-25 2: Naiional Lifeline Inventory 7



Energy
• Electric Power Transmission
• Gas and Liquid Fuel Transmission

Pipelines .

Emergency Service Facilities
• Emergency Broadcast Facilities
• Hospitals

Water Aqueducts and Supply

An important lifeline, telecommunication
systems, which would be severely impact by
earthquake-induced ground shaking, was
excluded because of the unavailability of data, as
are certain regional distribution network facility
types (e.g., railway terminals, bridges, and
tunnels; certain aqueducts; major
freewaylhighway bridges; fossil-fuel power
plants; and aqueduct pumping stations). In
addition, data on nuclear reactors and dams are
excluded because it was believed that such
facilities should be the subject of special studies,
particularly because of the exiSting regulations
relating. to seismic safety in many regions and
the expected complexity of the performance and
impact of these facility types. As a result, the .
losses provided by this study will be
underestimated to the extent that these facility
types are not included.

Also excluded from the inventory, but included
in the analysis, are distribution systems at the
local level (water, highway, and electrical
systems) and police and fire stations. For these
facility types, the number of facilities in each 25
km by 25-km grid cell, which is the grid size for
the seismic hazard analysis (see Chapter 4), is
estimated on the basis of proxy by population.

Each of the above-specified lifelines has been
inventoried in terms of its nodes and/or links.
Nodes are points on the lifeline, connected by
links. Examples of nodes are highway
intersections and electric substations. Links
would be sections ofhighway, sections of
pipeline, Or electric transmission lines.
Intermediate points between links have been
introduced in some lifelines to provide better
location information on the path of a lifeline
(i.e., to capture path curvature between nodes).

The data were compiled and reduced on a
graphical interactive lifelines seismic risk
analysis/database management computer

program named LLEQE* (LifeLine
EarthQuake Engineering). Two operations were
required: (1) reduction in the number of links
by a factor of abou t ten to reduce the size of the
database to a manageable size for analysis (i.e.,
minor curvatures atthe local level have been
eliminated), and (2) continuity corrections so
that transmission lines between separately
digitized sections (e.g., across state boundaries)
would be continuous. The reduction effort was
substantial and utilized a significant portion of
the financial resources allocated to the
inventory task.

The inventory was generally compiled in terms
of nodes, links, and descriptive attributes, if
available. These attributes are:

1. Measures oflifeline inventory, appropriate
to the lifeline. These are, for example:

• Miles of oil pipeline, by diameter;

• Number of electric substati~.ms;

• Miles of water pipeline; and

• Number of emergency facilities, such as
hospitals, fire stations.

2. Additionally, where available, measures of
function and redundancy have been
compiled on this database. For transmission
line links, these include:

• The capacity of the lifeline and/or the
population served;

• The end points of the nodes; and

• Whether the nodes are served by other
links.

Each of the inventoried lifelines, as well as those
estimated by proxy, are discussed below.

2.3 Transportation Dat.a

State and Federal Highway System A
comprehensive national digitized data set on the
highway system was obtained from FEMA, as
shown in Figure 2-1. The system includes state
and federal highways, but excludes county and
local roads. It consists of 27,761 links (about
489,892 km of highways). Right-Of-way

• Copyright 1989 EQE Engineering, Inc.
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alignment is indicated, but capacity (i.e., number
oflanes) is no t.

Local Higbway Distribution. Detailed highway
networks at the local level were not readily
available in an electronic format. Based on
statistics provided by the California Department
ofTransportation, we have determined that
there is approximately 1 mile of local roadway
for every 300 persons, This would correspond to
approximately 15 feet of local roadway per
person.

F~d~ral and Stare Highway Brid~s. Figure 2-2
shows 144,785 bridges, which have been
obtained from FEMA's database. Bridges
included are those for state and federal
highways. Number ofspans and structure types
were not available.

Railroad Syst~m.This system shown in Figure
2-3 consists of about 11,340 links (about 270,611
kIn). The railroad system was provided by
FEMA in digitized form; only right-of-way was .
indicated.

Airports. Locations of 17,161 civil and general
aviation airports were provided by FEMA,. as
shown in Figure 2-4.

Ports and Harbors. Location information only
for about 2,177 ports was provided by FEMA, as
shown in Figure 2-5.

2.4 Energy and Fuel Dala

Electric Power Generation and Transmission.
The electric system provided by FEMA included
230 kV and above and some 115 kV systems
(Figure 2-6). The inventory oontains 4,551
substations, and 27,372 links, including links
used to define path curvature between nodes
(about 441,981 kIn of transmission lines). The
number of circuits, and their voltage or capacity,
however, are not included in the database.
While the lack ofcapacity information has not
been a serious limitation for this study, as
discussed elsewhere, we recommend that users
of this inventory data seek to add capacity
information before using the data to conduct
regional or local studies.

Local Electrical System Distribution. Detailed
electrical distnbution networks at the local level
were not readily available in an electronic

format. It was assumed, therefore, that the
person-to-unit-length ratio for electrical
distribution systems was the same as that for
highways. In other words,. there is approximately
1 mile of electrical distribution line for every 300
persons. This would correspond to
approximately 15 feet of electric line per person.

Gas and Liquid Fuel Transmission Pipelines.
The National Petroleum Council (NPC, 1989)
furnished relatively comprehensive national
digitized data on oil and gas pipelines, including
size and material of piping. Figures 2-7, 2-8, and
2-9 picture the crude oil,. refined oil, and
natural-gas pipelines, respectively. The crude oil
system includes about 77,109 kID of pipelines.
The refined oil system consists of about 85,461
kIn of pipelines and natural gas system has about
67,898 kIn of pipelines. The database had been
developed as part of a major study on the
transportation and capacities for this important
sector of the economy, and potential
catastrophic disruptions (NPC 1989; it is
interesting to note that earthquake was not
considered as a possible source of disruption in
this study).

Refineries. Figure 2-10 shows 19 refineries
nationwide having capacities of 80,000 barrels or
more per day (the size considered in this study).
Locations ofthese refineries have been digitized
from the National Atlas (Gerlach, no date).

2.5 Emergency Service FacIlity Data

Emergency Broadcast Facilities. The 10catiollS
of 29,586 stations were obtained from FEMA
and are shown in Figure 2-11.

Medical Care CenterS. Locations of about 6,973
centers were obtained from FEMA's database
and are shown in. Figure 2-12..Structural types
were no t available.

Police and Fire Stations. Detailed information
was not available for these facilities. They were
estimated as follows:

Fire Stations. Detailed nationwide fire
station inventory data were not readily
available in an electronic format. Data. for
the San Francisco and Los Angeles region
fire stations were available (AIRAC, 1987)
and were correlated with jurisdictional
population to determine a relation, which

ATC-25 2: National LUeline Inventory 9



Figure 2-1 State and federal highways.
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Figure 2-2

ATC-25

State and federal highway bridges.
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Figure 2-3

12

Railroad system.
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Figure 2-6
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Figure 2-7
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Figure 2-8
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Figure 2-9
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Natural gas pipelines.
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Figure 2-10
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Figure 2-11
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Emergency broadcast stations.
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figure 2-12
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Medical care centers.
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permits population to be used as the proxy
measure of the number of fire stations. The
data exhibit a trend that makes population
appear to be a good basis for estimating the
number of fire stations in an area. Intuition
tells us that this would not be a linear
function, since at the lower end of the
population scale (a very small town), there
would be at least one station (perhaps a
volunteer unit) in most towns or areas. In
rural forest areas, there may be few or no
people residing in an area, but it might have
several forest fire fighting crews available. A
bilinear curve was deemed to be simple
enough to be usable in a nationwide
inventory, yet more capable of capturing the
higher presence of fire stations in the less
dense areas. The relationship developed is
that there is one fire station per every
13,000 people in a municipality of less than
100,000 people. For municipalities of more
than 100,000 people, there are 9 fire stations
plus one more for every 36,000 additional
people.

Police Stations. Detailed nationwide police
station inventory data were not readily
available in an electronic format. Data from
a limited survey of municipalities with
different attendant populations were
obtained and correlated with the
jurisdictional populations in an attempt to
determine a relation, which permits
population to be used as a proxy measure of
the number of police stations. The data did
not exhibit a strong correlation between the
number of police stations and the
jurisdictional population. There appears to
be only one police or law enforcement
station per municipality--cities with more
than one police station are few, except for
the largest cities. More than one police
station in a municipality appears to be a relic
of older days, with slower travel and
communications. The data do make possible
a stronger correlation to geography (such as
the presence of a municipality) than directly
to populljtion, but intuition would say that
the existence of law enforcement stations in
rural areas, where the station size would be
approximately uniform (one or two officers),
would follow along population bounds. The
relationship developed is that there is
approximately one police station per every
60,000 people.

2.6 Water Supply Data

Water Transmission. Detailed information
nationwide, on water storage, transmission, and
treatment was not readily available. A variety of
sources were employed to digitize reservoir
locations and long-line transmission lines for
large urban areas, ofwhich only a few exceed
tens of miles in length, that is, exceed our grid
size (e.g., San Francisco, Los Angeles, New
York). The inventory includes approximately
3,575 km of aqueduct, as shown in Figure 2-13.
Excluded from the inventory are aqueducts in
Utah, which were not available for inclusion in
this study. It is also possible that other
significant water transmission lines are
inadvertently omitted from this study, as the
project team had neither time nor funding to
contact all potential sources of data.

Water Distribution. Detailed water distribution
network inventory data were not readily
available in an electronic format. Data from a
survey of the largest water districts were
available (AWWA report no. 20212 "1984
Water Utility Operating Data") and were used
to correlate the quantity of piping with
population. The data exhibit an apparent
relationship between the population served by
the water district and the total number of miles
of piping in the distribution network. The values
vary between different municipalities,
apparently according to population density. New
York City is one of the most densely populated
municipalities in the United States, and the
water distribution data reflect this. Overall, the
average figure, which reflects the relationship
between quantity of piping and populations for
almost half the population of the United States,
should be a reasonable figure to apply
nationwide. The relationship we developed is
that there is approximately 1 mile of distribution
piping for every 330 persons. This would
correspond to approximately 16 feet of
distribution piping per person.

2.1 PC-Compatible Electronic
Database

The data discussed above, developed as part of
this project, form a very significant nationwide
database on infrastructure at the regional leveL
Because the data could also serve as a valuable
framework (or starting point) for researchers
who wish to investigate lifelines at the regional
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or local level, including applications unrelated to
seismic risk, the data have been formatted for
use on ffiM-PC compatible microcomputers.
The data are unrestricted and will be made
available by ATC on 18, 1.2-megabyte, floppy
diskettes, together with a simple executable
computer program for reading and displaying

the maps on a computer screen. The disks
contain 25 files, as shown in Table 2-1. For many
of the networks, two files are presented, a .DAT
file representing an ASCII file of latitude and
longitude coordinates, and a .DEM file
representing an x/y coordinate file for screen
plotting purposes, in binary.

Table 2-1 National Lifeline Inventory Electronic Database

File No. File Name

1. DEMO.EXE

2. HW.DEM
3. HW.DAT
4. RAILR.DEM

5. RAILR.DAT

6. ELECTRIC.DEM

7. ELECTRIC.DAT
8. CRUDE.DEM

9. CRUDE.DAT

10. REFINED.OEM

11. REFINED.DAT
12. NGAS.DEM
13. NGAS.DAT
14. BRIDGES.DEM
15. BRIDGES.DAT
16. AIR:PORTS.OEM
17. AI RPORTS.DAT
18. PORTS.DEM
19. PORTS.DAT
20. BRDSTNS.DEM

21. BRDSTNS.DAT
22. MEDCARE.DEM

23. MEDCARE.DAT

24. WATER.DEM

25. WATER.DAT

Contents

(the highway network in x/y coordinates)
. (the highway network in longitude/latitude coordinates)

(the railroad network in x/y coordinates)

(the railroad network in longitude/latitude coordinates)

(the electric network in x/y coordinates)

(the electric network in longitude/latitude coordinates)
(the crude oil network in x/y coordinates)

(the crude oil network in longitude/latitude coordinates)

(the refined oil network in x/y coordinates)

(the refined oil network in longitude/latitude coordinates)
(the natural gas network in x/y coordinates)

(the natural gas network in longitude/latitude coordinates)
(the bridges in x/y coordinates)
(the bridges in longitude/latitude coordinates)
(the airports in x/y coordinates)

(the airports in longitude/latitude coordinates)
(the ports in x/y coordinates)
(the ports in longitude/latitude coordinates)
(the broadcast sta. in x/y coordinates)
(the broadcast sta. in longitude/latitude coordinates)
(the hospitals in x/y coordinates)

(the hospitals in longitude/latitude coordinates)

(the water system in x/y coordinates)

(the water system in longitude/latitude coordinates)
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3. Development of Lifeline Vulnerability
Functions

3.1 Introduction

Vulnerability functions are used to describe the
expected or assumed earthquake performance
characteristics of each lifeline as well as the time
required to restore damaged facilities to their
pre·earthquake capacity,. or usability. Functions
have been developed for each lifeline
inventoried for this project, or estimated by
proq (see Chapter 2). The components of each
vulnerability function and how they were
developed are descnbed herein in Chapter 3.
The functions themselves, too lengthy to include
in this chapter, are provided in Appendix B.

The vulnerability function for each lifeline
consists of the following components:

• General information, which ,consists of
(1) a description of the structme and its
main components, (2) typical seismic
damage in qualitative terms, and (3)
seismically ~esistant design characteristics
for the facility and its components in
particular. This information has been
included to define the assumed
characteristics and expected
performance of each facility and to
make the functions more widely
applicable (i.e., applicable for other
investigations by other researchers).

• Direct damage information, which
consists of (1) a description of its basis in
terms of structure type and quality of
construction (degree of seismic
resistance), (2) default estimates of the
quality of construction for present
conditions, and corresponding motion·
damage curves, (3) default estimates of
the quality of construction for upgraded
conditions, and (4) ~estoration curves. As
described below, these curves are based
on data developed under the ATC-13
project (ATC, 1985).

In the following sections we describe the general
approach and specific methodology utilized to
develop the quantitative relationships for each

vulnerability function (Direct Damage versus
Modified Mercalli Intensity andResidual
Capacity versus Modified Mercalli Intensity).
Example computations are provided. In
addition, a sample of a complete vulnerability
function (general information plus direct damage
information) is included as an illustrative
example.

3.2: General APproach lor
CharacteriZing Earthquake
Performance

The lifeline facility vulnerability functions used
for this project are based on those developed on
the basis of expert opinion in the ATC-13
project (Earthquake Damage Evaluation Data
for California, ATC 1985). The ATC·13 direct
damage data, presented in the form of Damage
Probability Matrices (DPMs,. Table 3-1), are
applicable for Standard construction in
California, as defined below, and may be
modified per procedures outlined in ATC·B,
which shifts the curves one·to··two intensity
units down for Special construction, as defined
below (i.e., ·1 or ·2), and one to two intensity
units up for Nonstandard construction, as
defmed below (i.e., +1 or +2). Standard
construction is defined (in ATC-13) to include
all facilities except those designated as Special
or Nonstandard. Special construction refers to
facilities that have special earthquake damage
control features. Nonstandard refers to facilities
that are more susceptible to earthquake damage
than those of Standard construction. Older
facilities designed prior to modem design code
seismic requirements or those facilities designed
after the introduction of modern code seismic
requirements but without their benefit can be
assumed to be Nonstandard. In exceptional
cases, older facilities may have had. special
attention paid to seismic forces and may qualify
as Standard construction. While Special is
defined in ATC-13 to .Iefer to facilities that have
special earthquake damage control features, in
this study we take this to include, in some cases,
facilities designed according to the most modern
design code seismic requirements. Standard is
assumed to represent existing California

ATC-25 3: Development 01 LlleJine Vulnerabilify Functions 25



Table 3-1 Typical ATC-13 Damage Probability Matrix (ATC, 1985)
(Example for Liquid Storage Tanks, on ground)

Modified Mercalli Intensity
VI VII VIII IX ;i XI XII

94.0 2.5 0.4 *•• ••• ••• *••

6.0 92.9 30.6 2.1 ***" *•• **.*
••• 4.6 69.0 94.6 25.7 2.5 0.2

.*. ••• ••• 3.3 69.3 58.1 27.4

••• ••• ••• ••• 5.0 39.1 69.4

••• ••• *•• ••• ••• 0.3 3.0

*** ••• ••• ••• ••• ••• •••

0.00

0.50

5.00

20.00

45.00

80.00

100.00

"'Very small probability

Central
Damage

factor

facilities (i.e., a composite of older non
seismically designed facilities, more recent
facilities designed to the seismiC requiIt~ments of
their day, and modem fac.i1ities designed to
current seismic requirements).

With regard to regional U.S. seismic design
practice, the general consensus appears to be
that, with few exceptions, only California and
portions of Alaska and the Puget Sound region'
have had seismiC requirements incorporated
into the designof local facilities for any
significant period of time; For all other areas of
the United States, present facilities are assumed
to have seismic resistance less than or equal to
(depending on the specific facility) that of
equivalent facilities in California NEHRP Map
Area 7 (Figure 3-1) (ATC, 1978; BSSC, 1988).
In this regard, we have broken the United States
into three regions:

a. California NEHRP Map Area 7 (the
general focus of ATC-l3), which we take to
be the only region of the United States with
a significant history of lifeline seismic design
for great earthquakes,

b. California NEHRP Map Areas 3-6, Non
California Map Area 7 (parts of Alaska,
Nevada, Idaho, Montana, and Wyoming),
and Puget Sound NEHRP Map Area 5,
whiCh we take to be the only regions of the
United States with a significant history of
lifeline seismic design for major (as opposed
to great) earthquakes, and

c. All other parts of the United States, which
we assume have not had a significant history
of lifeline seismic design for major
earthquakes.

As an example, examine on-ground liquid
storage tanks (ATC-13 Facility Class 43, Table
3-1), for which ATC-13 indicates mean damage
from ground shaking of Modified Mercalli
Intensity (MMI) IX to be 4.6% of replacement
value for Standard construction. If the
.construction is modern and judged to be Special
construction, then the mean damage is indicated
to be 0.5% (corresponding to MMI VII) for the
same intensity of ground shaking. Alternatively,
if the construction is judged to be Nonstandard
(e.g., predating seismic design), then the mean
damage is indicated to be 27.9% (corresponding
to MMI XI) for the same intensity of ground
shaking.

3.3 Method for Obtaining Lilellne
Direct Damage and Residual
Capacity Functions

This section presents the calculational
algorithms employed in obtaining the
quantitative lifeline component vulnerability
functions for use in the ATC-25 project. Two
vulnerability functions are determined: (1)
direct damage to a lifeline component, in terms
of repair costs expressed as a fraction or .
percentage of value, and (2) fraction of initial
capacity (restored or remaining) as a function of
elapsed time since the earthquake, for a given

26 3: Development of Lifeline VUlnerability Functions ATC-25
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MMI, herein termed restoration curves. All
assumptions operative in ATC-B, such as
unlimited resources for repair and restoration,
apply to these results.

Three main steps are involved in obtaining the
vulnerability functions for each component.
Each of these steps is described below.

TR=0.3 = exp(cl)DMG~~
TR=0.6 = exp(c2) DMGd3
TR=l.O = exp(c3) DMG

Figure 3-3 shows the form of the regression
curves we obtained.

STEP 3

STEP 2

STEPl

In order to obtain a continuous relation
between seismic damage (DMG) and intensity
(MMI), a regression of the form

(3.3)

R = % restored
TR = restoration time, in days
f, g = regression coefficients

where:

The regressions obtained from the previous two
steps are used to arrive at the restoration curves.
The restoration curve for each lifeline
component, for each intensity (MMI), is
obtained by fitting a straight line through the
three points corresponding to 30%, 60%, and
100% restoration time. The regression line has
the following form:

(3.1)DMG = exp(a) MMIb

is performed on the damage data points in
Appendix G of ATC-B. The regression
coefficients a and b are obtained for each
Facility Class (FC) corresponding to a lifeline
component. A damage curve of the form shown
in Figure 3-2 is thus obtained for each Facility
Class in ATC-B.

Data on time-to-restoration for different Social
Function (SF) classes, which are facility types
defined in terms of the four-digit Standard
Industrial Classifications of the U. S.
Department of Commerce, (provided in Table
9.11 of ATC-B), are used to perform the
following regression, which gives a continuous
relation between the damage state and the
corresponding restoration time for each social
function class:

where:

= exp(c) DMGd (3.2)

The three points used to fit a straight line by the
above regression are obtained in the manner
described below:

For a given lifeline component, the damage
corresponding to a particular MMI is assumed
to have a lognormal distribution. The time to
restoration is then obtained numerically as the
weighted average of the restoration time (given
by Equation 3.2) taken over equal intervals of
the lognormal distribution of the damage. The
weight factors are the areas of. the equal
intervals of the lognormal distribution, i. e., the
probabilities of the corresponding damage. For
example, .

Thus,

Regressions of the above form are performed
for each of the social function classes using the
data in ATC-B on restoration times for 30%,
60%, and 100% restoration.

where TR(30% R, MMI)) is the r~toration

time to 30% restoration for a given MMI, Pi is
the probability that the damage = DMGi, i.e.,
the area of the interval, i, on the lognormal
distribution of the damage, and N is the number
of intervals of the lognormal distribution.

(3.4)

TR (30% R, MMI) =

N
Z (PiX exp(cl) x DMGi(MMI)d1)

1=1

= restoration time, in days
= Central Damage Factor (CDF)

for each damage state (DS)
= regression coefficientsc,d

28 3: Development of Lifeline VUlnerability Functions ATC-25
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Figure 3-3 Comparison ofATC-13 Table 9.1 data (Weighted Statistics for Loss of Function Restoration
Time of Social Function Classifications) versus regression curve.
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Class 53 (Cranes). The values for the damage
are listed below, together with the ATC-l3 data
(from ATC-l3, Appendix G, weighted mean of
best estimate of damage factor):

Social Function Facility
Class Factor Class Factor

28a 0.6 63 0.6

28b 0.4 53 0.4

Weighting Factors Used to
Determine Percent of Social
Function and Facility Classes
Contributing to Ports/Cargo
Handling Equipment

Similar calculations are also carried out for 60%
R and for 100% R.

Next, the weighted average of TR(30%R, MMI)
for the different social function classes
corresponding to the lifeline component is
obtained. This serves as one of the three points
for fitting the restoration curve. The other two
points are obtained by repeating the process for
60% and 100% restoration time. The regression
line given by. Equation 3.3, obtained using these
three data points, is the restoration curve for the
lifeline component. An example to illustrate the
method of obtaining

(1) the direct damage curve and

(2) the restoration curves, for the
Ports/Cargo Handling Equipment
component of the Sea/Water
Transportation lifeline

is provided below.

3.4 Example Direct Damage and
Residual Capacity Computations

Table 3-2

MMI

6
7
8
9

10
11
12

DMG CATC-13)

0.004
0,014
0.055
0.117
0.253
0.406
0.535

ReWCDMq

0.005
0.015
0.041
0.096
0.205
0,410
0.771

The following example illustrates the method of
obtaining (1) the direct damage curve, and (2)
the restoration curves, for the Ports/Cargo
Handling Equipment component of the
Sea/Water Transportation lifeline. Ports/Cargo
Handling Equipment are typically container or
general cargo cranes on piers. This component
is taken to be composed of two ATC-l3 Social
Function Classes: 28a (Ports) and 28b (Cargo
Handling Equipment), and.oftwo Facility
Classes: 63 (Waterfront Structures) and 53
(Cranes), weighted by the factors indicated in
Table 3-2.

STEP]

The damage curve for the component as a
whole is obtained by calculating, for each MMI,
the weighted average of the damage for each of
the facility classes corresponding to the
component.

DMG = ea1MMIb1 x factor(l) +
ea2MMlb2 x factor(2)

= O.101x 0.6 + O.096x 0.4
= 0.099 for MMI = IX

STEP 2

Regression coefficients for restoration time are
computed from Equation 3.2 as follows:

Regression coefficients for seismic damage are
computed from Equation 3.1 for each Facility
Class (FC) as follows:

Facility Class
Class Factor

63 0.6
53 0.4

Regression Coefficient
!l Q.

-20.0847 8.0976
-18.2783 7.2508

Rerression Coefficients
. Socia Social

Function 28a Function 28b
Restor-
ation%. £ Q £ Q

30% 6.4575 2.7162 4.8240 1.2514
60% 5.4769 1.1671 5.6373 1.1880

100% 6.1996 1.0445 5.8890 0.8725

The damage regression curve obtained in this
manner is illustrated in Figure 3-2 for Facility

The values for the time to 30% restoration, for
the Social Function Class 28b are listed below,
together with the ATC-l3 data from Table 9.11:

30 3: Development of Lifeline Vulnerability Functions ATC-25



*No statJstics provided.

DMG
0.005
0.05
0.2
0.45
O.B
1.0

ATC-13

0.2
2.3

13.3
44.4

127.0
*

Regression
Values

0.1643
2.93

16.61
45.82
94.14

125.46

a function of time. From the above equation we
see that Ports/Cargo Handling Equipment
subjected to MMI XI will be restored to
approximately 18% of pre.earthquake capacity
after 30 days, and to 48% approximately 90 days
after the earthquake.

3.5 Sample Lileline Vulnerability
Function

Figure 3-3 shows the curves obtained by the
above regressions, as well as the ATC-13 mean
data points.

STEP 3

Mean restoration times for each Facility Class
(FC) are obtained from Equation 3,4 as follows:

Mean Restoration time =

N d
l: !Pi exp(c) DMGi 1

;=1

where c and d are given above for 30%, 60%,
and 100% restoration.

For MMI = XI, for example, mean restoration
times are computed as follows:

Ijs=O.3 IB.=D.6 IB.=1.0
Fe = 2Ba 79.73 93.20 211.23
Fe = 2Bb 45.45 107.66 177.27

MeanTR 66.02* 9B.98 197.65

*e.g., Mean TR = 79.73 x 0.6 + 45.45 x 0.4
= 66.02

(Note: Pi is liN where N is the number of
intervals used to divide the lognormal
distribution of the damage; N=l00 in this
example and DMGi is the corresponding
damage value for each interval, i.)

The final restoration curve for MMI = XI is the
best-fit straight line using Equation 3.3 through
the 3 points corresponding to restoration times
66,02, 98.98, and 197.65 days. In this case, the
regression equation is as follows:

R = 0.026 + 0.005 (TRJ

Determination of these relations permits
calculation of residual capacity of the lifeline as

Following is a sample of a complete lifeline
vulnerability function for ports!cargo handling
equipment. Complete vulnerability functions for
all lifelines are given in Appendix B.

3.5.1 Ports/Cargo Handling Equipment

1. General

Description: In general, portslcargo
handling equipment comprise buildings
(predominantly warehouses), waterfront
structures, cargo handling equipment, paved
aprons, conveyors,. scales, tanks, silos,
pipelines, railroad terminals, and support
services. Building type varies, with steel
frame being a common construction type.
Waterfront structures include quay walls,
sheet-pile bulkheads, and pile-supported
piers.·Quay walls are essentially waterfront
masonry or caisson walls with earth fills
behind them. Piers are commonly wood or
concrete construction and often include
bauer piles to resist lateral transverse loads.
Cargo handling equipment for loading and
unloading ships includes cranes for
containers, bulk loaders for bulk goods, and
pumps for fuels. Additional handling
equipment is used for transporting goods
throughout port areas.

Typical Seismic Damage: By far the most
significant source of earthquake-induced
damage to port and harbor facilities has
been pore-water pressure buildup in the
saturated cohesionless soils that prevail at
these facilities. This pressure buildup can
lead to application ofexcessive l.ateral
pressures to quay walls by backfill materials,
liquefaction, and massive submarine sliding.
Buildings in port areas are subject to generic
damage due to shaking, as well as damage
caused by loss of bearing or lateral
movement of foundation soils. Past
earthquakes have caused substantial lateral

ATC-25 3: Development 01 li1eline VUlnerability Functions 31



2. Direct Damage

The modified motion-damage curves for
ports/cargo handling facilities are shown in
Figure 3-4.

Present Conditions: In the absence of data
on the type of material, age, etc., the
following factors were used to modify the
mean curve for the two facility classes listed
above, under present conditions:

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
ass)lme on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

MMI
Intensity

Shift
FC53-FC63

o 0
o 0
o 0
o 0

+1 +1

NEHRP Map Area

California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

Standard construction is assumed to
represent typical California ports/cargo
handling equipment under present
conditions (i.e., a composite of older and
more modern ports/cargo handling
equipment). Only minimal regional variation
in construction quality is assumed, as seismic
design is performed only for selected port
structures, and soil performance is the most
critical determinant in port performance.

Basis: Damage curves for ports/cargo
handling equipment in the sea/water
transportation system are based on ATC-13
data for Facility Class 53, cranes, and
Facility Class 63, waterfront structures.
Ports/cargo handling equipment are
assumed to be a combination of 60%
waterfront structures and 40% cranes.

horizontal berthing and live loads, and
because they are not subject to the lateral
soil pressures of the type applied to quay

.walls and bulkheads. However, effects on
bearing capacity and lateral resistance of
piles due to liquefaction and induced slope
instability should also be considered.

sliding, deformation, and tilting of quay walls
and sheet-pile bulkheads. Block-type quay
walls are vulnerable to earthquake-induced
sliding between layers ofblocks. This
damage has often been accompanied by
extensive settlement and cracking of paved
aprons. The principal failure mode of sheet
pile bulkheads has been insufficient anchor
resistance, primarily because the anchors
were installed at shallow depths, where
backfill is most susceptible to a loss of
strength due to pore-water pressure buildup
and liquefaction. Insufficient distance
between the anchor and the bulkhead wall
can also lead to failure. Pile-supported
docks typically perform well, unless soil
failures such as major submarine landslides
occur. In such cases, piers have undergone
extensive sliding and buckling and yielding
of pile supports. Batter piles have damaged
pier pile caps and decking because of their
large latera! stiffness. Cranes can be derailed
or overturned by shaking or soil failures.
Toppling cranes can damage adjacent
structures or other facilities. Misaligned
crane rails can damage wheel assemblies and
immobilize cranes. Tanks containing fuel
can rupture and spill their contents into the
water, presenting fire hazards. Pipelines
from storage tanks to docks can be ruptured
where they cross areas of structurally poor
ground in the vicinity of docks. Failure of
access roads and railway tracks can severely
limit port operations. Port facilities,
especially on the West Coast, are also
subject to tsunami hazard.

Seismically Resistant Design: At locations
where earthquakes occur relatively
frequently the current design practice is to
use seismic factors included in local building
codes for the design of port structures.
However, past earthquakes have indicated
that the seismic coefficients used for design
are of secondary importance when
compared to the potential for liquefaction
of the site soil materials. Quay wall and
sheet-pile bulkhead performance could be
enhanced by replacing weak soils with dense
soils, or designing these structures to
withstand the combination of earthquake
induced dynamic water pressures and
pressures due to liquefied fills. Pier behavior
in earthquakes has been good primarily
because they are designed for large
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Time-to-restoration: The time-to
restoration data assigned to Social Function
(SF) 28a, ports, and SF 28b, cargo handling
equipment, were assumed to apply to all
ports/cargo handling equipment. Ports/cargo
handling facilities were assumed to be a

combination of60% ports and 40% cargo
handling facilities. By combining these data
with the damage curves derived using the
data for PC 53 and 63, the time-to
restoration curves shown in Figures 3-5 and
3-6 were derived.

'rfl
"g D=581-
E
'"Cl

PortlCar~o Halld Iin~ Equ Ip"ent
&3 8.&1l-------,
53 8~.46

Othe,r

VII VII] IX
Mod~fied Mercalli Intensity (MMI)

CAl
CA3·S

Non-CA 7
P.S.S

x

Figure 3-4

ATC-25

Damage percent by intensity for ports/cargo handling equipment
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Figure 3-5 Residual capacity for ports/cargo handling equipment (NEHRP Map Area: California 3"5,
california 7, Non-California 7,and Puget Sound 5).
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Figure 3-6 Residual capacity fOr ports/cargo handling equipment (all other areas).
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4. Seismic Hazard

4.1 Introduction

Seismic hazard, as used in this study, is the
expectation of earthquake effects. It is usually
defined in terms of ground shaking parameters
(e.g., peak ground acceleration, Modified
Mercalli ]ntensity, peak ground velocity) but,
broadly speaking, can inc!ude or be defined in
terms of fault rupture, ground failure, Or other
phenomena resulting from an earthquake.
Seismic hazard is a function of the size, or
magnitude of an earthquake, distance from the
earthquake, local soils, and other factors, and is
independent of the buildings or other items of
value that could be damaged. Estimation of
seismic hazard can be performed on a
deterministic (e.g., Evemden et aI., 1981) or
probabilistic (COrnell, 1968; McGuire, 1974;
Scawlhorn et aI., 1978; Algermissen and Perkins,
1976; Algermissen, and Perkins, 1982) basis,
depending on the needs of the users. In either
case, the methodology follows a process
beginning with the definition ofseismic sources,
based in part on historic seismicity.

The historical record of earthquakes in the
United States is relatively short--the only data
available for earthquakes prior to about 1900
are historical accounts of earthquake effects
(COffman et a!., 1982), which have been used to
estimate the distribution of intensities, and the
locations and magnitudes of earthquakes. The
record of large earthquakes in the 19th century
is reasonably well documented for the eastern
United States but not for other parts of the
country. The large 1857 PI. Tejon event, for
example, is not well documented, when
compared with the documentation for the 1886
Charleston, South Carolina event (Dullon,
1887).. Instrumental data from stations in the
United States were not available until after 1887
(Poppe, 1979) when the first seismograph
stations in the country were established at
Berkeley and ML Hamilton (Lick Observatory).

best-known scale is that developed by C. F.
Richter (Richter, 1958); and relalionships
between the Richter scale and other scales have
been established. Magnitude scales are intended
to be objective, instrumentally determined
measures of the size of an earthquake, and a
number of magnitude scales have been
developed since Richter's (Aki and Richards,
19800,. The most recent widely used scale is
moment magnitude, Mw (Hanks and Kanimori,
1979). An increment in magnitude of one unit
(i.e., from magnitude 5.0 to 6.0) represents an
increase of approximately 32 times the amount
of energy released. Unless otherwise no ted,
earthquake magnitude as used in this study
refers to surface wave magni~ude, Ms.

While magnitude describes the size of an
earthqllake, intensity describes its effects at a
partiClJlar location or site. Intensity at a site is
governed by the magnitude of an earthquake,
the dis~ance from the site to the earthquake
epicenter or rupture surface, and local geologic
conditions. A small or moderate earthquake may
generate strong ground shaking, but the areal
extent of this shaking will be substantially less
than that generated by a major earthquake. The
1931 Modified Mercalli Intensity (MMI} Scale
(Wood and Neumann, 1931, Table 4-1) is a
commonly used measure of intensity. The scale
consists of 12 categories of ground motion
intensity, from I (not felt, except by a few
people) to XII (to~aldamage). Structmal
damage generally is initiated at about MMI VI
for poor structures, and about MMI VIII for
good structures. MMI XI and XII are extremely
rare. The MMI scale is subjective; it is .
dependent on personal interpretations and is
affected, to some extent, by the quality of
construction in the affected area. Even though it
has these limitations, it is still useful as a general
description of damage, especially at the regional
level, and for this reaso n will be used in this
sludy, as the descriptor of seismic hazard.

4.2 Magnitude ,and Intensity 4.3 Earthquake Hazards

The earthquake magnitude scale is a well-known
but typically misunderstood means of describing
the energy released during an earthquake. The

Physical damage to structures and lifelines
during and after an earthquake can be prodllced
by ground shaking, fault rupture, landslides,
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Table 4-1

I.

II.

III.

IV.

V.

VI.

VII.

VIII.

IX.

X.

XI.

XII.

Modified Mercalli Intensity Scale

Not felt. Marginal and long-period effects of large earthquakes.

Felt by persons at rest, on upper flqors, or favorably placed.

Felt indoors. Hanging objects swing. Vibration like passing of light trucks. Duration estimated. May not be
recognized as an earthquake.

Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt like a ball striking the
walls. Standing motor cars rock. Windows, dishes, doors rattle. Glasses clink. Crockery clashes. In tlie upper
range of IV wooden walls and frames creak.

Felt outdoors; direction estimated. Sleepers wakened. liquids disturbed, some spilled. Small unstable.
objects displaced or upset Doors swing, close, open. Shutters, pictures move. Pendulum clocks stop, start,
change rate. .

Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows, dishes, glassware broken,
knickknacks, books, etc., off shelves. Pictures off walls. Furniture moved or overturned. Weak plaster and
masonry D cracked. Small bells ring (church, school). Trees, bushes shaken (visible, or heard to rustie).

Difficult to stand. Noticed by drivers of motor cars. Hanging objects quiver. Furniture broken. Damage to
masonry D, including cracks. Weak chimneys broken at roof line. Fall of plaster, loose bricks, stones, tiles,
cornices (also unbraced parapets and architectural ornaments). Some cracks in masonry C. Waves on
ponds; water turbid with mud. Small slides and caving in along sand or gravel banks. Large bells ring.
Concrete irrigation ditches damaged. .

Steering of motor cars affected. Damage to masonry C; partial collapse. Some damage to masonry B; none
to masonry A. Fall of stucco and some masonry walls. Twisting, fall of chimneys, factory stacks, monuments,
towers, elevated tanks. Frame houses moved on foundations if not bolted down; loose panel walls thrown
out. Decayed piling broken off. Branches broken from trees. Chang,", in flow or temperature of springs and
wells. Cracks in wet ground and on steep slopes.

General panic. Masonry D destroyed; masonry Bseriously damaged. (General damage to foundations.)
Frame structures,if not bolted, shifted off foundations. Frames racked. Serious damage to reservoirs.
Underground pipes broken. Conspicuous cracks in ground. Inalluviated areas sand and mud ejected,
earthquake fountains, sand craters. .

Most masonry ahd frame structures destroyed with their foundations. Some well-built wooden structures
and bridges destroyed. Serious damage to dams, dikes, embankments. Large landslides. Water thrown on
banks to canals, rivers, lakes, etc. Sand and mud shifted horizontally on beaches and flat land. Rails bent
slightly.

Rails bent greatly. Underground pipelines completely out of service.

Damage nearly total. Large rock masses displaced. lines of sight ahd level distorted. Objects thrown into
the air.

Source: Richter, C.F., 1957, Elementary Seismology, W. H. Freeman Co., San Francisco, Calif.

Note: To avoid ambigUity, the quality of masonry, brick, or other material is specified by the follOWing lettering
system. (This has no connection with the conventional classes A, B, and C construction.)

Masonry A. Good workmanship, mortar, and design; reinforced, especially laterally, and bound together by using
steei, concrete, etc.; designed to resist lateral forces.

Masonry B. Goodworkmanship and mortar; reinforced, but not designed to resist lateral forces.

Masonry C. Ordinary workmanship and mortar; no extreme weaknesses, like failing to tie in at corners, but
neither reinforced nor designed to resist horizontal forces.

Masonry D. Weak materials, such as adobe; poor mortar; low standards of workmanship; weak horizontally.
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liquefaction, and earthquake-induced fire.
Ground shaking is the primary and best-known
hazard associated with earthquakes. It produces
scattered but widespread damage. Ground
shaking includes both horizontal and vertical
motions" can last up to several minutes during
major earthquakes, and can be destructive at
distances of even hundreds of kilometers,
depending on soil conditions. It is estimated that
such shaking causes over 90% of earthquake
related damage to buildings.

Ground or fault rupture produces local
concentration of structural damage. AJauft is a
fracture in the crust of the earth along which
blocks have moved or been displaced in relation
to each other. This displacement can be in
either a horizontal, a vertical, or an oblique
direction. Near fault lines, fault displacements
produce forces so great that the best method of
limiting damage to structures is to avoid building
in areas close to ground traces of active faults.

Secondary seismic hazards are those related to
soil instabilities. Liquefaction is the sudden loss
of shear strength that can occur when saturated,
soils that lack cohesion (sands and silts) are
strongly and repetitively vibra ted. Liquefaction
typically occurs in loose sand deposits where .
there is subsurface groundwater above a depth
of about 20 feet. Shallow groundwater and loose
soil are usually localized conditions, resulting
either from natural or human-made causes. As a
result, site-specific data generally are necessary
to accurately determine if liquefaction may
occur at a location. It usually sev,erely damages
civil engineering works and low-rise buildings.
Mid- and high-rise buildings in these soils will
tend to have pile foundations, which mitigate
the structural effects of liquefaction, or reduce
liquefaction potential, but may not completely
eliminate the threat.

Settlement or compaction of loose soils and
poorly consolidated alluvium can occur as a
result of strong seismic shaking, causing uniform
or differential settlement of building
foundations. Buildings supported on deep (pile)
founda lions are more resistant to such
settlements. Substantial compaction can occur
in broad flat valley areas recently depleted of
groundwater.

Landslide is the downslope movement of masses
of earth under the force ofgravity. Earthquakes

can trigger landslides in areas that are already
landslide prone. Slope gradient is often a clue to
stability. Landslides are most common on slopes.
ofmore than ISO and can generally be
anticipated along the edges of mesas and on
slopes adjacent to drainage courses.

4.4 Seismicity

Seismicity is the space-time occurrence of
earthquakes. The historical seismicity of the
United States is shown in Figure 4-1, which
depicts the spatial distribution of earthquakes
with maximum MMIs of V or greater, known to
have occurred through 1976. FOF the purpose of
characterizing seismicity in the conterminous
United States, several regions may be identified
(Algermissen, 1983), as shown in Figure 4-2:

I. Northeastern Region, which includes New
England, New York, and part of eastern
Canada;

2. Southeastern Region, including the central
Appalacb.ian seismic regio 11 activity and the
area near CharlesIon, South Carolina;

3. Central Region, which consists of the area
between the regions just described and the
Rocky Mountains;.

4, Western Mountain Region, which includes
all remaining states except those on the
Pacific coast;

5. Northwestern Region, including
Washington and Oregon; and

6. California and Wes tern Nevada.

We discuss each of these regions briefly largely
using information from AIgennissen (1983) and
Coffman et al. (1982). These references can
provide a more detailed discussion.

Northeastern Region. The Northeastern Region
contains zones of relatively high seismic activity
-earthquakes of at least magnitude 7.0 have
occurred in New England and the St. Lawrence
River Valley in Canada (Algermissen, 19B3}.
The historic seismicity of this region is shown in
Figure 4-3.

One of the largest earthquakes to have affected
this area was the November 18, 1755,
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Figure 4-1 Earthquakes with maximum Modified Mercalli Intensities of V or above in the United
States and Puerto Rico.through 1989 (Algermissen, 1983, with some modifications).
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Figure 4-3 The seismicity of the northeastern region of the United Slates and Eastern Canada for the
period 1534-1959 (fro,m Alge~missen, 1983), The solid ~ircles are principally .
mstrumentally determmed epicenters, while the op·en cIrcles represent earthquakes
located in usmg intensity data. The hachured and named areas represent concentrations
of seismicity grouped together only for the purpose of discussion 10 the texL The dashed
line represents the strike of the New England (Kelvin) sea mount chain offshore. Onshore,
the line has been extended to show the northwest-southwest alignment of seismicity
known as Boston-Ottawa trend.
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earthquake east of Cape Ann, with an epicenter
located at about 42.5 Nand 70.0 W, with
magnitude 6.0 (magnitude and epicenter
location estimated On the basis of seismic
intensity data). The shock was felt from
Chesapeake Bay to Annapolis River, Nova
Scotia; and from Lake George, New York, to a
poin t at sea 200 miles eas t of Cape Ann, an area
of about 300,000 square miles. .

Southeastern Region. The seismicity of this
region is shown in Figure 4-4. With the
exception ofthe Charleston, South Carolina,
earthquake, this region has a moderate level of
earthquake activity.. The largest and by far the
most destructive earthquakes in this region
occurred on August 31, 1886, with their
epicenter about 15 miles northwest of
Charleston, South Carolina (329 N, 80.0 W)..
The first shock was at 21:51, the second about 8
minutes later. An area with a radius of 800 miles
was affected; the strongly shaken portion
extended to 100 miles..

The bending of rails and lateral displacement of
tracks due to ground displacements were very
evident in the epicentral regioll, though not at
Charleston. There were sever'e bends of the
track in places and sudden and sharp
depressions of the roadbed. At one place, there
was a sharp S-curve. At a number of locations,
the effect on culverts and other structures
demonstrated strong vertical force in action at
the time of the earthquake. Figure 4-5 shows
the effects in the epicentral area, and Figure 4-6
shows the isoseismal map for the event
(Bollinger, 1977).

Central Region. Compared 10 the interior of
other continents, the central region of North
America, especially the Upper Mississippi
embayment, is one of relatively frequen t smaU
to-moderate size earthquakes and infrequent
large events. In fact, three of the largest
earthquakes in North American history
occurred there (Hopper, 1985). These latter
events occurred. in 1811-1812, near the present
town of New Madrid,. Missouri. They were
powerful enough to alter the course of the
Mississippi River. Although masonry and stone
structures were damaged to distances of 250
kilometers, and chimneys destroyed 10 distances
of 400 kilometers, the sparse settlement of the
ar,ea prevented grave damage. The extent and
severity of ground failure and topographic

effects from these shocks have not been equaled
by any other earthquake in the conterminous
United States.

The seismicity of this region is shown in Figure
4-7. Earthquakes of small magnitude (less than
5.0) are scattered throughout the region, and
the major seismicity is associated with the rift
structure identified in the New Madrid area.
Since the 1811-1812 sequence,. nine events of
estimated magnitude greater than 5.0 have
occurred through 1980, only one of which is
estimated to have been greater than magnitude
6,0 (mb 62, in 1895) (Algermissen,. 1983).

The New Madrid Seismic Zone lies within a 40
mile-wide, 120-mile-long portion of the
northern Mississippi embayment--a south
plunging trough of sedimentary rocks. The
boundaries of this zone are at present somewhat
uncertain. The zone may extend farther to the
south than presently recognized. The epicenter
pattern in the New Madrid area shows well
defined lineations: a northeas t-striking zone
that extends about 60 miles from near Marked
Tree, Arkansas (approximately 40 miles
northwesl. of Memphis), 10 near Caruthersville,
Missouri; a north-northwest-striking zone from
southeast of Ridgely, Tennessee, to west of New
Madrid; and another nOdheast-striking zone
extending from west of New Madrid to near
Charleston, Missouri. The first zone is less
active, but earthquakes along it have relatively
higher magnitudes. The third zone includes
frequent events of small magnitude. Note that
no identifiable surface faults or offset landforms
or drainage features have been identified.

Because seismic atten uation through frictional
damping, or dissipation of earthquake energy
with distance, is less in the eastern and central
United States than in the west, earthquakes in
this area have the potential or producing strong
ground shaking over comparatively wide areas.
The isoseismal map of the December 16, 1811,
New Madrid earthquake (Nuttli, 1981) is shown
in Figure 4-8. Algermissen and Hopper (1985)
have developed maps of hypothetical intensities
for the region, based on enveloping effects that
would result from an earthquake occurring
"anywhere from the northern to southern end of
the seis,mic zone~"

Western MGuntain RegiGD. Important
earthquake activity in this region has occurred in
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Figure 4-10 Seismicity of Oregon and Washington, 1859-1975. The star represents an earthquake with
maximum Modified Mercalli intensity of IX; triangles represent earthquakes with maximum
intensities of Vii-VIII; and small squares represent earthquakes with maximum intensities of
V-VI (Algermissen, 1983).
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has been associated with the same subduction
zone, deep beneath the Puget Sound trough
between Seattle and Olympia. In this area,
termed the Puget Trough Intercrustal Zone, the
friction between the underlying Juan de Fuca
plate and overriding North American plate has
resulted in many mid-size events with occasional
strong damaging shocks. Typically these events
occur at depths from 20 to 30 miles below the
surface and are therefore less damaging than
events of similar size in California, which occur
at shallower depths. Two of the largest recorded
earthquakes in the Pacific Northwest have
occurred in this zone. AMs 7.1 event in 1949,
located near Olympia, caused extensive damage
in Seattle, Tacoma, and Olympia. A1965 (Ms
6.5) event, centered near the Seattle-Tacoma
airport, caused MMI VII and VIII damage in
both Seattle and Tacoma. A mean return period
of approximately 30 years has been calculated
for events of this size. Great earthquakes of
magnitude 7.5 or larger are believed credible.

An earthquake in the northern Cascades in 1872
had an estimated magnitude of 7.3 and a
maximum intensity of MMI IX. Earthquake
intensities of MMI VII were experienced on the
Olympic peninsula in 1891 and again in 1904.
Two moderate earthquakes in 1932 and 1945
shook the central Cascades with maximum MMI
VII.

The Vancouver-Victoria area, located in the
northern portion of Puget Sound, has had a
relatively large number of smaller earthquakes.
However, the maximum magnitudes
experienced have been much lower than those

. in the southern portion of Puget Sound. Only
three earthquakes as large as magnitude 5.5
have occurred in the Vancouver-Victoria area.
The corresponding maximum intensities were
on the order of MMI VII. The.estimated
maximum magnitude for the Vancouver
Victoria area is about 6.5.

Further north on Vancouver Island, over 200
miles from Seattle, two earthquakes of
magnitudes 7.0 and 7.4 occurred in 1918 and
1946, respectively. These events produced
maximum intensities of MMI VIII but did not
cause significant damage in Washington.

California and Western Nevada. Earthquakes in
California and Western Nevada represent a high
percentage of the seismic activity of the

conterminous United States. The majority of
these shocks occur at relatively shallow focal
depths of 10 to 15 miles and along known
rupture zones or faults. Figure 4-11 shows the
seismicity of this region, while Figure 4-12 shows
faults with historic displacements in this region.

While this area is the most seismically active
region of the conterminous United States, only
three events with magnitudes greater than Ms
8.0 have occurred in historical times. Two of
these events occurred on the principal fault in
this area, the San Andreas, which extends over
600 miles through California, from near the
Salton Sea in Southern California northwest to
Cape Mendocino. The most famous of these
San Andreas events was the April 18, 1906, San
Francisco Earthquake (Ms 8.3), caused by a
rupture of approximately 270 miles in length,
from San Juan Bautista to off Cape Mendocino.
Devastation was extremely widespread, with
enormous losses in San Francisco caused by the
ensuing conflagration (Lawson et al., 1908). The
other of these events, the Ft. Tejon Earthquake,
occurred on January 9, 1857,on a segment of
the San Andreas Fault between Cholame and
south of Cajon Pass. It may be regarded as a
Southern California counterpart of the 1906
event. The isoseisrnal rnaps for these eve,nts are
shown in Figure 4-13. In addition to these two
great earthquakes, a number of large,
potentiallydamaging earthquakes have occurred
on the San Andreas Fault, including events in
1838, 1865, and, most recently, the October 17,
1989, Lorna Prieta Earthquake (Mg 7.1). This
last event resulted in very significant disruption
to almost all lifelines, especially the highway and
electric power networks (Khater et aI., 1990).

The third of the great historic California
earthquakes is the 1872 Owens Valley event,
resulting from approximately 150 kilometers of
faulting. The area was relatively sparsely
populated but still resulted in about 10%
fatalities in Lone Pine, because of the
predominantly adobe construction.

Another very important fault in Northern
California is the Hayward Fault, located on the
eastern side of San Francisco Bay and extending
approximately 55 miles from San Jose
northwesterly. to San Pablo (Figure 4-12). The
Hayward Fault is one of the major active
branches of the San Andreas Fault System, and
is particularly significant because it passes
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4.6 Estimation 01 Seismic Intensities
and Choice 01 Scenario
Earthquakes lor this Project

earthquake expected in each area. Review of
Algennissen et aI. (1982) indicates general
agreement.

Western Mountain

Northwestern

Southern California

Northern California

directly through the heavily populated cities
such as Hayward, San Leandro, Oakland, and
Berkeley. It was the source of the Hayward
Earthquake of 1836(estimated Ms 6.8), in
which fissures opened along the fault from San
Pablo to Mission San Jose, and ground shaking
caused havoc in the settlements of San Jose and
Monterey. In 1868 an earthquake (estimated Ms
6.8) ruptured the fault the fault for 20 miles and
severely damaged every building in the village of
Hayward. More recent damaging earthquakes
occurred in 1915, 1933, and 1937. The Hayward
Fault is believed capable of producing
earthquakes as large as magnitude 7.5, and is
presently judged highly likely to rupture with a
magnitude of about 7.0 in the near future
[United States Geological Survey (USGS),
1990]; this judgment is based, among other
evidence, on the pairing of San
AndreaslHayward events in 1838/1836 and
1865/1868. A large earthquake on this fault is of
potentially catastrophic proportions
(Steinbrugge et aI., 1987).

Table 4-2

Region

Northeastern

Southeastern

<Central

Representative Earthquakes for
Lifeline Loss Estimation

Event

Cape Ann, 1755

Charleston, 1886

New Madrid, 1811
1812

Wasatch Front, no date

Puget Sound, 1949

Fort Tejon, 1857

Hayward, 1868

Similar to the Hayward Fault situation in the
San Francisco Bay Area, the Los Angeles region
is threatened by a number of additional faults,
including the Newport-Inglewood, Santa
Monica Raymond, Elsinore, Norwalk, and other
faults and fault zones. Significant events have
included the 1933 Long Beach event (Ms 6.3)
on the Newport-Inglewood Fault (NBFU, 1933;
Binder, 1952), the 1971 San Fernando event
(Ms 6.4, San Fernando Fault), and the 1987
Whittier CMs 5.9) event. .

Other significant events in California have
included the 1940EI Centro (Ms 7.1), the 1952
Kern County (Ms 7.7), and the 1983 Coalinga
(Ms 6.5) events.

4.5 Regional Representative
Earthquakes

Based on the foregoing review of conterminous
U.S. regionalseismicity, each region appears to
have significant historic precedent for a
damaging earthquake of potentially catastrophic
dimensions. For purposes of examining this
potential, the earthquakes indicated in Table4
2 are representative events for the investigation
of lifeline loss estimation and disruption.

Evernden et al. (1981) estimates that these
events represent almost the maximum

Choice of a Model. In order to estimate the
seismic hazard (i.e., deterministic intensity) of
the scenario events over the affected area
associated with each event, a model of
earthquake magnitude, attenuation, and local
sit<; effects is required. For the conterminous
United States, two general models were
considered: Evernden and Thomson (1985), and
Algermissen et al. (1990).

Both models are applicable for the entire
conterminous United States, and each offers
many advantages but addresses two
fundamentally different users. The Algermissen
model is oriented toward probabilistic mapping
of seismic hazard, while the Evernden model is
oriented toward exploration of the effects of
detenninistic events. Bothmodels were
considered for use in this investigation.
Selection of one over the other was difficult, but
the Evernden model offered the following
advantages for this study: (i) verification via
comparison with historical events,
(ii) incorporation of local soil effects and ready
availability of a nationwide geologic database,
and (iii) ready availability of closed-fonn
attenuation relations. While determination of
seismic intensities is fundamental to the results
of this investigation, the choice of one of these
models over the other was not felt to be crucial
to this study, because (i) the primary purpose of
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Table 4-3 indicates the ground condition unit
and relative intensity that correspond to the
geologic units of the geologic map. Figure 4-]4
shows the conterminous United States mapped
in terms of these seismic unils.

The choice of a scenario event on the Hayward
fault for the San Francisco Bay Area, rather
than the 19()6 San Francisco event, is based on
the perceived. high likelihood of a magnitude 7.0
event (USGS, 1990) as well as the patenlial for
major damage and lifeline disruption, should
such an event occur (CDMG, 1987). Since most
lifelines apprOach San Francisco Bay from the
east, more of them cross the Hayward Fault
than cross the San Andreas Fault. So the

Scenario Earthquakes. Based on the
earthquakes discussed above,. representative of
all major regions of the conterminous United
States, eight scenario evenls were selected for
this investigation. The eight events are indicated
in Table 4-4. With the exception of the Cape
Ann, Charleston, and Hayward events, all
magnitudes are reflective of the representative
earthquake for the region (as specified in Table
4-2). The scenario events for Cape Ann,
Charleston, and Hayward have magnitudes one
half unit higher than the representa live event.
These magnitudes are interpreted as maximum
credible for these locations.

Geologic and Grou nd Cond ition
Ullils, Conterminous United' States
(per Evernden etal., 1981)

0.00
-1.00
-1.50
-2.00
-2.25
-2.50
-2.75
-2.75
-2.75
-3.00

-3.00

-3.00

Relative
Intensity

K

L

A
8
C
D
E
F
G
H
I
J

Crou~d

Condition
Unit

Table 4-3

Units of Geologic Mae

Sedimentary rocks
Quaternary
Upper Tertiary
lower Tertiary
Cretaceous
Jurassic and Triassic
Upper Paleozoic
Middle Paleozoic
lower Paleozoic
Younger Precambrian
Older Precambrian

Volcanic rocks
Quaternary and Tertiary
volcan ic rocks

Intrusive rocks
All ages

Use of the Evernden Model Attenuation of
ground motion away from the epicenter has
been estimated by employing Evemden's model
(Evernden et aI., 1981). The model contairn
several parameters whose evaIuatiorn are based
on empirical data Only three factors in the
model are regionally dependent: the local
attenuation factor, the length of rupture, and a
parameter related to depth of earthquake focus.
The local attenuation factor changes
significantly across different regiorn. Its value is
about 1.75 in coastal California, 1.5 in eastern
Califorrlia and the Mountain States, 1.25 in the
area of the Gulf and Atlantic Coastal plains
induding the Mississippi Embayment, and 1.0 in
the rest of the eastern Umted States. Rupture
length and energy released are related by an
empirical relation,which leads to the
observation that all major earthquakes ofthe
Eastern United States have fault lengths of 10
to-40 kilometers maximum. With the local
attenuation factor and rupture length
established, peak intensity at the epicenter
serves to establish the depth of focus.

this study is not the inves tigation ofseismic
hazards in the conterminous Umted States, or
comparison of these two models, but rather the
performance of selected lifelines; and (ii) both
models probably provide similar results in the
mean (it should be noted, however, that the two
models have not been systematically compared,
to the author's knowledge).

The geological map of the United States
published in the National Atlas ofthe United
States ofAmerica (Gerlich, no date) was used
for the complementary geologic base, digitized
on a 25- by 25-kilometer grid.

As noted by Evernden et a!. (1981), digitization
at this resolution generally r'esults in saturated
poor ground not constituting the dominant
ground condition in any particular grid element.
Therefore, the resulting internities should
generally be interpreted as those on bedrock,
per Evernden. This study generally concurs with
this point, noting however that even the 25- by
25-kilometer digitization captures poor ground
conditions in certain important locationi,
especially in the Mississippi Valley and along the
eastern seaboard. As a generalization,
intensities estimated by the Evernden model can
be considered to provide lower bounds on site
intellSities.
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Figure 4.14 Ma[J of conterminous United States showing ground condition units from Evemden et al.
(1981). See Table 4-3 for explanation of Units.
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Table 4-4 Scenario Earthquakes perceived to be of low likelihood in the near
future.

Region Event Magnitude

North eastern Cape Ann 7

Southeastern Charleston 7.5

Central New Madrid 7 and 8

W'estern Mountain Wasatch Front 7.5

Northwestern Puget Sound 7.5

Southern California Fort Tejon 8

Northern California Hayward 7.5

Hayward event would appear to represent as
disruptive an event, and potentially more so,
than the 1906 event, which is presently

Intensity Distributions. The Evemden model
was employed to generate expected seismic
intensity distribution in the conterminous
United States for the eight scenario events.
These intensity distributions are presented in
Figures 4-15 Ihrough 4-22.

The interu;ity paHems for these events are seen
to be basically circular, centered at the
earthquake's epicenter. Devialions from the
circular shape are due to local geologic
conditions. Comparison of estimated intensities
with historic event isoseismals indicates general
agreement, though historical events are ill some
cases smaller than the scenario event.
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Figure 4-15 Predicted intensity map for Cape Ann (Magnitude 7).
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Figure 4-18

ATC-25

Predicted intensity map for New Madrid (Magnitude 7).
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Figure 4-19 Predicted intensity map for Wasatch Front (Magnitude 7.5).
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Figure 4-21 Predicted intensity map for Fort Tejon (Magnitude 8).
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5. Estimates of Direct Damage

5.1 Introduction

The analysis of seismic vulnerability of lifeline
systems and the economic impact of disruption
is based on an assessment of three factors:

• Seismic hazard,

• Lifeline inventory,. and

• Vulnerability functions.

In this investigation these factors are used to
quantify vulnerability and impact of disruption
in terms of (1) direct damage amI (2) economic
losses resulting from direct damage and loss of
function of damaged facilities. Estimates of
direct damage to lifelines, expressed in terms of
percent replacement value and dollar loss, are
discussed in this chapter. Indirect economic
losses are discussed in Chapter 6.

Direct damage is defined as damage resulting
directly from ground shaking or other collateral
loss causes such as liquefaction. For each
facility, it is expressed in terms of cost of repair
divided by replacement cost and varies from 0 to
1.0 (0% to 100%). In this project it is estimated
using (1) estimates of ground shaking intensity
provided by the seismic hazard model (from
Chapter 4), (2) inventory data specifying the
location and type of facilities affected (from
Chapter 2), and (3) vulnerability functions that
relate seismic intensity and site conditions to
expected damage (from Appendix B).

5.2 General AnalyUcal Approach lor
Estlma1ing Direc! Damage

The earthquake survival of lifelines depends on
their seismic performance characteristics. As
described in Chapter 3 and summarized in
Appendix B, the seismic performance of lifeline
components has been characterized in this study
llSing data developed from the database of
expert opinion elicited in the ATC-13 project
(ATC, 1985). This expert opinion was based in
part on observations of lifeline components
performance in previous earthquakes as well as
'estimates of expected performance based on

knowledge of seismic design procedures and
criteria. Thus, component vulnerability data for
this study is essentially empirically based, rather
than resulting from detailed analyses of each
lifeline component.

The analysis approach to estimate direct damage
considers both damage resulting from ground
shaking as well as damage resulting from
liquefaction. Damage due to other collateral
loss causes, such as landslide and fire following
earthquake, are not included because of the
unavailability ofinventory information and the
lack of available models for estimating these
losses nationwide.

The analysis approach for computing direct
damage due to ground shaking proceeded as
follows. For each earthquake scenario, MMI
levels were assigned to each 25-km grid eel! in
the affected region, using the Everden MMI
model, assigned magnitude, and assigned fault
rupture location (from Chapter 4). Damage
states were then estimated for each affected
lifeline component (node or link) in each grid
cell, lIsing the moliolHlamage curves provided
in Appendix B. As described in the following
sections, the procedure for utilizing tile motion
damage curves varied slightly by facility type,
depending on whether the lifeline was a site
specific facility, or a regional transmission
(extended) network.

Damage due to liquefaction was estimated using
a two-step method, also taken from ATC-13
(ATC, 1985). First, tile probability of ground
failure in each grid cell was calculated on the
basis of the soil condition and associated
liquefaction probability assessments provided in
Table 8.4 of the ATC-13 report (p. 230). Only
one soil unit (as defined by Everden) was
assumed to be liquefiable: Unit A,. whiCh was
assumed to be alluvium with water table less
than 3-meters deep. Direct damage due to
liquefaction in each Unit A grid cell was then
estimated as follows:

DMG(PG) = DMG(S) x p(GFI} x 5
(for surface facilities) (5.])

and
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DMG(PG) = DMG(S)x p(GFI) x 10
(for buried facilities) (5.2)

where:

DMG(S) == Mean damage caused by
shaking

DMG(PG) = Mean damage caused by
poor ground

p(GFI) = Probability of a given
ground failure intensity,
taken directly,
noncumulatively, from
Table 8.4 (ATC-l3) for a
given shaking intensity

After damages due to ground shaking and
liquefaction were established for each facility in
each affected grid ceil, the total direct damage
for each facility was calculated. As suggested in
ATC-l3, the total direct damage, DMG(T), was
simply the sum of damage due to shaking plus
damage due to liquefaction, with the sum always
equal to or less than 1.0 (100 %):

DMG(T) = DMG(S)+ DMG(PG) (5.3)

Cautionary Note Regarding Analysis
Approach. In the scenario earthquakes it is
assumed that the damage factor is uniquely
related to the MMI zone in the manner
prescribed in ATC-l3 (ATC, 1985). There may
be one or more MMI zones within each 25 km
grid cell, depending on spatial attenuation. In
either case, lifeline damage is assumed to be
uniform within each MMI zone. Experts who
supplied data to the ATC-l3 project may
question application of their opinions to cases
where lifeline damage does not occur uniformly
within a grid cell or MMl zone. In the ATC-l3
Questionnaire, on which the damage factors and
loss of function statistics are based, the damage
factor is defined as damage due to ground
shaking only (see ATC-l3, p. 175). This
approach probablyled ATC-l3 experts to
provide an adequate picture of lifeline damage
in many cases. For example, damage to pipelines
in southern San Fen\.ando Valley as a result of
the 1971 earthquake was primarily due to
ground shaking, and was geographically
distributed in a way that it is reasonable to speak
of average damage within a given MMI zone.
Damage to pipelines in northern San Fernando

Valley was more closelyspaced andmore severe
due to ground rupture and to other significant
ground distortions associated with nearby fault
movement; at least some experts Who provided
opinions probably considered the fact that
higher MMI is associated with such effects and
incorporated it in their response despite
instructions to consider only ground shaking. In
this case, also, it is reasonable to speak of
average damage. Thus, damage due to ground
.distortion can, at least in somecases, also be .
presented as uniform or average throughout a
given MMI ZOne. Damage statistics. prepared in
this way are best applied in situations where not
only the hazard (ground shaking and ground
distortions) but also the structures of interest
(pipelines, highway bridges, electrical
substations) are distributed someWhat
uniformly. It is significant that most of the
pipeline damage statistics from San Fernando
and from other earthquakes are derived from
distribution and transmission networks, which
are relatively dense withinthe MMl zones
considered. The conditions that shaped ATCcl3
expert opinion are most nearly approximated in
such cases (for example, a dense network of
transmission and distribution pipelines); it is
reasonable to use ATC-l3 damage factors for
these situations.

However, to the extent that structures occur
sparsely in a grid cell or MMI zone, conditions
differ from those on which many expert opinions
are based. This is because fewer lifeline
components will be damaged at all if there are
fewer components to coincide with damaging
ground conditions. In the extreme case of a
single lifeline structure in a 25-km grid cell, it
may be misleading ~o apply statistics derived .
from regions with a dense array of structures. In
at least. some regions of the scenario
earthquakes, there appear to be only a few
lifeline components passing through the MMl
zones or 25-km grid cells. In instances where
trunk and transmission lines aresparse in a
MMI zone or grid cell, application of ATC-l3
statistics may be misleading because structure
and hazard coincide much less frequently than is
assumed. This possibility introduces an
additional type of uncertainty that affects the
average damage factors used in this study.

The foregoing discussion is based on intuition, .
not on rigorous analytical modeling. However, if
this discussion is valid, the effect of applying
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ATC-13 statistics in this study may result in
overestimates of damage.

5.3 Direct Damage Es1lmates for Slte
Specific Llielines

Direct damage to site~specificlifelines, i.e.,
lifelines that consist of individual sited or point
facilities (e ..g., hospitals), were estimated using
the methodology specified above. For airports,
ports and harbors, medical care facilities
(hospitals), and broadcast stations,. the inventory
dala summari2)ed in Chapter 2 were used to
define the number and distribution of facilities.
For fire and police stations, locations were
assumed to be lumped at the center of the
Standard Metropolitan Statistical Areas, and
number of facilities affected were estimated by
proxy,. assuming the previously established
relationships between population and number
offacilities.

For summary and comparative purposes, four
damage stales are considered in this study:

• Light damage (1-10% replacement value);

• Moderate damage (10'30% replacement
value);

• Heavy damage (30-60% replacement value);
and

• Major 10 destroyed (@100% replacement
value).

The total number of affected facilities and the
percentage of facilities in each damage state are
summarized for each scenario earthquake in
Tables 5-1 through 5-6. Following is a discussion
of the direct damage impact on each site-specific
lifeline considered.

5.3.1 Airports

Direct damage summaries for civil and general
aviation airports for the various scenario
earthquakes (Tables 5-1a and5-1b) indicate that
damage to terminals is expected to be
particularly high in the magnitude-8.0 New
Madrid and Puget Sound earthquake scenarios.
For example, for the New Madrid magnitude~.O

event, 13% of the airports in Arkansas (23" in
total), 6% of the airports in Missouri (25 in
total), and 2% in Tennessee (4 in tOlal) would

sustain major to destructive damage (60 to
100%) (Table 5-1a). The Puget Sound
magnitude-7.5 scenario event would seriously
affect an even larger number of airport
terminals, wilh 12% or approximately 43
airports expected 10 sustain damage in this same
range (60 to 100%). In the case ohhe Cape
Ann and Charleston events, direct damage 10
terminals is also significant. Direcl damage to
runways (Table 5-1b), on the other hand,. is
relatively low for most scenario events; if
damage does occur, it is usually less than 30%.

The reason for the relatively high impact on
airports in the Puget Sound event is assumed to
be due to the high concentration of airporls
near the source zone and poor ground, i.e.,
liquefiable sites. For the New Madrid event, the
cause appears to be due to a combination of
poor ground, low ground-molion attenuation
with distance, and lack of seismically resistant
design construction features.

5.3.2 Ports and Harbors

Since ports and harbors are located in the
coastal regions, only those scenario earthquakes
affecting these regions will negatively impact
this facility type. As indicated in Table 5-2, the
most severe damages to ports and harbors are
expected for the Charleston and Puget Sound
events.. For example,. one l:n.mdredpercent, or
20 ports and harbors, in South Carolina can be
expected to sllstain heavy damage (30 to 60%),
and 73%, or approximately 22 such facilities
would be similarly affected in Georgia. In
Washington, 14% of the ports (approximalely
11) would be similarly affected. Numerous ports
and harbors in. these states would also sustain
moderate damage (10 10 30%), as would
approximately 22 such facilities in California for
the Hayward magnitude-75 event. The primary
cause of sllch damage, of course, is poor ground.

53.3 Medical Care Facilities

Direct damage summaries for medical care
facilities (hospitals) for the various scenario
earthquakes (Table 5-3) suggest that damage to
this facility type will be relatively high for the
Puget Sound, Charleston,. New Madrid, Fort
Tejon, and Hayward scenario events. For
example, damage data for the Puget Sound and
Charleston events indicate that 15% of the
hospitals in Washington (15 inlotal) and 13% of
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the hospitals in South Carolina (12 in total)
would sustain heavy or major-to-destructive
damage (30 to 100%). In the New Madrid.
magnitude-8.0 event, 10% of the hospitals in
Arkansas (10 in total) and 3% of the hospitals in
Missouri (5 in total) would sustain similar
damage. In California, 10% and 9%, or 48 and
43 hospitals, respectively, would sustain heavy
damage (30-to-60%) in the Fort Tejon and
Hayward scenarios. It is worth noting that
results from a separate study by Applied
Technology Council (ATC, 1991) appear to be
comparable for the magnitude-7.5 Hayward
fault scenario.

As in the case of airports, the reason for severe
damage to hospital facilities in the Puget Sound,
New Madrid, and Charleston events is assumed
to be strongly correlated with poor ground
conditions and construction practices.

5.3.4 Police and Fire Stations

As in the case of medical care facilities, direct
damage data for police and fire stations (Tables
5-4 and 5-5) suggest that damage to this facility
type will be more severe for the New Madrid,
Charleston, and Puget Sound events than for
the California, Wasatch Front, and Cape Ann
events. For example, data for the New Madrid
magnitude-8.0 event indicate that 9% of the fire
stations and 8% of the police stations in
Arkansas would sustain heavy or major-to
destructive damage (30 to 100%). Thirteen and
twelve percent, respectively, of fire and police
stations in South Carolina would be similarly
damaged in the Charleston scenario event, and
15% and 8%, respectively, would be similarly
affected by the Puget Sound magnitude-7.5
scenario event.

The reason for severe damage to fire and police
stations in the Puget Sound, New Madrid, and
Charleston events is assumed to be strongly.
correlated with poor ground conditions and
construction practices.

5.3.5 Broadcast Stations

Direct damage to broadcast stations for the
eight scenario earthquakes follows a slightly
different pattern than for the other site-specific
lifelines. As indicated in Table 5-6, direct
damage is relatively high for the magnitude'8
New Madrid, Charleston, and Puget Sound

events and slightly less for the Wasatch Front
and Fort Tejon events. Data for the New
Madrid magnitude-8.0 earthquake scenario
indicate that 17% of the broadcast stations in
Arkansas (approximately 78 in total) would
sustain heavy damage or major-to-destructive
damage (30 to 100%). For the Charleston event,
23% or 87 broadcast stations would be similarly
affected, and for the Puget Sound event, 14%
(122 in total) would be similarly affected.
Percentages for the Wasatch Front and Fort
Tejon equal approximately 5%, representing 54
damaged broadcast stations in Utah and 77 or
fewer in California.

5.4 Direct Damage Esllmales for
Extended Lifeline Networks

This section presents direct damage estimates
for extended network lifelines, such as highways,
railroads and other networks at the bulk and/or
regional level. The inventory data provided in
Chapter 2 were used to define the location of all
ngdesand links. For all systems except pipelines,
direct damage is estimated using the
methodology specified above. Results are
presented in terms of (1) the same four damage
states used for site-specific lifelines, and (2)
maps indicating the damaged portions of each
extended network for the various scenario
earthquakes.

For pipelines, direct damage is estimated (1)
using the damage curves specified in Appendix
B (in terms of breaks per kilometer), (2) a
model that estimates the probability of breaks
occurring within given lengths of pipe subjected
to given earthquake shaking intensities (Khater,
M., et aI., 1989), and (3) a special procedure for
estimating damage due to liquefaction. Breaks
are assumed to occur according to a
nonhomogeneous Poisson process. The
probability Pf of having at least one break in a
line with length L is given by

N
Pf(L, MMI(x)) = 1- II Ps(lk, MMI0 (5.4)

k=l

where

in which II is the multiplier operator; N is the
number of grid cells through which the pipeline

74 5: Estimates of Direct Damage
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Table 5-7 Damage to Railroad System (Length of Roadbed, Km)

Light Major to
Damage Moderate Heavy Destructive

Events 1-10% 10-30% 30-60% 60-100%

Cape Ann 0 0 63 0

Charleston 890 85 980 0

Fort Tejon 640 340 825 47

Hayward 988 47 445 140

New Madrid (M~8.0) 3,000 670 1,780 485

New Madrid (M=7.0) 1,198 0 640 0

Puget Sound 340 0 650 0

Wasatch Front 770 300 0 0

Total System Length = 270,611 km

passes; lk and MM1k are the length of the
lifeline element and the Modified Mercalli
Intensity, respectively, within grid cell k; and Ak
is the mean break rate (taken from Appendix
B).

Maps are provided showing sections of pipeline
for which the probability of failure exceeds 60%
for the various scenario earthquakes. For soil
conditions where liquefaction is possible, a
break is assumed at each location where the
pipeline crosses into a liquefiable zone.

5.4.1 Railroad System

The railroad system isa highly redundant
system, and damage to the system due to the
selected events was found to be relatively
localized to the epicentral area. Direct damage
to the railroad system for each scenario event is
summarized in Table 5-7, which lists the length
(lan) of damaged railroad right-of-way within
each.damagestate. The damage estimates are
based on damage curves for track/roadbed and
exclude damageto related facility types not
included in the project inventory--railway
terminals, railway bridges and tunnels.

The direct damage data suggest that the
magnitude-8 New Madrid, Fort Tejon, and
Hayward events would cause the most extensive
damage, with 2,265 lan, 872 lan, and 585 lan of
roadbed, respectively, sustaining damage in the
30 to 100% range. Damage in the Charleston,
Puget Sound, and magnitude-7.0 New Madrid

events would also be severe, with 980, 650, and
640 lan of roadbed, respectively, sustaining
heavy damage (30-to-6O %). Maps showing the
distribution of damage to the railroad system for
each of the 8 events are provided in Figures 5-1
to 5-8.

5.4.2 Highway System

The highway system is also a highly redundant
system, consisting of freewayslhighways and
bridges. As is in the case of the railroad system,
damage to the highway system for each scenario
event was found to be localized to the epicentral
area. Direct damage to freewayslhighways,
expressed in terms of km of roadway in the
various damage states, are summarized in Table
5-8 and plotted on Figures 5-9 to 5-16 for the
eight scenario earthquakes. Bridge damage,
expressed in terms of the percent of bridges in
each damage state, is summarized in Table 5-9.
The roadway and bridge damage data are based,
respectively, on damage curves for
freewayslhighways and for conventional bridges;
the estimates exclude damage to tunnels, which
are not included in the project inventory. We
note also that all bridges are assumed to be
conventional bridges because of (1) lack of
capacity/size information in the project
inventory and (2) the very small percentage of
major bridges in the overall national database.

Tables 5-8 and 5-9 indicate that direct damage is
not expected to be as severe for
freewayslhighways as it is for bridges. For
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Table 5-lI Damage to Freeway/Highway System (length of Highway, Km)

Light Major to
Damage Moderate Heavy Destructive

Event 1-10% 10-30% 30-60% 60-100%

Cape Ann 74 T82 (J (J

Charleston 2,182 999 0 0

Fort Tejon 2,174 1,557 0 0

Hayward 1,567 476 0 0

New Madrid (M=8.0) 4,967 2,753 Cl 0

New Madrid (M=7.0) 1,800 720 0 0

f'lIget SOund 665 769 0 (J

Wasatch Front 1,392 0 0 0

Total System length ~ 489,892 km

example, direct damage to freeways/highways is
not expected to exceed 30% at any location for
any scenario earthquake. Data for bridges
(Table 5-9), however, suggest Ihat direcl
damage will range from 30-to-100 % for various
locations affected by the Charleston, New
Madrid (magnitude-8.0), Puget Sound, and
Wasatch Front events. Bridges in Ulah appear
to be at the greatest risk, wi th 25 percent of the
bridges (approximately 2557 bridges) expected to
sustain damage in the 30-10-100 % range.
Eighteen percent of the bridges in Arkansas
(approximately 423), 16 % in Washington
(approximately 305), and eleven percent in
Tennessee (approximately 407) would sustain
similar levels of damage. The difference in
expected performance between highways and
bridges results from the difference in damage
curv,es for these two structure types.

5.4.3 Electric System

Direct damage estimates for the electric system
are based on curves for transmission lines and
transmission substations and exclude damage to
related facility types no t included in the project
inventory--nuclear and fossil-fuel power plants,
and hydroelectric power plants (dams). Damage
data for each scenario earthquake are
summarized in Tables 5-10 and 5-11, which
provide the length of transmissions lines and
percent ofsubstations, respectively, in each
damage state. Maps provided in Figures 5-17
through 5-24 show plots of damage to

transmission lines for the eight scenario
earthquakes.

Damage data for transmission lines (Table 5-10
and Figures 5-I 7 through 5-24) indicate that
damage to this facility type is expected to be
greatest for the New Madrid (magnitude 8.0~

and Fort Tejon events, in which 800 km and
1370 kID, respectively, would sllStain damage
ranging from 10-to-30 %.

Direct damage data for tmnsmission substations,
summarized in Table 5-11, indicate Ihat this
facility lyjJe woulll he severely impacled ill all
scenario events.. The impacts are most severe in
the Puget SOlllld, magnitude-8.0 New Madrid,
Wasatch Front, Charleston, and Hayward
events. For these scenario earthquakes, 46 % of
the transmission substations in Washington, 39
% in Arkansas, 30 % in South Carolina, 30 % in
Utah and 27 % in California would sustain
damage in the 30-10-100 % range.

5.4.4 Water System

Direct damage to those water transmission
systems for which inventory data arc available
are summarized in Tables 5-12 and 5-13. These
estimates are based on damage curves for
aqueduclS .and exclude damage to pumping
slatio ns and dams, which are not included in the
project inventory.. The data indicate that 38 and
20 kID of the aqueduct system (Table S-12),
respectively, would sllStain moderate to heavy
damage (lO-to-60 %) in the Fort Tejon and

ATC-25 5: Estimates of Direct Damage 8'1
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Figure 5-9 Damage to highways following Cape Ann event (M=7.0).
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Table 5·10 Damage to Electric Transmission Hiles (Length of Line, KID)

Ught Major to
Damage Moderate Heavy Destructive

Event 1-10% 1Oc30% 30c60% 60-100%

Cape Ann 275 0 0 0

CnarJeston 4,840 27 0 0

Fort Tejon 6,645· 1,370 0 0

Hayward 6,320 0 0 0

New Madrid (M=8.01 6,84() 800 0 0

New Madrid (M=7.01 2,610 0 0 0

Puget Sound 3,860 0 0 0

Wasatch Front 1,370 0 0 0

Total System length = 441,981 km

Hayward scenario events, respectively. Maps
provided in Figures 5-25 and 5-26 show plots of
damage towater aqueduct systems for these two
Califomiaevents.

5.4.5 erode Oil System

Direct damage to the crude oil system,
estimated using damage curves for transmission
pipelines and the special probabilistic model for
pipelines described above, are plotted in Figures
5-27 through 5-29. Data are included for only
those events for which damage to this facility
type is expected: the two New Madrid events
and the Fort Tejon earthquake. Figures 5-27
through 5-29 show pipeline section(s) damaged
due to the magnitude-S.O New Madrid, Fort
Tejon, and magnitude-7.a New Madrid events.

5.4.6 RejiJ1ed Oil System

Direct damage to the refined oil system,
estimated using damage curves for transmission
pipelines and refineries and the special
probabilistic model for pipelines described
above, are plolled in Figures 5-30 and 5-31
These plots indicate that one major section of
pipeline would be damaged, with probability of
,60% or greater,due to the New Madrid events.
We note also that a major refinery (capacity
150,000 barreYday) would sustain light damage
(l-to-lO %) due the Hayward event,. and two
major refineries with capacities of 420,000 and
100,.000 barrels/day, respectively, would sustain

light damage due to the Fort Tejon and Fuget
Sound events.

5.4.7 Natural Gas System

As in the case of crude and refined oil pipelines,
direct damage to the natural gas system was
estimated using damage curves for transmission
pipelines and the special probabilistic model fOF
pipelines described above. Damage to this
facility type,. plotted in Mgmes 5-32 through 5
37, is expected for six of the eight scenario
earthquakes; excluded are the Charleston and
Cape Ann scenario events for which direct
damage to natlITlll g<1S pipelines is estimated to
be zero. Broken pipelines shown (Figures 5-32
through 5-37) are nodecto-node sections having
one or more links estimated as, damaged with a
probability of 60% or greaterc

5.5 Dollar Loss Resulting from Direc!
Damage

The total direct damage dollar loss for the
various lifeline systems and scenario
earthquakes were calculated on the basis of the
damage statistics summarized above and
assumed replacement costs for the lifeline
facility types considered (Table 5-13). Assumed
replacement cost values are based on data
coUected for various facility sizes ami regions,
which were then weighted to account for the
estimated distnbution of facility sizes in the
national database.
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figure 5-17 Damage to electric power transmission lines following Cape Ann event (M=7.0).
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Figure 5-18
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Damage to electric power transmission lines following Charleston event (M=7.5).
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Figure 5-19 Damage to electric power transmission lines following Fort Tejon event (M=8.0).
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Figure 5-20
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Damage to.electric power transmission lines following Hayward event (M=7.5J.
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Figure 5-21 Damage to electric power transmission fjnes following New Madrid event (M=8.OJ.
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Figure 5-22 Damage to electric power transmission lines following New Madrid event (M=7,O).
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Damage to electric power transmission lines following Puget Sound event (M=7.5).
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Figure 5-25 Damage to water aqueduct system following Fort Tejon event (M=8.09.

Figure 5-26 Damage 10 water aqueduct system following Hayward event (M= 7.5).
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Major to
Destructive
60-100%

o
o
o

2

1

o

Heavy
30-60%

36

20

o

Moderate
10-30%

Damage to Water Aqueduct System (Length of Aqueduct; Km)

Light
Damage
1-10%

350

240

60

Table 5-12

Event

Fort Tejon

Hayward

PugetSound

Table 5-13 Cost Estimates for Lifeline Components

System

Railway

Highway

Air Transportation

Sea/Water Transportation

Electric

Water Supply

Natural Gas

Petroleum Fuels

Emergency Service

*1991 Dollars
**1 mile = 1.609 kIn.
***in service' area

Component

TrackslRoadbeds

Conventional highway bridge
FreewaytHighway
Local Roads

Terminals
Runwaysffaxiways

Ports/Cargo Handling Equipment

Distribution Lines
Transmission Lines
Transmission Substations

Transmission Aqueducts

Transmission Aqueducts

Transmission Pipelines

Medical Care Facilities
(assumes 85,000 square
foot average size)

Fire Stations
(assumes 5,000 square
foot average size)

Police Stations
(assumes 11,000 square
foot average size)

Cost Estimate*

,$500,000/mile**

$1,200,000
$1,400,OOO/mile**
$300,000/mile**

$4,000,000
$l,OOO,OOO/runway

$20,000,000

$150,000/mile**
$500,OOO/mile**
$400/person***

$5,OOO,000/mile**

$300,OOO/mile**

$300,OOO/mile**

$35,000,000

$400,000

$1,000,000
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Figure 5-27

ATC-25

Damage to crude oil system fat/owing Fort Tejon event (M=B.O). Broken pipelines are
shown with solid diamonds.
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Figure 5-28 Damage to crude oil system following New Madrid event (M=8.0). Broken pipelines are
shown with solid diamonds.
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Figure 5-29 Damage to crude oil system following New Madrid event (M=7.0). Broken pipelines are
shown with solid diamonds.
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Figure 5-30 Damage to refined oil system following New Madrid event (M=8.0). Broken pipelines we
shown with solid diamonds. . ..
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Figure 5-31 Damage to refined oil system following New Madrid event (M= 7.0). Broken pipelines are
shown with solid diamonds.
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Figure 5-32 Damage to natural gas system following Fort Tejon event (M=8,0), Broken pipelines are
shown with solid diamonds,
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Figure 5-33 Damage to natural gas system following Hayward event (M=7.5). Broken pipelines are
shown with solid diamonds.
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Figure 5-34 Damage to natural gas system following New Madrid event (M=8.0). Broken pipelines are
shown with solid diamonds.
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Figure 5-35 Damage to natural gas system following New Madrid event (M=7.0). Broken pipelines are
shown with solid diamonds.
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Figure 5-36 Damage 10 natural gas system following Puget Sound event (M=7.5). Broken pipelines are
shown with solid diamonds.
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Figure 5-37 Damage to natural gas system following Wasatch Fran! even!. Broken pipelines are shown
with solid diamonds.
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examined the effect of earthquakes on lifelines
for various regions, including:

Summaries of dollar loss estimates for direct
damage to site-specific systems and extended
regional lifeline networks during the eight
scenario earthquakes are provided in Table 5
14. Estimated dollar losses due to direct damage
to local electric, water, and highway distribution
systems are provided in Table 5-15. We note
that damage distribution dollar loss estimates for
direct damage to local distribution systems were
estimated using cost data from Table 5-13 and
damage curves from Appendix B for electric
distribution lines, local roads, and water trunk
lines. Intensities were estimated at the center of
the Standard Metropolitan Statistical Areas,
assuming the distribution systems were lumped
.at these locations.

•

•

Earthquake Vulnerability Analysis of the
Charleston, South Carolina Area (Citadel,
1988),

Earthquake Planning Scenario for a
Magnitude 7.5 Earthquake on the Hayward
Fault in the San Francisco Bay Area
(Steinbrugge et al., 1987) (representative of
several studies in California, including
others for the Newport Inglewood Fault
Zone, the San Andreas Fault in northern
and southern portions of California (e.g.,
Davis et aI., 1982),

5.6 Comparison with Previous Studies

The foregoing presents a methodology and
results for understanding the direct damage
impacts of earthquakes on U.S. lifelines. No
previous study has examined lifelines in
comparable breadth or scale, so that
comparisons aredifficult. Several studies have

A study of the Wasatch Front, Utah, water
and gas systems (Taylor, Wiggins, Harper
and Ward, 1986), and

A pilot study on vulnerability of crude oil
transmission systems in the New Madrid
area (Ariman, et aI., 1990).

•

Comparison with a study on the Charleston
event. Researchers at The Citadel, the Military
College of South Carolina, estimated damage to
critical facilities and other resources in the
epicentral region, assuming a repeat of the 31
August 1886 Charleston event. The study region
comprised three counties of the Charleston,
South Carolina area: Charleston County,
Berkeley County, and Dorchester County. The
Citadel analysis and conclusions appear inAn
Eal1hquake Vulnerability Analysis ofthe
Charleston, South Carolina, Area, of July 1988.
Their methodology relied significantly upon
ATC-13 procedures, so The Citadel study and
the present study take comparable approaches
and use similar classifications for structures and

Compared to the present study, these previous
studies were typically limited in being either
confined to one or a few lifelines, qualitative
rather than quantitative, and/or geographically
localized. Nevertheless, to the extent possible,
comparison of this study's results with that of
previous studies is of value, in order to compare
each aspect of the methodology. The
Charleston, South Carolina study is recent,
probably the most comprehensive of the studies
in scope, and provides quantitative results. We
therefore next examine that study and its results,
vis-a-vis this study.

..

Direct
Dollar Loss

(in Billions. 1991$)

. $4.2

$4.9

$4.9

$4.6

$11.8

$3.4

$4.4

$1.5

Earthquake

Cape Ann

Charleston

Fort Tejon

Hayward

New Madrid, M = 8.0

New Madrid, M = 7.0

PugetSound

Wasatch Front

The estimates provided in Tables 5-14 and 5-15
are based on the available inventory data lind
other assumptions and models described in this
report. As a result, the accuracy of these
estimates may vary from lifeline to lifeline.
Estimates for electric systems, in particular, are
believed to be more sensitive to the lack of
capacity information than are the other lifelines.

By combining the data from Tables 5-14 and 5
15, we estimate the total direct damage dollar
losses (in billions ofU. S. dollars) for the eight
scenario earthquakes as follows:
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Table 5·15 Direct Losses Due to Damage to Distribution Systems

Event

Cape Ann

Charleston

Fort Tejon

Hayward

New Madrid (M=8.0)

New Madrid (M=7.0)

Puget Sound

Wasatch Front

structural damage. The Citadel researchers
studied direct damage to lifelines, as well as to
housing, schools, and other components of the
built environment in the three county area, but
they did not investigate economic impacts as the
current study does.

The following sections compare the assumptions
and conclusions of the current study with those
of The Citadel researchers. Note that the
current study provided aggregate damagefor
the whole of South Carolina, and damage is not
broken out by county, as it is in The Citadel
study. Nonetheless, since the three counties
enclose the bulk of the damaged South Carolina
lifelines, the results should be comparable. The
first section compares the scenario earthquake
assumed by the two studies. The second section
compares the results of the direct damage
analyses for lifelines.

Scenario Earthquake. The Citadel researchers
employed more severe ground shaking than the
current study's use ofthe Evernden Model
prodl1ced for the same event. The Citadel

. posted MMI IX to MMI X ground shaking
within 25 miles of the epicenter, MMI VII to
MMI VIII ground shaking within a 100 mile
outer radius, and MMI VI or less ground
shaking beyond this. This agrees well with a
broad regional isoseismal map based on the
historical record presented by Bollinger (1977).
This broad map was developed by enveloping a
detailed map also developed by Bollinger (1977)
(i.e., the broad map was developed by the
maximum MMI within a region taken from the
detailed map, and using that as the MMI value

Electric Water Highways
$ Billion $ Billion $ Billion

$0.89 $0.30 $0.60

0.74 0.31 0.50

0.91 0.23 0.23

0.90 0.20 0,25

2.07 0.88 1.40

0.65 0.28 0.44

0.58 0.09 0.28

0.38 0.13 0.26

for the broad map··both maps are presented in
Figure 4-6). The Evernden Model used in the
current study provided estimates of ground
shaking on a detailed scale similar to that of the
detailed map by Bollinger. In the Evernden
model, MMI contours were calculated on a 25
km square.basis. These contours agree fairly
well with the detailed isoseismal map Bollinger
presented. As a consequence of these
interpretations of seismic intensity, differing
results of The Citadel study tend to reflect the
more conservative (i.e., higher) ground shaking
estimates by generally more severe damage
estimates.

Estimated Lifeline Damage. Both studies
evaluated direct damage to a number of
common lifeline elements. This section
compares the two studies' results for direct
damage to hospitals, fire stations, police
stations, railroads,.and electric transmission
substations.

• Hospitals. The Citadel researchers
inventoried 11 facilities in the three
counties, in which 14% of the entire state
population lives. They estimated a 43%
probable maximum loss to hospitals, and a
21% average expected loss. The current
study inventoried 91 health care facilities in
South Carolina, and estimated 27 facilities
would sustain light damage (damage
between 1% and 10%), 6 facilities would
sustain moderate damage (damage between
10% and 30%),9 facilities would sustain
heavy damage (damage between 30% and
60%) and 3 facilities would sustain major to

122 5: Estimates 01 Direct Damage ATC·25



destructive damage (damage between 60%
and 100%). These figures represent an
average gross dollar damage of 10%. Note
that this 10% figure reflects damage to all
health care facilities in South Carolina. It is
to be expected that statewide a"erage
damage should be significantly less than
damage within the epicentral region, which
The Citadel's 21 % figure reflects.

• Airports. The Citadel researchers
inventoried 5 facilities in the three connties.
They estimated functionality for operational
pa"ements such as runways and taxiways,
and for key operational vertical structures
such as runtroltowers and terminals. For
runways and taxiways, The Citadel
researchers estimated 30% functionality
within 1 day,. 60% functionality within 3
days, and full functionality within 8 days. For
vertical structures, The Citadel researchers
estimated 60% functionality within 2 days,
and full functionality within 2-1/2 weeks.
The cunent study inventoried 147 facilities
in South Carolina, It estimated 59%
functionality of South Carolina airports
during the first week, 85% functionality
during the second week, and full restoration
during the tenth week. The present study
also evaluated damage to airports as
individual units, including structures and
pavements, finding 49 facilities would
sus tain light damage, 29 facilities would
sustain moderate damage, and 9 facilities
would sustain major damage.

• Fire Stations. The Citadel researchers
inventoried 55 facilities in the three
counties. They estimated a 71% probable
maximum loss, and a 36% expected loss. The
current study estimated 275 South Carolina
facilities.; 50 are expected to sustain light
damage (1 % to 10%), 3 are expected to
sustain moderate damage (10% to 30%),
and 36 are expected to sustain heavy
damage (30% to 60%). These figures
represent an average 7% damage.

• Police Stlltions. The Citadel researchers
in"entoried 10 facilities in the three
counties. They estimated a 69% probable
maximum loss, and a 34% expected loss. The
current study estimated 70 South Carolina
facilities, and estimated that 10 would
sustain light damage (1% to 10%), 1 would

sustain moderate damage (10% to 30%),
and 8 would sustain heavy damage (30% to
60%). These figures represent an average
6% damage.

• Railroad. The Citadel researchers
inventoried 196 miles of track in the three
counties. They estimated I mile of track
would sllStain 1% damage or less, 145 miles
would sustain I-to-l0% damage, and 50
miles of track would sustain lO-to-30%
damage. These figures would indicate an
average 9% damage to railroad track in the
three counties. The current stUdy
inventoried approximately 1500 miles of
track in South Carolina, and estimated 550
miles of track would sustain light damage
(1 % to W%), 52 miles would sustain
moderate damage (IO-to-30%), and 600
miles would sllStain heavy damage (30-to
·60%). These figures represent an average
damage of 20% to South Carolina railroad
track following a Charleston ·event. (This isa
simple measure of track damage and should
not be wnfused with residual capacity
figures, which follow on network analyses
(see Chapter 6)). This difference may be
explained by the significant damage to
railroad track outside the three counties.

• Electric Transmission Substations. The
Citadel researchersestintated 20% of
substations in the three county area would
sustain light damage, 70% of substations
would sllStain moderate damage, and 10% of
substations would suslain heavy damage. If
one defines light damage as an average 5%
damage, moderate damage as an average
20% damage, and heavy damage as an
average 45%.damage, average ·expected
damage to transmission substations for The
Citadel study would be 20%. The present
study inventoried 100 substations in South
Carolina, and estimated 43% sustain
moderate damage (10-to-30%), 14% sustain
heavy damage (30CI0-60%), and 16% sustain
major damage (60-to-l00%). These figures
represent an average 28% damage to South
Carolina transmission substations following
a Charleston event. The present study
estimated average damage in excess of that
estimated by The Citadel. An explanation
can be found in that The Citadel study
considered transmission and distribution
substations, while the pr,esent study
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considered only transmission substations.
Transmission substations typiCally sustain
more damage than distribution substations;
also substations outside the three counties
are significantly damaged. (Note that the
average damage discussed here is a simple
measure of substation damage and should
not be confused with residual capacity
figures, which rely on network analyses (see
Chapter 6).)

• Bridges. The Citadel researchers
inventoried 3 major bridges and 216
conventional bridges in the three counties.
They estimated "serious damage" to 10
bridges, "repairable damage" to 24 bridges,
and "settlement damage" to 51 bridges. They
defined "serious damage" as collapse of at
least one span. "Repairable damage" means
that the bridge.could be restored within
weeks, and "settlement damage" means
damage to abutments. The current study
inventoried 2134 bridges in South Carolina
and estimated 320, 320, 128, and 20 bridges,
respectively, would sustain light
damage(damage between 1 and 10%),

moderate damage (damage between 10 and
30%), heavy damage (damage between 30
and 60%), and major damage (damage
between 60 and 100%). The current study
provide an aggregate damage of about 7%
for the entire state compared to about 6%
given by the Citadel researchers study for
the three counties. This difference may be
explained by the finding that damage to
bridges outside the three counties is
expected to be significant.

Conclusion. The present study estimated
damage between 1/2 and 1I5th of that -estimated
by The Citadel study in every classification
except transmission substations, railroads, and
bridges. These ratios seem reasonable. The
Citadel researchers examined damage in a
threeccounty epiCentral region alone; while the
present study considered South Carolina as a
whole. One would expect average damage over
the entire state to be substantially lower than
average damage in the epicentral region. The
exception, transmission substations, railroads,
and bridges, were discussed above.
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6. Estimates of Indirect Economic Losses

6.1 . Introducllon

Earthquakes produce both direct and indirect
economic effects. The direct effects, such as
dollar loss due to fires and collapsed structures,
are obviolIS and dramatic. However, the indirect
effects that these disruptions have on the ability
of otherwise undamaged enterprises to conduct
blISiness may be quite significant. AJllhough the
,concept ofseismic disturbances and their effect
on lifelines has been investigated for at least two
decades, there is very little literature on indirect
economic losses (Cochrane, 1975; Rose, in
ASCE-TCLEE, 1981; Scawthom and Lofting,
1984).

curves are estimated for each lifeline type and
scenario earthquake lISing (1) the time-to
restoration curves discussed in Chapter 3 and
provided in Appendix B, (2) estimates of ground
shaking intensity provided by the seismic hazard
model (from Chapter 4), and (3) inventory data
specifying the location and type of facilities
affected (from Chapter 2).

For site·specific systems (i.e., lifelines consisting
of individual sited or point facilities, such as
airports or hospitals) the time-to-restoration
Cllrves are used directly whereas for extended
regional networks, special analysis procedures
are used. These procedures consist of:

Connectivity analYses measure post-earthquake
completeness, llconnectec.mess"r or Itcnt_n.ess'l' of
links and nodes in a network.. Connectivity
analyses ignore system capacities and seek only
to determine whether, or with what probability,
a path remains operational between given
sources and given destinations.

This study provides a first approximation of the
indirect economic effects of lifeline interruption
due to earthquakes. To accomplish this the
relevant literature was surveyed. Then a
methodology was developed to relate lifeline
interruption estimates to economic effects of
lifeline interruption in each economic sector.
This required a two-step process:

1. Development ofestimates of interruption of
lifelines as a r'esult of direct damage

•

•

connectivity analyses, and

serviceability analyses•

2. Development of estimates ofeconomic loss
as a result oflifeline interruption

The general analytical approaches lISed to
develop these estimates are discussed below and
illustrated with example calculations. Results
derIDing lifeline interruption and associated
economic loss to specific facility types are also
provided, but the bulk of this information is
given in Appendices C and D. The chapter
concludes with regional summaries of economic
effects resulting from direct damage to the
various lifelines in the eight scenario
earthquakes.

6.2 General Analytical Approach lor
Estimating Lifellne Interruption

Lifeline interruption resulting from direct
damage is quantified in this investigation in
residual capacity plots that define percent of
function restored as a function oftime. The

Serviceability analyses seek an additional
valuable item of information: If a path or paths
connect selected nodes following an earthquake,
what is the remaining, or residual, capacity
between these nodes? The residual capacity is
found mathematically by convolving lifeline .
element capacities with lifeline completeness.

A complete serviceability analysis of the nation's
various lifeline systems,. incorporating
earthqllak~effects, was beyond the scope of this
project. Additionally, capacity information was
generally not availa!J1e for a nUlllber of the
lifelines (e.g, for the highway system, routes
were available, but not number oflanes}.
Rather, for this project, a limited serviceability
analysis has been performed, based Oil a set of
simplifying assllmptions.

The fundamental assumption has been that, on
average, all links and nodes of a lifeline have
equal capacities, so that residual capacity has
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N N
R,Cj = I: (CjxRi) I I: OJ (6.1)

i= 1 i= 1

where N is the number of facilities. This
calculation is illustrated inExample 6.1 (Figure
6-1).

where R,Cj is the residual capacity at time step j,
OJ is the capacity of facility i, and R i is the
restoration of facility i at time step j. If all
facilities have the same capacity, Equation 6.1
becomes

Using the curves provided in Appendix B,
residual capacity was defined in "lifeline
interruption plots" that define restoration in
one-week-interval step functions. Initially, these
step functions were computed for each facility in
a region, and then averaged over all facilities of
the same type in the region using the following
equation:

(6.2)
N

R,Cj = I: R i / N
i=l

3. Significant elasticity in capacity is generally
available for most lifelines.

2. Links and nodes contributing most to the
residual capacity are generally more distant
from the heavily damaged area. Thus, the
estimated lifeline residual capacity is
generally overestimated in the area closest
to the disaster area; and

This assumption does not consider several
important factors, including:

1. All nodes or links do not have the same
capacities;

serviceable (i.e., surviving) links and nodes to the
ariginalnumber ofserviceable links and nodes,
for a given source/destination pair, or across some
appropriate boundary. For example, if the state
of South Carolina has 100 airports, and 30 of
these are determined to be unserviceable at
some point in time. following a major
earthquake, then the air transport lifeline
residual capacity is determined to be 70% of the
initial capacity.

Factors 2 and 3 tend to offset each other.
Further, factor 1 is probably acceptable for the
purposes of this project, which aims to describe
effects at the regional level.

The foregoing mode of analysis was employed
for most of the regional network lifelines. One
exception was the gas and liquid fuel
transmission pipelines, where capacities were
available and were employed, thus taking into
account factor 1 above.

6.3 Residual Capacity AnalySIS 01 S1Ie
Specific Systems

As indicated above, residual capacities for site
specific lifelines were estimated using the
restoration curves from Appendix B. For many
of these facilities, only locational information
was available (Le., size or capacity information
was not available). Because of this limitation,
and because the general goal of this study was to
determine impacts at the transmission or
regional level (an approach that tends to
average out differences in facility capacities), an
assumption that all facilities of a particular class
have the same capacity was often employed.

Following is a discussion of results from the
residual capacity analysis of each site-specific
lifeline facility type considered in this
investigation.

6.3.1 Airports

Residual capacities for airports were calculated
assuming that all airports have the Same capacity
and the functionality of airports depends 20%
on terminals and 80% on runways. The
simplifying assumption that all airports have
similar capacities is warranted due to the
analysis seeking to determine regional air
transport impacts, an approach that tends to

.average out extremes in airport capacities.
Further rationales for this approach include: (1)
the large number of general and civil aviation
airports, (2) the relatively small difference in
number of runways between many airports, (3)
many runways have lengths sufficient for large
commercial aircraft, (4) under emergency
conditions, air traffic control capacity can be
rapidly and significantly increased by deploying
specialized military units, (5) airport through
put capacity is extremely elastic (under
emergency conditions small airport cargo
handling capacity can be significantly increased
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1l=108~

Example 6.1

This example illustrates the residual 'capacity calculation algorithm for point source systems, Uisi~g
! health care centers in Illinois as an example.

Assume that Illinois, located in "all other ,areas" of the NEHRP Map has four health care centers. A
scenario earthquake is estimated to result in shaking intenslties at the four locations of MMI=5, 6,7,
and 8, respectively. Assume that no liquefaction hazard exists at the four sites. Estimate residual
capacity at 0 days, 7 , 14, 21 , 28, and 196 days {the latter berng dIe point of fuH restoration}.

Procedure. Use the time-to-restore cUlVe (below) for health care facilities (from Appendix B) for "all
other areas" to determine the residual: capacity at each health care facility. '

Iledtll Care
r-----,.---ll 1. ! 1.Il1 1....-----:;,.,

Il= 8~

I)A~S: 38 G8 911 128 1511 11l1l ZiB Z411 Z7ll 3811 J38 lb5
Elapseel T[me in Days

This figure indicates residual capacities as follows:

Elapsed time ldays}

Figure 6-7:

ATC-25

Analysis example illustrating residual capacity calculation algorithm for point source
systems
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by staging cargo off-site, and apron space
restrictions can be worked around through
scheduling and staging aircraft at other
airports). .

Average residual capacity values over all
airports in a given state at each time step were
calculated using Equation 6.2. An example plot
for Arkansas, one of the worst-case situations, is
provided in Figure 6-2. In this example, the
initial loss is approximately 31 percent of
capacity, and full capacity is not restored until
about day 290. Results for each state are plotted
in Appendix C for each scenario earthquake
(Figures C-l through C-24). These data indicate
that, of all the regional scenario events, the
greatest impacts occur in the states of Arkansas,
Mississippi, and Tennessee as a result of the
New Madrid magnitude-8.0 event (Figures C-3,
C-4, C-6). The states of Washington,
Massachusetts, South Carolina, Utah, and
California would experience the largest impacts
due to the Seattle, Cape Ann, Charleston,
Utah, and Fort Tejon, scenario events,
respectively (Figures C-7, ColO, C-1S, C-17, and
C-18).

6.3.2 Ports

Residual capacities of Ports for all scenario
events are presented in Figures C-25 to C-33.
An example plot for South Carolina; the worst
case situation, is provided in Figure 6-3. In this
example, the initial loss is nearly 100 percent of
capacity, and full capacity is not restored until
about day 2oo. Georgia would also experience
similarly high losses due to the Charleston event
(Figure C.27). Massachusetts and Rhode Island
would experience the largest losses due to the
Cape Ann event (Figures C-28 and C-79).

6.3.3 Medical Care Centers

Residual capacities of medical care centers were
calculated using Equation 6.2 and are shown in
Appendix C,Figures C-34 through C-57 for all
states affected by all scenario events. All
medical care centers were assumed to have the
same capacity. One qf the worst-case situations
would occur in Arkansas for the New Madrid
magnitude-8.0 earthquake (Figure 6-4). Similar
long-term recovery periods are required in
California for the Fort Tejon event (Figure C
51), South Carolina, for the Charleston event
(Figure C-41), and in Washington, for thePuget

Sound event (Figures C-52). Note also the
initial high loss in capacity for medical care
facilities in Massachusetts for the Cape Ann
event (Figure C-44).

6.3.4 Fire Stations

Based on the assumption that fire stations have
.an average capacity, residual capacities of fire
stations within the affected states were
calculated using Equation 6.2, assuming that all
fire stations are lumped at the center of
Standard Metropolitan Statistical Areas
(SMSAs). Results are presented in Figures C-58
through C-8!. One of the worst case situations,
which occurs inSouth Carolina as a result of the
Charleston scenario event, is shown in Figure
6-5.

6.3.5 Police Stations

Residual capacities of police stations were
calculated using Equation 6.2, assuming that all
police stations have the same capacity and that
stations were lumped at the center of the
SMSAs. Results are presented in Appendix C,
Figures C-82 to C-101, for all states affected by
the scenario events. These plots indicate that, as
in the case of fire stations, one of the worst-case
situations OCCurs in Mississippi as a result of the
New Madrid magnitude-8.0 scenario event
(Figure 6-6).

6.3.6 Broadcast Stations

Based on the assumption that all broadcast
stations have the same capacity, residual
capacities within the affected states were
calculated using Equation 6.2, For this facility
type, the worst case situation oCcurs in South

.Carolina as a result of the Charleston event
(Figure 6-7). See Appendix C, Figures C-102 to
C-126, for plots of results for all eight scenarios
and affected states.

6.4 Residual Capacity Analysis 01
Extended Regional Networks

In this investigation, residual capacity of
extended regional networks (e.g., crude and
refined oil pipelines; highways) has been
estimated through the following. sequence of
operations: .
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Figure 6-2 Residual capacity ofArkansas air transportation following New Madrid event (M=8.0).
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Residual capacity ofSouth Carolina ports following Charleston event (M= 7.5).
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Figure 6-5

Residual capacity ofArkansas medical care centersfollowing New Madrid event (M=8.0).
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Residual capacity ofSouth Carolina fire stations following Charleston event (M= 7.5).
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Figure 6-6 Residual capacity ofMississippi police stations following New Madrid event (M=8.0).
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Figure 6-7 Residual capacity ofSouth Carolina broadcast stationsfollowing Charleston event
(M=7.5).
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I. Maximum damage for every link in the
network was first estimated using the
procedures described in Chapter 5.

2. Connectivity analyses were then performed
. to identify nodes and links that are not
connected to the source(s).

3. And finally, serviceability analyses were
performed to determine residual capacity of
the network as awhole, considering both
damaged and undamaged links and nodes.

The networks are assumed to consist of sets of
nodes and sets of links connecting these nodes.
If a link has a direction, it is called a directed
link: otherwise it is called an undirected link. A
path is a sequence of nodes and links. The links
can be directed in either direction(two-way
links) or directed in one direction (one-way
links).

Following is a flow chart showing the sequence
of operations:

Damage Slate of the
System at t= 0

Connectivity Analysis

Residual capacity (R.C) ,
Analysis

No

Connectivity Analyses. Connectivity analyses
were performed using a technique called Depth
First-Search, or Backtracking (Tarjan,R., 1972).
In this method, a network is connected if for
every partitioning of the nodes of the network
into subsets Yl and Y2, there is either a link (i
j) or (j-i) between node i E: Yl and node j E: YZ,
where E:denotes membership.

For pipeline systems (crude oil and refined oil
pipelines), pipeline sections (node-to-node)
with probability of failure (i.e., probability of
having at least one break) equal to or greater
than about 60% were assumed to be closed until

100% restored.. For natural gas systems, pipeline
sections with probability of failure equal to or
greater 30% were assumed closed until 100%
restored. Bridges with more than 15% damage
were also assumed out of service until fully
restored.

Serviceability Analyses. Residual capacities
between sources and destinations were
estimated using the minimum-cut-maximum
flow theorem (Ford and Fulkerson, 196Z; Hu,
1969; and Harary, 1972) which is the central
theorem in network flow theory. This approach
was generalized for this project to account for
multiple-source multiple-destination problems.

The minimum-cut-maximum-flow theorem
simply searches for the cut with the minimum
capacity, i. e., the bottleneck, that completely
separates the sources from the destinations.
That is to say, the maximum flow in a network is
always equal to the capacity of the cut that
provides the minimum capacity of all cuts
separating the source(s), S, and the
destination(s), D.

A cut is defined by (YI,YZ), where YI is a
subset of nodes of the network and YZ is its
complement (i.e., the remaining subset of
nodes). A cut (YI,Y2) is a set of links (i-j) with
either the node i E: YI and j E: YZ or j E: Yl and
i E: YZ. Therefore, a cut is a set of links the
removal ofwhich will disconnect the network. A
cut separating the source, S, and the destination,
D, is a cut (Yl,YZ) with S E:Yl and D E:Y2.

The capacity of a cut (Yl,Y2), denoted by
C(~I,Y2), is ~ Cij with i,E: Y~ ~ndj E:YZ, w~ere
Clj IS the capacity of the hnk (I-J). Note that In

defining a cut, we count.all the arcs that are
between the set Yl and the set Y2, but in
calculating its capacity we count only the
capacity of links from Yl to Y2, but not the one

.way links from Y2 to YI. Le. C(Yl,Y2) not
equal C(Y2,Yl). The cut with the minimum
capacity is called the minimum cut.

For example, consider the network in Figure 6_
8. Assume that all links are two way links, and
that the numbers next to each link represent the
capacity of that link. The set YI defined above
consists of nodes Sand Z, while the set Y2
consists of nodes I and D. The cut shown in
Figure 6-8 is a minimum cut and has the
capacity C(YI,YZ)= cSl +c2D=Z+4= 6, which
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highway and railroad systems,. sources are
defined to be the outer nodes of all links that
intersect with thesmalle,st boundaE)' around the
epicentral area,. such that all intersected links
remain undamaged following an earthquake.
Destinations are defined to be all nodes inside
the largest boundary around the epicentral. area
such that all intersected links are damaged
(intersection is assumed at the centerof the
links). For damaged links, restoration of each
link is estintated at each time step using the
appropriate restoration curve and the maximum
intensity along the link.

is the maximum flow that can be delivered
between the source S and the destination D.

Figure 6-8 Flow network to illustrate
minimum-cut-maximum flow
Theorem.

The residual capacity at a given destination at
any time step, t, is defined to be the ratio
between the maximum available flow at the
destinationfor the damaged system, Qt, to the
maximum available flow at the destination for
the undamaged system, Qo' i.e.

where Qt and 0 0 can be calculated using the
min-max theorem discussed above, and RC. is
the residual capacity.

The maximum flow is a linear programming
problem with the objective function

Q = EXii (6.3)

and the constraints

R.C. = QtlQo (6.6)

where Q is the out flow value and Xij is the flow
. in link (i-i). Equation 6.4 expresses conservation

of flow at every node, and Equation 65 states
that t~e link flow Xij is always bounded by link
capaCIty Cij'

To apply the maximum flow theorem, sources
and destinations have to be defined. For the oil
systems and the natural gas system, nodes in
Texas and Louisiana represent the sources,
while nodes in Illinois, California, Seattle, Utah,
and Massachusetts represent destinations.
Source and destination are more difficult to
define for the highway and railroad systems.
These networks are highly redundant, so
damage and losses are confined to the epicentral
regions.. In the residual capacity calculations for

Xij-Xik =-Qifj=S

= Oifj<>SorD

= Qifj=D,

and

o< Xij < Cij for all i,j

(6.4)

(65)

Example Caleullltillns. Two examples are
provided (Figs 6-9 and 6-10) that demonstrate
residual capacity calculations for pipeline
networks (Example 6.2} and for !;lon-pipeline
networks (Example 6.3}.

Software Employed. The calculations of damage
state, counectivity, and residual capacity were
performed using a proprietary computer
program, LLEQE (LifeLine EarthQuake
Engineering). LLEQ£ employs state-of-the-art
computer graphics and was developed to
perform four tasks: (1) to perform seismic
hazard analyses; (2) to generate lifeline damage
states consistent with the calculated site-sjlecific
seismic intensities;. (3) to perform connectivity
analyses; and (4) to estimate residual capacities
oflifeline components. Its capabilities include
the followingcomponents/fllnctions:

• Database. Database capacity can
accommodate most major lifeline systems at
the transmission level on the national scale,
including: transjlortation, water, electric
power generation and supply, gas and liquid
fuel supply and emergency service facilities.
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Example 6.2

This example illustrates the residual capacity calculation for pipelines systems (e.g., crude oil, refined
oil, or natural gas).

Consider the following crude oil pipeline network;

25 km 25 km
• .. • ..

2 pipe #4 0=14" 4 ( Destination)

MMI= 0.9 MMI=6.0

pipe #t 0=6"

pipe#3 0=10"

( Source) 1 plpe#2 0=16" 3

Pf =

=
=
=

Assume that pipe number 4 is subjected to intensity MMI = 8 along 25 km of its length, and MMI = 9
along 25 km of its length. The pipe lies in the non-California 7 portion of the NEHRP map. Assume
the other pipes are unaffected and that there is no liquefaction. Find residual capacity at node 4 at the
end of 7 days

Procedure. Use the damage curves for petroleum fuel transmission pipelines (from Appendix B) to
determine mean break rate by intensity. Using the data on which this figure is based, the 25 km length
of pipe, 11, experiencing MMI = 8 has an expected mean break rate, 1.1, of 0.036 breakslkm. The 25
km length of pipe, 12, experiencing MMI = 9 shaking has an expected mean break rate, 1. 2, of 0.179
breakslkm. The probability of having at least one break in this pipe is given by equation 5.4, which is

2
1 - IT Ps

1=1
1 - (exp(- 1. 1 x 11) x exp(- 1.2 x 12»
1 - (exp(-0.036 x 25) xexp(-0.179 x 25»
0.99 .

The diameter square of each pipe will be taken as a measure of capacity of the pipe. For the
undamaged system using the min-max theory, the maximum flow Qo at the destination (Le., node 4) is
164 <the maximum flow at node 4 equals the capacity of link number 1, L e. 64, plus the capacity of
link number 3, Le. 100). Since the probability of failure of pipe number 4 is greater than 60%, this
pipe will assumed to be c10secl until it will be fully restored. For the damaged system, at the first time
step (L e., t=O days) pipe 4 will be closed and the maximum flow Q1 at node 4 is the capacity of the
remaining system, which is 100. The residual capacity at time step t=O can be estimated using
Equation 6.6 and is given by Q1/Qo = 61.0%. Using the time-to-restore curve for petroleum
transmission lines provided in Appendix B, the time to fully restore pipe sustaining MMI = 9 is 10
days. Thus, at the second time step (t = 7 days) the maximum flow at node 4 equals 100, and the
residual capacity at the destination is still 61 % (pipe 4 is still closed).

Figure 6-9: Analysis example illustrating residual capacity calculation for crude oil pipeline network,
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Example 6.3

i This example illustrates the damage and residual capacity calculation for non-pipeline network systems
(e.g., railroad or highway system). Consider the following highway network (nodes· denoted by circles,
links by boxes): .

III
\,
\
\

\

\\
\
'\,

\
\[l

\

The network lies in the "All Othe'r Areas" portion of the NEHRP map; tne intensity distribution for a
given scenario earthquake is given below. Assume liquefaction does not occur and that Unks :2 and 9
contain bridges. If a bridge experiences damage of 15% or more, it is assumed closed unt1l100%
restored.. Characterize restoration at various time interva~s.

Link Number
1 2 3 4 5 6 7 8 9 10

length, km 5 5 5 5 5 3 5 3 5 5
MMI 5 6 5 7 8 7 5 8 7 4

Procedure. Using the damage curves provided in Appendix H for highways/freeways, damage to the
highway system is estimated as follows:

1 :2 3 4
link Number
567 9 10

Damage, % 0 o o 1 3 1 3 1 o

Using the damage curves for conventional bridges, "other" areas (Appendix H), damage to the bridges
in Links :2 and 9 is estimated to be 10% and 30% damage, respectively.

Due to the assumption that a bridge is closed if damage exceeds 15%, the bridges in Link 9 are dosed
until 100% restored, while bridges in link:2 are not. Restoration ohhe network liaks are estimated
from the restoration curves for conventional bridges, "aU other areas" (Appendix H) as follows (see
following page):

Figure 6-10: Analysis example il/,ustrating the residual capacity calculation for highway networks.
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• Damage State. The LLEQE user can specify
breaks, generate random breaks, or both. To
generate a break in a link the user simply
select "Specify Break" option and points to
the link with a mouse. To simulate a seismic
event, random breaks are generated using
Monte Carlo simulation and a
nonhomogeneous Poisson process with
mean break rate based on data from
previous earthquakes.

• Connectivity Analvsis. Connectivity analysis
is performed to identify disconnected
regions of damaged systems, tag them with
coded colors, and eliminate them from
subsequent system analysis. Optimum path
and shortest path from source to destination
can also be defined.

• Serviceability Analysis. Analysis to estimate
the serviceability of lifeline systems under
seismic or other events. The process
involves connectivity analysis ofthe system
in simulated damage states consistent with
site seismicity and statistical analysis of
residual capacities available in these damage
states. It can provide fragility curves to
estiIrate the functionality and usability of
the system.

Following are summaries of residual capacity
analytical results for extended regional lifeline
networks.

6.4.1 Railroad System

Residual capacities of the railroad system for all
scenario earthquakes were estimated using the
minimum-cut-maximum-flow theorem defined
above; sources and destinations were also
defined as above. Residual capacity plots for the
railroad system are provided in Appendix C,
Figures C-127 through C-134. An example
(typical) plot for the Hayward earthquake
scenario is provided in Figure 6-11.

6.4.2 Highway System

Residual capacities of the highway system were
estimated using the minimum-cut-maximum
flow theorem and the sources and destinations
as defined above. The residual capacities are
shown in Figures C-135 to C-142. An example
plot for the epicentral regional of the
magnitude-8.0 New Madrid event, one of the

worst case situations, is provided in Figure 6-12.
In this case nearly 95% of the highway system
capacity is initially lost, and full restoration of
the system is not achieved until about day 420.
Losses in highway system capacity are similar for
Utah, as a result of the Wasatch Front scenario.

6.4.3· Electric System

Residual capacities of the electric system were
estimated taking into account nodes only (i.e.,
transmission substations). The residual capacity
for each node was estiInated at each time step
using the time-to-restore curves for transmission
substations from Appendix B. Averages over all
nodes in each state affected by the scenario
events were calculated using Equation 6.2 and
are plotted in Figures C-143 to C-166. One of
the worst case situations occurs in Mississippi
following the magnitude-8.0 New Madrid event
(Figure 6-13). In this case, the initial loss is
approximately 75% of capacity, and full
restoration is not achieved until about day 130.
Losses for Arkansas for this same event are
similar.

6.4.4 Water System

Residual capacities of the water system (Figures
C-167 to C-169)were estimated using the
minimum-cut-maximum-f1ow theorem discussed
above. For the Hayward event the San
Francisco Bay area was assumed to be the
destination and the outside world, the source.
For the Fort Tejon event Los Angeles was
assumed to be the destina~onand the Colo~ado

River Aqueduct (1056 hm ), C~ifornia
Aqueduct South Coast (6931hm ), and Los
Angeles Aqueduct (574 hm ) were assumed to
be the sources. The worst case situation occurs
in Los Angeles as a result of the Fort Tejon
event (Figure 6-14).

6.4.5 Cmde Oil System

For the residual capacity calculations for the
crude oil system, Texas and Louisiana were
assumed to represent the source region, while
Chicago, Southern and Northern California
represented the destinations. Residual
capacities of the crude oil system were estimated
using the minimum-cut-maximum-flow theorem
discussed above. Links with probability of failure
greater than or equal to 60% were assumed
closed until 100% restored.
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The residual capacities are shown in Figures C
170 to C-173. One of the worst-case situations
occurs in California as a result of the Fort Tejon
earthquake scenario (Figure 6-15). In this case
,crude oil delivery ,capacity from Texas to
Northern California is initially reduced to less
than 10 percent, and full r'estoration of capacity
is not achieved until about day 14. A similar
situation occurs in this same scenario
,earthquake for crude oil delivery from Texas to
Southern California.

6.4.6 Refined Oil System

For the residual capacity calculations for the
refined oil system, Texas was assumed to be the
source, and Chicago was the destination.
Residual capacities were estimated using the
minimum-cut-maximum-flow theorem discused
above. Links with probability of failure greater
than or equal to 60% were assumed closed until
100% restored. The residual capacities are
shown in Figures C-174 and C-l75. Residual
capacity plots for the two New Madrid events
considered are similar. The plot for the New
Madrid magnitude-8.0event is provided in
Figure 6-16.

6.4.7 Natural Gas System

For the residual capacity calculations for the
natural gas system,. Texas and Louisiana were
considered as the sources, and Illinois,
Massachusetts,. Utah, Washington, and
California represented the destinations.'
Residual capacities of the natural gas system
were estimated using the minimum-cut
maximum-flow theorem discused above. The
residual capacities are shown in Figures C 176
through C-184. An example plot for the
Hayward scenario, one of the worst case
situations, is provided in Figure 6-17. In this case
the capacityfor natural gas delivery from Texas
to Northern California is reduced to zero for the
first seven days after the earthquake; full
capacity is restored at about day 14. Losses in
delivery capacity to Seattle from Texas, as a
result of the Puget Sound scenario, and to
Califomia from Texas, as a result of the Fo.t
Tejon event, aJ:"e similar.

6.4.8 Distribution Systems

Residual capacities of the electric, water, and
highway distribution systems were estimated
using the time-to-restmecurves provided in
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Appendix B. Distribution systems were assumed
to be lumped at the center ofthe Standard
Metropolitan Statistical Areas (SMSAs), and
intensities were estimated at each SMSA for
every scenario event. Residual capacity plots for
distribution systems have not been included in
this report. Economic losses resulting from
damage to these systems, however, are included
in the summaries provided later in this chapter.

6.5 General Analytical Approach lor
Estimating Indirect Economic
Losses

In order to develop the relationship between
lifeline interruption and indirect ,economic
losses it was necessary to generate a set of
simplifying assumptions. The general
assumptions that apply to all lifelines are listed
below.

6.5.1 Genera/Assumptions

Primary: Emergency response and
human needs

Secondary: Industrial needs
(Within this class non
interruptible service
customers share the loss in
capacity equally)

Tertiary: Interruptible service
customers

5. Secondary Impacts Ignored. The loss of
capacity in one (non-lifeline) industry would
likely reduce Ihe productivity of other
industries Ihat obtain inputs from the first
industry. These reverberations, which are
typically measured using input-output
analysis, will be ignored for this first
approximation. To the extent that these
reverberations are ignored, .impacts are
understated.

7. Linearity. The linearity assumption
mentioned above implies that remaining
lifeline capacity could be used productively;
limited lifeline damage would not cause a
complete cessation of economic activity in

6. Functional RelationshiIlS. Each imIustrial
sector of the economy was considered
separately with respect to each lifeline. The
maximum impact, which would be expected
to result from a prolonged total lifeline
failure was estimated for each ljfeline/sector
pair. The effect of less·than-total failure of
the lifeline was estimated using the
following assumptions:

1. DuratiolL The interruption of the lifeline
element/system that gives rise to the
economic loss is assumed to extend over one
or more consecutive month-long time
periods. The functionality loss assigned to
each month is the average for that month.

2. Independence. Lifeline elements are
assumed to be independent. Interruptions in
elements of one lifeline do not produce
interruptions in other lifeline elements. That
is, we ignore lifeline interaction effects,
which are sometimes non-trivial.

3. Lifeline Functionalitv. The quantity under
examination here is lifeline functionality as
opposed to lifeline capacity. For example,
assume the waler supply lifeline sustains a
loss of20 percent ofits capacity locally, but,
because of redundancy and looping, water
remains fully available. The functionality
loss and consequent indirect economic loss
would both be zero. Conversely, if all water
supply and transmission facilities remain
intact, but damage to the distribulion system
cuts offwater to 20 percent of the industries
served, the functional!ty loss is 20 percent.

4. Distribution of Incidence of Interruption.
Lifeline interruptions are assumed to be
priorilized as follows:

•

•

•

The first 5% interruption could be
absorbed without economic loss

Subsequent losses would. result in
proportionMeeconomic losses. Thus as
lifeline capacity falls from 95 10 0%, the
economic impact is assumed to increase
linearly from zero 10 the maximum
effect for each sectorllifeline pair.

The produci of the percent loss of value
added for each sector was summed over
all sectors for each decile and lifeline.
This sum represents the value-added
weighted average of the economic
impact of the lifeline for that decile.
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the sector. This assumption may
unrealistically unde~estimate the effects of
lifeline interruptions in industries (such as
primary metals) that might be unable to
scale back operations or.to close and restart
operations in response to reduction and
restoration of lifeline capacity.

6.5.2 Data Sources and Methodology

Value Added Data. Economic activity within
each industrial sector was measured in terms of
value added. Value added refers to the value of
shipments (products) less the cost of materials;
supplies,contract work and fuels used in the
manufacture or cultivation of the product. The
United StatesBureau of Economic Analysis
publishes annual datil for value added for ellch
industrial sector. For simplicity, data from the 99
sectors were collllpsed into 36 sectors. Data for
1983 were the latest available (published by
BEA, 1989), and were used in this study.

As a first approximation, data on the national
economy were used to assess the relative
economic importance of each sector. The value
added for each of the 36 sectors of the economic
model is expressed as a percentage of the
nationwide total. These data are presented in
Table6-1. For comparison, comparable data for
the local San Francisco BayArea economy
(which comprises Santa Clara County and parts
of Alameda County) are shown on the same
table.

Lifeline Importance Factors. The economic
impact of each lifeline was estimated by
modifying estimates from ATC 13 (ATe, 1985).
Table 9.8 of ATC 13 presents the lifeline
importance factors for each social function. To
adapt these estimates to the present study, the
"social functions" were assigned to each
industrial sector. The importance weights
provided in ATC-13 distinguish between main
and distribution systems for each lifeline. For
the present study, the two figures were averaged
to produce an importance weight for the entire
lifeline system. Further modification of the
ATC-13 estimates were made to reflect the
difference between the importance of the
lifeline and its impact on the economy if it were
totally disrupted. These modifications, generally
in the upward direction,constitute first
approximations of economic impacts; The

maximum impact estimates by sectpr and lifeline
are shown in Table 6-2.

Reduction in Value Added Due to Lifeline
Interruption. Table 6-3 presents the percent
reduction in value added for each sector
resulting from increasingly severe crude oil
lifeline interruptions. (Similar tables are shown
for all lifelines iThAppendix D.) Values are
shown for each decile of lifeline interruption
and are assumed to pertain to monthly Gross
National Product (GNP). As noted in the .
assumptions cited above, these percentages are
linearly interpolated between the reduction in
value added when the lifeline experiences 5%
interruption (for a 5% lifeline interruption,
there is no reduction in value added) to the
reduction in value added when the lifeline
experiences 100 percent interruption (maximum
impact).

Table 6-4, also assumed to pertain to monthly
GNP, presents the remaining value added of
each sector under alternative levels of crude oil
lifeline interruption. Similar tables are shown
for all lifelines in AppendixD. Thesevalue
added estimates are. calculated by finding the
percent value added of the sector within the
total economy (Table 6-1, right column) and the
percentage reductions in value added (e.g.,
Table 6-3 for oil supply). The product of these
two variables is subtracted from the
uninterruptedvalue-added for each decile. In
the case of oil supply and the livestock sector,
the residual valued-added after 10% of loss of
capacity = (0.45%) - «0.45%) x (2.63%» =
(0.45) - (.01) = 0.44% These sums thus
represent the weighted average of the sectorial
impacts of interruptions to the lifeline.

Figure 6-18 illustrates the value added weighted
average economic impacts of crude oil lifeline
interruptions (taken from totals at bottom of
Table 6-4). Similar figures are shown for all
lifelines in Appendix D. The Y-intercept reflects
the estimate of the maximum impact, due to

. total disruption of the lifeline for an extended
period of time.

Further Refinements. As noted at the outset,
this brief study constitutes a first approximation
ofthe economic effects of lifeline interruption.
A number of explicit and implicit assumptions
were made in order to simplify the analysis.
Using these assumptions limits the accuracy of
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Figure 6-18 Residual Value Added as a function of crude ai/lifeline residual capacity

the results. However, the model's parameters
could be refined to produce more accurate
results, which might also better represent
regional and local economic diversity. The
following refinements are suggested:

• Regionalization. Data on value added
are available on a county-by-county basis
for the entire United States. This data
could be used in place of the national
data presented here to produce local
area models ofcounty or multiple
county areas. Such a localized model
would more accurately reflect the
impacts weighted by the local
importance of each of the industrial
sectors.

• Maximum Economic Impacts. The
estimates of the maximum impacts of
lifeli)le d1smptions were modified from
the ATC-13 data, based on the judgment
of the authors. These estimates could be

•

improved by research into the use of
each of the lifeline inputs within each of
the economic sectors.

Linearity Assumption. The economic
impact of lifeline interruption was
assumed to vary linearly between no
impact at 5% interruption,. to maximum
impact at 100% interruption. This
assumption could be investigated and
modified as appropriate. Some
industries may require uninterrupted use
of lifelines in order to operate; they may
be unable to operate under certain
conditions of reduced lifeline capacity.
The linearity assumption ignmes these
possible threshold effects. Furthermore,
many or aU industries might respond
non-linearly to interruptions. Smaller
percentage interruptions might cause a
less than proportional impact on value
added as lower valued functions or
product line are cut first, or as other
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factors of production are substituted for
the damaged lifeline. At high percent
interruptions,. the response might be
more than proportiona~as vital
functions cannot be maintained. Further
research into industry response to
scarcity might suggest a convex rather
than linear .response function.

3. Sum the products calculated in Step 2 for
each sector to estimate the total percentage
value added lost for all economicsectors;
multiply this percentage by the percent of U.
S. population affected and by the monthly
Gross National Product to obtain the total
indirect economic loss for the lifeline and
earthquake scenario under consideration.

The equation used to calculate indirect
economic losses (IEL) is as follows:

where: IEL = Indirect Economic Loss
Nl = number of affected regions .
N2 = number of economic sectors
N3 = number of months the lifeline

has a loss in capacity
A = percent Value-Added-Lost

per month
B = percent U. S. Economy Value

Added
C = percent of U. S. population

affected
D = monthly Gross National

Product

• Interindustry Effects. The scarcity of
productive factors other than lifelines
could have major impacts on aregional
economy. These interactions were
ignored in the present study, thus
understating impacts of lifeline
interruptions. As noted in Scawthom
and Lofting (1984), input-output
economic models could be used to solve
for these interactions. Building such a
model would be difficult because the
impacts caused by lifeline disruptions
and the nan-lifeline scarcity impacts
would have to be solved simultaneously.
However, the basic modeling approach
proposed in this study is consistent with
the type of regional data necessary to
drive an input-output model.

6.6 Indirect Economic Loss Estlmaies

Nl N2
IEL= l:: l::

1=1 j=1

N3
l:: (A) (B) (C) (D) (6.7)
k=1

Indirect economic losses were estimated for
each lifeline system and scenario event using the
residual capacity plots provided in Appendix C
and the economic tables described above. The
calculation procedure was as follows:

1. Determine the monthly loss in capacity for
the lifeline and scenario earthquake under
consideration using the appropriate residual
capacity plot (Appendix C).

2. Determine Percent-Value-Added Lost for
each month and sector of the economy for
the lifeline under consideration, using the
estimates obtained from Step 1 above and
the Percent-Value~AddedLost Tables
provided in Appendix D (Table 6-3 is an
eXample). Sum the percentages for all .
months in each sector to obtain the total
Value-Added-Lost in that sector during the
time period the lifeline had loss in capacity.
Multiply this sum by the percent U. S.
Economic Value Added for that sedor.

We note that an average value of loss of
functionality during each month of the
restoration period is used when estimating the
overall indirect economic impact (from Table 6
3 and similar tables in Appendix D). This aspect
of the computation is illustrated in Example 6.4
(Figure 6-19), which illustrates the economic
loss calculation for a specific lifeline, economic
sector, and hypothetical earthquake.Shown in
Example 6.5 (Figure 6-20) is an example
calculation for estimating total indirect dollar
loss in all economic sectors due to damage of
the electric system in the state of Utah as a
result of the Wasatch Front scenario event.

We have also calculated values of "Percent of
Monthly Economic Loss" in each economic
sector due to interruption to each lifeline system
for each scenario earthquake using the
"Residual Capacity Plots" provided in Appendix
C and the "Percent Value Added Lost" tables
provided in Appendix D. These data are
provided in Tables 6-5 through 6-11. Values in
these tables are percentage of the monthly GNP
of each economic sector that is lost due to the
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Figure 6-19.

Indirect
Loss
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The data provided in Figures 6-21 through 6-28
suggest thai Massachusettswou!d experience
the highest indirect losses due to the Cape Ann
event with the electric system contributing the
highest portion; Mississippi and Arkansaswould
experience the highest indirect losses due to the
magnitude-S.O New Madrid event; and South
Carolina, Utah, Washington, Northern and
Southern California would experience the
highest indirect losses due to the Charleston,
Utah, Seattle, Hayward, and Fort Tejon events,
respectively. 'The electric system contributes the
highest indirect losses, among all systems,. for
most of the events.

by all systems; and the best estimate is the
square root of the sum of the squares (SRSS) of
losses caused by each lifeline. We note also that
the SRSS procedure was used to estimate total
indirect economic losses resulting from damage
to local distribution networks (Table 6-13).

By combining like system data from Tables 6-12
and 6-13 in a least squares (SRSS) fashion, we
estimate the total indirect economic losses for
the eight scenario earthquakes as follows:

Bar charts showing the indirect losses caused by
transmission lines (upper bound data) by state
for each scenario earthquake are provided in
Figures 6-21 through 6-28. We note that
estimates of indirect economic losses for each
state are sensitive to the assumed location of the
source zone for large-magnitude events (e.g..,
had the assumed source zone for the magnitude
8 New Madrid event been located further north,
estimates ofdirect damage in Missouri would
have been substantially larger). Estimates of
direct damage (Chapter 6) are similarly affected.

Analysis Exampl,e Illustrating
Economic Loss Calculation for
Crude Oil Pipeline Network.

scenario 'earthquake and resulting lifeline
interruption., In Table 6-6, for example, 141% of
the monthly GNP of livestock is lost as a result
of damage to water transportation systems
during the Charleston earthquake scenario. The
actual dollar loss would be the product of 1.41 x
.0045 x monthly national GNP x percent of
national population affected.

biunple 6.4

Summaries of the total indirect economic losses
resulting from damage to site-specific systems
and extended regional networks, based on 1986
GNP data, are provided in Table 6-12. Total
indirect economic losses resulting from damage
to local distribution systems are presented in
Table 6-13. We note that Table 6-12 contains
total loss amounts expressed in terms of lower
bound, upper bound, and best estimate. The
lower bound represents economic loss caused by
the singular lifeline system causing the greatest
loss; the upper bound is the sum of losses caused

Procedure. Immediately following the earthquake,
this network experiences a 39% loss of
functionality. Ten days later the loss of
functionality is 0%. Thus, the average loss of
functionality during the first 10 days Is about 20%,
and for the first month it is 20%/3, or 7%. From
Table 6-3, which pertains to average loss of
functionality for one month, the Value Added lost
for a 7% loss in functionality for the live stock
sector of the economy is 1.8%, i.e., 0.7 of 2.63%
corresponding to 10% loss of oil supply lifeline for
one month. To determine the economic losses in
dollars, this percentage' would fi"t need to be
multiplied by the percent U. S. Economy Value
Added for the livestock sector (OAS%) and then
prorated by the percent of the national
population affected. Actual economic losses in
this economic sector due to loss of functionality of
this particular pipeline would then be determined
by multiplying this prorated percentage by the
monthly gross national product

For the pipel;ne network described in Example
6.2 and using the residual capacity,esults
determined there, determine indirect economic
losses to the livestock sector for the first month.
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Example 6.5

Using the Restoration Capacity Plot shown below for Utah electric power following the scenario
Wasatch Front event, estimate the indirect economic losses due to damage of the electric system in
the state of Utah.

50

60

-t- - r+- -1-_ 1

I
I80

70

100 !- - -r - -t
90 -- L - 

I
I

_...1 __~_
I,
I

140
40t----::r-:--'---:r:---+-'------,r--..L--.----,--,-----I

o 20 40 60 80 100 120
Elapsed Time in Days

STEP 1: Estimate the average loss for each month, which is as follows:
Month Percent loss
-1--- 45%

2 25%
3 10%
4 5%

STEP 2: From Table 0-2, Percent Value-Added Lost Due to Specified Percent Loss of Electricity
Lifeline, extrapolate percent Value Added lost for each sector of the economy for each
month and sum the results to obtain the estimated percent of Value Added lost for the
entire period. For tbe livestock sector, this calculation is as follows:

(23.68+18.42)/2 + (13.16+7.89)/2 + 2.63 + 2.63/2 =

21.05 + 10.53 + 2.63 + 1.32 = 35.53%

Figure 6-20. Analysis Example Illustrating Economic loss Calculation for Electric System in State of
Utah for the Wasatch Front Scenario Event. .
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STEP 3: Multiply the sum from Step 2 by the percent of the economy for that sector and sum the
products for all economic sectors to obtain the total PercentcValue-Added lost (for alii
economic secto rs}:

Economic
Seclor

1 Livestock
2 Agr. Prod.
3 AgServ. For. Fish
4 Mining
5 Construction
6 Food Tobacco
7 Textile Goods
8 Misc. Text. P'rod.
9 Lumber & Wood
10 Furniture
11 Pulp & Paper
12 Print & Publish
13 Chemical & Drugs
14 Petrol. Refining
15 Rubber & Plastic
16 leather Prods.
17 Glass Slone Clay
18 Prim., Metal Prod.
19 Fab. Metal Prod.
20 Mach. Exc. Elec.
21 Elec. & Electron
22 Transport Eq.
23 Instruments
24 Misc. Manufact.
25 Transp & Whse.
26 Utilities
27 Wholesale Trade
28 Retail Trade
29 F.I.R.E.
30 Pers.!Prof. Serv.
31 Eating Drinking
32 Auto Servo
33 Amuse & Rec.
34 Health Ed. Soc.
35 Govt & GoY!: Ind.
36 Households

Total

(1)
U.S.

Economy
Value·
Added

(percent!
0045
1.06
0.11
3.89
5.52
2,41
0.37
0.73
0.52
0.34
0.87
1.31
1.40
0.98
1.03
0.12
0.62
1.04
1.64
1.56
2.52
2.62
0.68
0.69
3,46
5.89
5.63
5.63

16.64
8.03
2.12
1.09
0.70
6.30

11.79
0.25 .

(2)
Utah

Value
Added

Los!
(Dement)

35.53
35.53
35.53
63.95
28042
63.95
71.05
71.05
71.05
71.05
71.05
71.05
63.95
71.05
71.05
71.05
71.05
63.95
71.05
71.05
71.05
71.05
71.05
71.05
21.32
56.84
63.95
63.95
63.95
63.95
56.84
63.95
56.84
56.84
42.63
56.84

(3)

Product
of

(1)x(2)
lj:?ercentJ

0.16
0.38
0.04
2.49
1.57
1.54
0.26
0.52
0.37
0.24
0.62
0.93
0.90
0.68
0.73
0.09
0.44
0.67
1.17
1.11
1.79
1.86
0.48
0.49
0.74
3.35
3.60
3.60

10.64
5.14
1.21
0.70
0.40
3.58
5.03
0.14

57.63

The total indirect economic loss resulting from damage to the electric system in the state
of Utah is computed as follows:

= 57.63% (Utah population/U.S. population) (U.S. GNP)!12
= 57.63% (1.68/242) ($4,881/12) = $1.63 Billion
where u.s. GNP = $4,881 Billion (1986)

Figure 6-20 (Continued)
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lifelines, New Madrid event (M =8.0). Note that the relatively low losses for Missouri
reflect the assumed location of the scenario earthquake source zone and the estimated
distribution of intensity (see Figure 4-17).
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7. Combined Economic Losses, Deaths, and
Injuries

1.1 IniroducUon

In this chapter we provide an overview of
combined economic losses, consisting ofdirect
and indirect economic losses, and a discussion of
deaths and injuries.

At this point it is important to reiterate the
purposes and key limitations of this study. As
previously indicated, the overall purpose is to
provide an overview of the national economic
impact resulting from the seismic vulnerability
of lifelines and the impact of their disruption.
The Federal Emergency Management Agency is
planning to use this report to emphasize the
importance of maintaining functionality of
lifelines after earthquakes and to assist in the
identification and prioritization of hazard
mitigation measures ami policies.

Lifelines considered are transportation systems,
energy systems, emergency service facilities, and
water systems. Excluded from consideration
because of the unavailability of inventory data
or the need for more in-depth studies are
telecommunication systems, nuclear and fossil
fuel power plants, dams, and certain highway,
electric, and water facilities at the local
distribution level.

Also excluded from consideration in the results
are interaction effects between lifelines,
secondary economic effects (the impact of a
reduced capacity of one economic sector on a
dependent sector), and damage resulting from
landslide (due to lack of inventory data
nationwide). These limitations and 0 thers
described in Chapters 2, 4, and 5 tend to
underestimate losses; other limitations (e.g"
application of ATC-13 vulnerability functions to
a relatively few structures) tend to overestimate
the losses. Lack of capacity information for
most lifelines was also a definite limitation. In
the aggregate, due primarily to the exclusion of
systems (e.g.,. dams and telecommunication
systems), we believe the estimates presented in
this report are, in fact, quite cOllServative.

This report is a macroscopic investigation at the
national level and the results should not be used

for microscopic interpretations. The results are
not intended to be used to evaluate any
particular regional utility or lifeline and no
specific information on such specific facilities
has been included.

1.2 Human Dea:th and InjUry

It is generally felt that lifeline performance and
continuity of operation is vitaI to human survivaI
in the modern, urban, world. Most observers
believe that damage to lifelines would result in
human death and injury. Analogous to direct
damage to property and indirect economic
losses, human death and injury resulting from
lifeline damage can be categorized as follows:

1. Human death and injury caused by
lifeline functional curtailment, where
persons suffer as a result ofdeprivation
ofvital services; and

2. Human death and injury resulting from
direct damage to lifelines (e.g_, occupant
injuries resulting from the collapse of an
air terminal building).

Analysis and data on both of these aspects are
virtually nonexistent. Following are discussions
of these death and injury causes:

7.2.1 .Casualties Due to Lifelme Functional
Curtailment

Without the benefit of hard data it is difficult to
estimate with high confidence the number of
casualties that will result !'rom curtailment of
lifeline function. Our pre1iminaryassessment is
that human death and injury due to functional
curtailment of lifelines can generally be
expected to be very low. This is a fundamental
assumption of this study, and will probably cause
some debate. Each lifeline was considered. and
this conclusion was found to hold, based 0';' the
following assumptions: (1) most vital
installations that normally require a lifeline
service have back-up emergency supplies, and
(2) most lifeliiles have considerable elasticity in
demand, and the level of service necessary for
life maintenance is very low. Examples follow:

ATC-25 1: Combined Economic Losses, .Dea:ths, and Injuries In



• Electricity. Persons can survive without
power, even in the Northeast in the
winter. Most hospitals and similar
installations have emergency generators.
Those that lack emergency generators
·can transfer patients to other sites.

• Water. Water for human survival is very
minimal. Humans can survive without
water for 48 or more hours, and water
for human survival can be imported if
necessary.

Oakland approximately 100 km from the
earthquake source zone.

Although it can be argued that the dea~hS and
injuries caused by lifeline failure in the Lorna
Prieta earthquake were the exception, not the
rule, the vulnerability functions developed for

. this project suggest that substantial life-loss
from lifeline component failure should be
anticipated. Lifeline failures that could cause
substantial life loss or injury include bridge
failure, railroad derailment, and pipeline failure,

• Gas and Liquid Fuels. Gas and liquid
fuel systems are probably the most
critical of all lifelines, yet capacity is very
elastic, and only short-term shortages
are expected~ Fuel for heating in the
Northeast in the winter can be
conserved if necessary by clustering
people in school gymnasia, national
guard armories, and so on.

• Rail. Air, and Highway Transportation.
Transportation lifelines are highly
redundant and thus very elastic;
emergency food and medicines would be
expected to be deliverable regardless of
earthquake damage.

Unfortunately, data necessary for estimating life
loss associated with these component failures
are not readily available, precluding
development of reliable casualty estimation
methodology and data for lifeline structures,

7.3 Combined Direct and Indirect
Economic Losses

Total dollar losses from direct damage and
indirect economic losses have been taken from
Chapters 5 and 6 and are combined and
summarized herein for each scenario
earthquake and lifeline in Table 7-1. The total
losses for each scenario earthquake are as
follows:

Direct Plus
Indirect Losses

On Billions, 1991$)

$13.3

$15.1

$16.6

$15.7

$26.4

$8.3

$10.5

$5.4

Earthquake

Cape Ann

Charleston

Fort Tejon

Hayward

New Madrid, M = 8.0

New Madrid, M = ].0

PugetSound

Wasatch Front

7.2.2 Casualties Resulting From Lifeline Direct
Damage

Casualties can result from direct damage,
especially catastrophic collapse, of lifeline
components. Although few deaths occurred
directly as a result of lifeline damage in U. S.
earthquakes prior to 1989, life-loss due to
lifeline failure was tragically demonstrated
during the October 17, 1989, Lorna Prieta,
California, earthquake. Approximately two
thirds of the 62 deaths from this.earthquake.
resulted from the failure of a lifeline
component--partial collapse of the Cypress
structure, a double-decked highway viaduct in
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8. Hazard. Mitigation Measures and Benefits

pumping stations and cams were not included in the
study.

8.3 Measures for Reducing
Vuinerab1Uity 01 Lifeline Systems

The seismic vulnerability of lifeline systems,
from the point ofview of fulfilling function, can
be reduced through three primary approaches:

1. Damage reductilln measures. In this
approach reliability of function is enhanced
by reducing damage. This approach may
take the form of:

3. Opemtional improvements. In this
approach reliability of function is enhanced
by providing emergency response planning
and the capability to rapidly and effectively
repair damage,. redirect functions, or
otherwise mitigate earthquake damage
impacts on system operations and thereby
re-establish system function.

2. Provisilln for system rediundancy. In this
approach, reliability of function is enhanced
by providing additional and alternative links
(e.g., new highways,. pipelines, other
transmission or distribution links). Because
earthquake damage is fundamentally a
random phenomena, addition ofsystem links
will tend to increase system reliability.

Other component improvements,
depending on the component and
potential earthquake impacts, e.g.,
replacement ofvulnerable
systems/components with new
systems/components that will provide
improved seismic resistance.

• Strengthening a building, bracing
equipment, or performing other
corrective retrofit measures to mitigate
shaking effects;

Densifying the soil beneath a strocture,
or placing a structure on piles, or using
other techniques to mitigate hazardous
geotechnical conditions, e.g.,
liquefaction potential,

•

•

IntEoductlon

Based on the combined direct and indirect
economic losses presented in Chapter 7 and
with due consideration of the assumptions and
limitations expressed throughout this report, we
offer the following relative ranking of the
criticality of different lifelines in terms of the
estimated impact ofdamage and disruption:

Rank Lifeline EventtLocation

1. Electric System New Madrid
(M=8.0)

Hayward

CapeAlln,
Charleston,
Fort Tejon

2. Highways New Madrid
(M=8.0)

Fort Tejon

Hayward,
New Madrid
(M=7;O)

3. Water System* Fort Tejoll

4. Ports Charleston

5. Crude Oil Fort Tejon

"The ranking for the water system may be
underestimated because critical components such as

A primary objective of this study is to identify
the most critical lifelines and develop a
prioritized series ·of steps for reduction of
lifeline seismic vulnerability, based on overall
benefits. In this chapter we identify the most
critical lifelines and provide a rel!llive ranking of
the criticality of these differentlifelfues in terms
of the estimated impact ofdamage and
economic disruption. Also included are
recommended key measures for reducing the .
earthquake vulnerability of these lifeline
systems, and results from analytical
computations to illustrate the reduction in. losses
ifsuch hazard mitigation strategies are
employed.

8.2 Identification of CI!tlcal Lliellnes
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Of these measures, the most common are
component strengthening/retrofit measures,
which are discussed at length in Appendis B of
this report. The proposed measures (Appendis
B) include generic solutions, such as de~igning

structures to meet current seismic design or
retrofit standards of the local community, or
anchoring equipment. In addition, there are
numerous specific measures that relate to
unique syste;ms or components within each
lifeline. Special attention should be directed to
those systems and conditions that are of greatest
concern, such as porcelain components in
electric substations.

Following are recommended steps when
implementing a program to reduce seismic
hazards of existing lifelines:

1. Review e;xisting descriptions of seismic
performance and rehabilitation measures for the
lifeline(s) of concern, i.e., familiarize yourself
and your organization with the overall problem.
Sources include Appendis B and Chapter 10
(References) of this report.

2. Conduct an investigation of the seismic
vulnerability and impact of disruption for the
lifeline(s) and region(s) of concern. Lifeline
seismic evaluation methodologies and other
potential resources for this purpose have been
developed by the ASCE Technical Council for
Lifeline Earthquake Engineering (see
references, Chapter 10), the Applied Techno,
logy Council (ATC, in preparation) and others.

3. Focus first on the most vulnerable lifelines,
components, and conditions (e.g., liquefaction
or landslide potential). Vulnerable components
include:

For electric systems:
• Substations
• Power stations

For water systems:
• Pumping stations
• Tanks and reservoirs
• Treatment plants
• Transmissions aqueducts

For highway systems
• Bridges
• Tunnels
• Roadbeds

Forwater transp,?rtation systems:
• Port/cargo handling equipment
• Inland waterways

For gas and liquid fuels:
• Distribution storage tanks
• Transmission pipelines
• Compressor, metering and pressure

reduction statioIlS

4. cOnduct cost,benefit studies to determine the
most cost effective measures. We note that, in
some cases, retrofit measures may notbe;v,e;ry
cost effective. In regions where the return
period for large earthquakes is quite long,for
example, replacement over the.life cycle of the
facility or component may be a reasonable·
approach.

5. Implement the selected hazard reduction
measures.

8.4 Estimated Overallllenefits 01
Implementing Ha~ardReductIon
Measures

In order to provide an indication of the overall
benefit of implementing hazard mitigation
measures, we have computed and compare
estimated direct damage and indirect economic
losses for the existing and an upgraded extended
regional electric network, with specific focus on
the most vulnerable component for this
lifeline"substations. Estimated direct damage
and indirect economic losses for the existing
network are taken from Chapters 5 and 6,
respectively. Estimated direct damage and
indirect economic losses for the hypothetical
upgraded network have been computed using
the same techniques and data as used for the
existing network, but seismic intensities have
been shifted downward two units to reflect the
improved performance of the upgraded system.
While this is a rather simplistic approach, we
believe the results reasonably indicate the
extent of benefit provided by rehabilitation.

Direct Damage Comparisons. Percentages of
substations in the existing and upgraded system
in the various damage states are provided in
Tables 8,1 and 8-2 respectively. With the
exception of 1% of the upgraded substations in
Missouri and Tennessee that would sustain
major-to-destructive damage in the magnitude
8.0 New Madrid event, none of the substations
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in other locations for this event or in other
events would SIJS tain damage tltis severe. In
contrast, 43 percent of the transmission
substations in Washington, 29 percent in
Arkansas, 16 percent in South Carolina, 13
percent in California, 10 percent in Utah, 8
percent in lI£ssouri, and 6 percent in Tennessee
would SIJS tain damage in this range in the
variousearthquake scenarios. Trends for lower
damage slates are similar, as are trends for
transmission lines (not shown here).

Indirect Economic UlSS Cnmparisons.. lndirect
economic losses resulting from damage to the
existing and upgraded systems are provided in
Tables 8-3 and 8-4. Table 8-3 includes data for
all affected Slates, whereas Table 8-4 does 110t

include data for states for which damage to the
upgraded system was zero or insignificant. Data
for the upgraded system are based on residual
capacily plots provided in Appendix C (Figures
C-185 through C-200).

By comparing the results in Tables 8-3 and 8-4,
it is clear that indirect economic losses are
substantially reduced througb seismic upgrade
measures. For example, the ratio of indirect
economic loss to the retail trade sector resulting
from damage to the existing system versus loss
resulting from damage to the upgraded system
ranges from 2.5 to 34 for the 7 events and 8
states considered in both analyses. A
comparison of data for the other economic
sectors shows similar trends.
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9. Recommendations for Further Work

•

9.1 Introduction

The ATC-25 project has raised a number of
questions and indicated areas in which
knowledge is inadequate or nonexistent with
respect to the impact of lifeline disruption due
to earthquake. Following is a discussion of
recommendations for further research and other
efforts. This list is not meant to be all inclusive
but rather an overview of some of the more
important issues that should be pursued.

9.2 LUellne Inventory

This project has initiated the development of a
comprehensive national lifelines inv,entory
database. Completion of this monumental task
will require many person-years of effort.
Organizations such as the Federal Emergency
Management Agency, Department of
Transportation, and American Society of Civil
Engineers Technical Council of Lifeline
Earthquake Engineering are encouraged to
build on the work performed in this project,
develop standards fbr complete lifeline
inventories, and coordinate the acquisition of
the needed additional and updated data from,
various lifeline owners. Capacity data in the
National Petroleum Council's oil/gas
transmission line inventory is an example of the
kind and extent of information thatis needed in
lifeline inventory databases. An integral part of
any project to augment the ,existing ATC-25
lifeline database should be its wide availability in
the public domain.

9.3 LlfeUneComponent VUlnerability

This project employed lifeline component
vulnerability functions developed in the ATC-13
project (ATC, 1985) on the basis of expert
opinion obtained by surveys. While the ATC-13
expert-opinion data are extremely useful,
comprehensive information based on bard field
data would provide all. improved basis for
estimating lifeline vulnerability. We recommend
a major effort to acquire data on lifeline seismic
performance and damage, and conduct analysis
towards the development of improved
component vulnerability functions. This effort

should also investigate lifeline recovery data,
and incorporate the extensive experience
realized during the 17 October 1989 Lorna
Prieta, California, earthquake, as well as from
other damaging earthquakes.

9.4 Se1smic Hazard Dala

The project has uncovered the relative paucity
of seismic hazard models and resources at the
regionaVnational scale. Only two models are
available, those ofEvernden ami Thompson
(1985) and Algerrnissen et al. (1990)" the latter
ofwhich does not incorporate a soils database.
While a nationally agreed upon seismic hazard
model may be desirable, this is less of a priority
than the need for a digitized soils database.
That is, existing models (e.g., attenuation
relations, seismicity databases,. seismotectonic
models) are sufficient for a number of site
specific purposes, and can be expanded to
regional modeling, given an adequate soils
database. We suggest that the U. S. Geological
Survey develop, or coordinate through the
various states' Office of Geologists, a series of
digitized soils/geologic databases.

9.5 Economic Analysis and Impacts
Data and Meihodology

This project has presented a rational
comprehensive model for the estimation of the
economic impacts due to lifeline disruption.
Many steps oflbe process necessarily involved
approximations and limited analyses. We
recommend further researcll,especially in
economic areas slich as:

Economic impacts associated with
lifeline disruption,

• Second-order economic effects (e.g.,
interaction between lifelines, such as the
effect ofdisrupted electric power on the
water supply),

• Elasticities of demand, or substitution of
a lesser disrupted lifelille (e.g., fuel oil)
for a more disrupted lifeline (e.g.,
natural gas),
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• Inter-regional impacts (e.g., economic
impacts in NewYork due to disruption
in California), and

• So-called "benefits," such as increased
economic activity associated with repair,
or replacement of older equipment with
new technology.

Lastly, we note that this study did not address
environmental consequences associated with
lifeline disruption, especially the potential for
oil spills from broken pipelines in the nation's
waterways following a New Madrid event.
Investigation of this issue is critically important.
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Included in this appendix are vulnerability
functions used to describe the expected or
assumed earthquake performance
characteristics of lifelines as well as the time
required to restore damaged facilities to their
pre-earthquake capacity, or usability. Functions
have been developed for all lifelines inventoried.
for this project, for lifelines estimated by proxy,
and for other important lifelines not available
for inclusion in the project inventory. The
methodology used to calculate the quantitative
relationships for direct damage and residual
capacity are described in Chapter 3.

The vulnerability function for each lifeline
consists of the following components:

• General information, which cOnsists of
(1) a description of the structure and its
main components, (2) typical seismic
damage in qualitative terms, and (3)
seismically resistant design characteristics
for the facility and its components in
particular. This information has been
included to define the assumed
characteristics and expected
performance of each facility and to
make the functions more widely
applicable (i.e., applicable for other
investigations by other researchers).

• Direct damage information, which
consistsof (1) a description of its basis in
terms of structure type and quality of
construction (degree of seismic
resistance), (2) default estimates of the
quality of construction.for present
conditions, (3) default estimatesofthe
quality of construction for upgraded
conditions, and (4) time-to-restoration
curves.

B.l Highway

bridge piers and supporting foundation
(commonly piers, piles, or caissons) and the
superstructure including the bridge deck,
girders, stringers, truss members, and cables.
Approaches may consist of conventional
highway bridge construction and/or
abutments.

Typical Seismic Damage: Major bridges are
typically well- engineered structures
designed for lateral loading (seismic loading
was not typically considered until the 19705).
In most cases, damage will be limited to
ground and structural failures at bridge
approaches. However, major ground failures
including liquefaction and submarine
landsliding could lead to significant damage
to bridge foundations and superstructures.

Earthquake-resistant Design: Seismically
resistant design practices include dynamic
analysis, which takes soil-structure
interaction into accounL Foundations
should be designed and detailed to
withstand any soil failures that are expected
due to unstable site conditions.

2. DirectDamage

Basis: Damage curves for highway system
major bridges are based on ATC-13 data for
FC 30, major bridges (greater than 500-foot
spans). Standard construction is assumed to
represent typical California major bridges
under present conditions (i.e.,.a composite
of older non-seismically designed bridges as
well as modern bridges designed for site
specific seismic loads).

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curVes, under present conditions:

Thernodified motion-damage curves for
major bridges are shown in Figure E-1.

B.1.1 Major Bridges

1. General

Description: Major bridges include all
highway system bridges with individual spans
over 500 feet. Steel bridges of this type
include suspension, cable-stayed, or truss.
Reinforced cOncrete arch or prestressed

. concrete segmental bridges are also
common. The main components include the

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MM/
Intensity

Shift
o

+1
+1
+1
+2
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figure B-1 Damage percent by intensity for major brrdges.

Upgraded Conditions: For areas where il
appears cosl-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (Le.., -1), relative tothe above present
conditions.

Time·to·restoration: The time-to
restoration data assigned to SF 25a, major
bridges for highway systems,. are assumed to
apply 10 all major bridges. By combining
these data wilh the damage curves for FC
30, the time-to-restoration curves shovm in
Figures B-2 through B-4 were derived for
Ihe various NEHRP Map Areas.

B.I.l Tunnels

1. General

Description: In general, tUlllleIs may pass
through alluvium or rock, or may be of cut
and cover construction. Tunnels may be
lined or unlined,. and may beat any depth
below the ground surface. Tllnneilengths
may range from less than 100 feet to several
miles. Lining materials include brick and
both reinforced and umeinforced concrete.

Heavy timbers and wood lagging (grouted
and ungrouted) may also be used 10 support
tunnel walls and ceilings. Tunnels may
change in shape and!orconstmction
material over their lengths.

Typical Seismic Damage: Tunnels may
experience severe damage in areas affected
by permanent ground movements caused by
landslides or surface fault rupture, but rarely
suffer significanl internal damage from
ground shaking alone. Landslides at tunnel
portals can cause blockage. Damage has
been noted at tunnel weak spots such as
intersections; bends, or changes in shape,
construction materials, or soil conditions.
Damage to lined tunnels has Iypically been
limited to cracked lining.

Seismically Resistant Design: Lined lunnels
have performed better than unlined tunnels.
Consequently, general Seismically resistant
design praclices for tunnels include
provilling reinforced concrete lining;
strengthening areas that have been
traditionally weak such as intersections,
bends, alld changes ill shape and in
construction materials; and siting tunnels to
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Present Conditions: In the absence of data
on the type of lining, age, etc., use the
following factors to mOdifY the mean curves,
under present conditions:

Upgraded Conditions: For areas where it
appearscost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one

,unit (i.e.,. -1), relative to the above present
conditions.

Time-tll-restoratilln: The Social Fuoction
class time-to-restoration data assigned to SF
25b, tunnel for highway system, are assumed
to apply to all tunnels. :By combining these
data with the damage curv,es for Fe 38, the
time-to-restoration curves shown in Figures

eliminate fault crossings. Slope stability at
portals should be evaluated and stabilization
undertaken ifnecessary.

2. Direct Damage

Basis: Damage curves for highway tunnels
are based on ATC-13 data for FC 38,
tunnels passing through alluvium (see
Figure B-5). Tunnels passing through
alluvium are less vulnerable than cut-and
cover tunnels, and more vulnerable than
tunnels passing through rock; they were
chosen as representative of all existing
tunnels. If inventory data identify tunnels as
cut-and-cover or passing through rock, then
use FC 40 or 39,. respectively, in lieu ofFe
38.

Standard construction Is assumed to
represent typical California highway tunnels
111lder present conditions (i.e., a composite
of older and more modem tunnels). Only
minimal regional variation in construction
quality Is assumed.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
o
o
o
o

+1
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Figure 8-5 Damage percent by intensity for highway tunnels.

B-6 and B-7 were derived for the various
NEHRP Map Areas.

B.1.3 Conventional Bridges

1. General

Description: Conventional bridges in the
highway system include all bridges with
spans less than 500 feet. .construction may
include simple spans (single or multiple) as
well as continuous/monolithic spans. Bridges
may be straight or skewed, fIXed, moveable
(draw bridge, or rotating, etc.), or floating.
Reinforced concrete is the most common
construction material while steel, masonry,
and wood construction are common at water
crossings. Typical foundation systems
include abutments, spread footings, battered
and vertical pile groups, single-column
drilled piers, and pile bent foundations.
Bents may consist of single or multiple
columns, or a pier wall. The superstructure
lypically comprises girders and deck slabs.
Fixed (translation prevented, rotation
permitted) and expansion (translation and
rotation permitted) bearings of various lypes

are used for girder support to accommodate
temperature and shrinkage movements.
Shear keys are typically used to resist
transverse loads at abutments. Abutment
fills are mobilized during an earthquake as
the bridge moves into the fill (longitudinal
direction), causing passive soil pressures to
occur on the abutment wall.

Typical Seismic Damage: The most
vulnerable components of a bridge include
support bearings, abutments, piers, footings,
and foundations. A common deficiency is
that unrestrained expansion joints are not
equipped to handle large relative
displacements (inadequate support length),
and simple bridge spans fall. Skewed bridges
in particular have performed poorly in past
earthquakes because they respond partly in
rotation, resulting in an unequal distribution
of forces to bearings and supports. Rocker
bearings have proven most vulnerable.
Roller bearings generally remain stable in
earthquakes, except they may become
misaligned and horizontally displaced.
Elastomeric bearing pads are relatively
stable although they have been known to
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* Special case, damage half of FC 25

2. Direct Damage

Standard construction is assumed to
represent typical California bridges under
present conditions (Le., a composite of older
and more modern bridges).

Present Conditions: In the absence of data
on the type of spans, age, or implementation
of seismic retrofit, etc., the following factors
were used to modify the mean curves, under
present conditions: .

FC 25
NA*
+1
+1
+1
+3

MMI
Intensity

Shift
f(: 24

NA
+1
+1
o

+3

NEHRP Map Areil

Cilliforniil 7
California 3-6
Non-California 7
Puget Sound S
All other areas

Basis: Damage curves for highway system
conventional bridges are based on ATC-13
data for FC 24, multiple simple spans, and
FC 25, continuous/monolithic bridges
(includes single·span bridges). Highway
system conventional bridges in California
located within NEHRP Map Area 7 have
either been constructed after 1971 or have
been recently analyzed or are in the process
of being seismically retrofitted, or both.
These bridges arc assumed to be best
represented by a damage factor half of FC
25, continuous/monolithic (see Figure B-8).
The conventional bridges located outside
California NEHRP Map Area 7 are
assumed to be a combination of 50%
multiple simple spans (FC 24) and 50%
continuous/monolithic construction (FC 25)
(see attached figure). If inventory data
identify bridges as simple span, or
continuous/monolithic, then use the
appropriate ATC-13 data in lieu of the
above.

energy absorption features including ductile
columns, lead-filled elastomeric bearings, .
and restrainers. Foundation failure can be
prevented by ensuring sufficient bearing
capacity, proper foundation embedment,
and sufficient consolidation of soil behind
retaining structures.

"walk out" under severe shaking. Failure of
backfill ncar abutments is common and can
lead to tilting, horizontal movement or
settlement of abutments, spreading and
settlement of fills, and failure of foundation
members. Abutment damage rarely leads to
bridge collapse. Liquefaction of saturated
soils in river channels and floodplains and
subsequent loss of support have caused
many bridge failures in past earthquakes.
Pounding of adjacent, simply supported
spans can cause bearing damage and
cracking of the girders and deck slab. Piers
have failed primarily because of insufficient
transverse confining steel, and inadequate
longitudinal steel splices and embedment
into the foundation. Bridge superstructures
have not exhibited any particular
weaknesses other than being dislodged from
their bearings.

Seismically Resistant Design: Bridge
behavior during an earthquake can be very
complex. Unlike buildings, which generally
are connected to a single foundation
.thrOugh the diaphragm action of the base
slab, bridges have multiple supports with
varying foundation and stiffness
characteristics. In addition, longitudinal
forces are resisted by the abutments through
a combination of passive backwall pressures
and foundation embedment when the bridge
moves toward an abutment, but by only the
abutment foundation as the bridge moves
away from an abutment. Significant
movement must occur at bearings before
girders impact abutments arid bear against
them, further complicating the response. To
accurately assess the dynamic response of all
but the simplest bridges, a three
dimensional dynamic analysis should be
performed. Special care is required for
design of hinges for continuous bridges.
Restraint for spans or adequate bearing
lengths toaccommodate motions arc the
most effective way to mitigate damage.
Damage in foundation systems is hard to
detect, so bridge foundations should be
designed to resist earthquake forces
elastically. In order to prevent damage to
piers, proper confinement, splices, and.
embedment into the foundation should be
provided. Similarly, sufficient steel should be
provided in footings. Loads resisted by
bridges may be reduced through usc of
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Figme B-B Damage percent by intensity for conventional major bridges.

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a prelimioary basis that upgrades
result io an beneficial intensity shift of one
unit (I.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 25c,
conventional bridges for the highway system,
are assumed to apply to all bridges with
spans shorter than 500 feet. By combining
these data with the damage data from FC
25, the attached time-to-restoration curves
for conventional bridges within California
NEHRP Map Area 7 were derived. By
combining the time-to-r,estoralion data for·
SF 25c with the damage curves derived by
using the data for FC 24 and 25, the time-to
restoration curves shown in Figures Bc9
througil Be11 were derived for the various
NEHRP Map Areas.

B.l.4 Freeways/Highways

L General

Description: Freewaysthighways includes
urban and fIlral freeways (divided arterial
highway with full control of access), divided
highways, and highways. Freewaylltighway
includeS roadways, embankments, signs,. and
lights. Roadways ioclude pavement, base,
aml subbase. Pavement types may be either
portland cement concrete or asphaltic
concrete. Base and subbase materialS
include aggregate, cement treated
aggregate, and lime-stabilized, bituminous,
and soil cemellt bases. Embankments mayor
may not include retaining walls.

Typical Seismic Damage: Roadway damage
can result from failure of the roadbed or
failure of an embankment adjacent to the
road. Roadbed damage can take the form of
soil slumping under the pavement, and
settling, cracking, or heaving of pavement.
Embankment failure may OCClU in
combination with liquefaction, slope failure,
or failure of retaining walls. Such damage is
manifested by misalignment, cracking of the
roadway surface, local uplift or ·subsidence,
or buckling or blockage of the roadway.
Sloping margins of fill~ where compaction is
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Figure B-l0 Residual capa.city for conventional bridges (NEHRP Map Area 3-6, Non-California 7, and
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Figure B-11 Residual capacity for conventional bridges (AH other areas).

Present Cllnditions: In the absence ofdata
on the type ofconstruction, ruge,
surrounding terrain, truck usage, etc." the
following factors were used to modify the
merun curves" under present conditions:

commonly poor are particularly vulnerable
to slope failure. Dropped overpass spans can
effectively halt traffic on otherwise
undamaged freeways/lrighways.

Seismically Resistant Design: Seismically
resistant design practices include proper
gradation and compaction of existing soils as
well as bases and subbases. Roadway cuts
and fills should be constructed as low as
practicable and natural slopes abutting
highways should be examined for failme
potential.

NEHRP Map Area
CalifOrnia 7
California 3-6
Non"Califomia 7
Puget Sound 5
All: other areas

MMI
Intensity

Shift
---0

II
o
o
o

2. Direct Damage

Basis: Damage curves for freewayslhighways
are based on ATC-13 data for Fe 48,
highways (see Figme B-12). Standard
construction is assumed to represent typical
California freeways,lhighways under present
conditions (i.e., a composite of older and
more modem freewayslhighways). It is
assumed that no regional variation in
construction quality exists.

Upgraded Conditions: It is not anticipated
that it will be cost-effective to upgrade
facilities for thesole purpose of improving
seismic performance, except perhaps in very
isolated areas where supporting soils and/or
adjacent embankments are unstable.. The
effect 011 overall. facility performance in
eartnquakes will be minimal,. and no
intensity shifts are recommended.

Time-to-restoration;. The time-to
restoration data assigned to SF 25d,.
freeways and coIlventional highways, are
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assumed to apply to all freeways/highways.
By combining .these data with the damage
curves for Fe 48, the time-to-restoration
curves shown in Figure B-B were derived.

8.1.5 Local Roads

1. General

Description: Local roads include roadways,
embankments, signs, .lights, and bridges in
urban and rural areas. Local roads, on the
average, are older than freeways/highways
and are frequently not designed for truck
traffic (inferior quality). Local roads may
travel through more rugged terrain and
include steeper grades and sharper corners,
and may be paved or unpaved (gravel or
dirt), engineered, or nonengineered. Paved
roads are typically asphaltic concrete over
gradeandsubgrade materials. Traffic could
be blocked by damaged buildings, broken
underground water and sewer pipes,
downed power lines, etc.

TypicalS¢islllic Damage: Roadway damage
can result from the failure of the roadbed or

failure of an embankment adjacent to the
.road. Pavement damage may include
cracking, buckling, misalignment, or settling.
Failed embankments may include damaged
retaining walls, or landslides that block
roadways or result in loss of roadbed
support. Damage to bridges--including
dropped spans, settlement of abutment fills,
and damage to supporting piers--can restrict
or halt traffic, depending on the severity of
the damage.

Seismically Resistant DeSign: Seismically
resistantdesign practices are not typically
incorporated into local road design, expect
perhaps for bridges. Proper gradation and
compaction are necessary for good seismic
performance. Cuts and fills should be
constructed as low as practicable and the
stability of slopes adjacent to roads in steep
terrains should be evaluated. Seismically
resistant design practices for bridges include
providing restraint for spans and/or
adequate bearing lengths to accommodate
motions. Approach fills should be propeily
compacted and graded and pier foundations
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following factors were used to modify the
mean curves for the' two facility classes listed
above, llllder present conditions:

Upgraded Conditinns: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficia! intensity shift of one
unit (i.e., -1), relative to the above present
conditions. In most cases upgrades will be
limited to strengthening of bridges,. and
perhaps areas where embankments and
adj,acent slopes are 1Il0st unstable.

MMf
fntensity

Shift

should be adequate to support bridge spans
if soil failure occurs.

2. Direct Damage

Basis: Damage curves for highway system
local roads are based on ATC-13 data for
FC 48, highways, and FC 25,
continuous/monolithic bridge (includes
single-span;see Figure B-14). All local roads
were assumed to be a combination of80%
roadways and 20% bridges. If inventory data
permit a more accurate breakdown of the
relative value of roadway and bridges, such
data should be used and the damage curves
re-derived.

Standard <construction is assumed to
represent typical California local roads (i.e.,
a composite of older and more modern local
roads). It is assumed that no regional
variation in construction quality exists.

NEHRP Map Area
California 7
Caliifomia 3-6
Non-California 7
Puget Sound 5
All other areas

FC2S
o

+1
+1
+1
+2

FC48
o
o
o
o
o

Present Conditions: In the absence of data
on the type ofsurrounding terrain,
construction material, age, etc., the

Time-tn-restoration: The time-to
restoration data assigned to SF 25e, city
streets for highway systems, are assumed to
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apply to all local roads. By combining these
data with the damage curves derived using
the data for Fe 25 and 48,the time-to- '
restoration curves shown in Figures B-15
through B-1? were derived.

B.2 Railway

B.2.1 Bridges

1. General

Description: In general, railway bridges may
be steel, concrete, wood or masonry
construction, and their spans may be any
length. Included are open and ballasted
trestles, drawbridges, and ftxed bridges.
Bridge components include a bridge deck,
stringers and girder, ballast, rails and ties,
truss members, piers, abutments, piles, and
caissons. Railroads sometimes share major
bridges with highways (suspension bridges),
but most railway bridges are older and
simpler than highway bridges. Bridges that
cross streams or narrow drainage passages
typically'have simple-span deck plategirders
or beams. Longer spans use simple trusses

supported on piers. Only a few of the more
recently constructed bridges have
continuous structural members.

Typical Seismic Damage: The major cause
of damage to trestles is displacement of
unconsolidated sediments on which the
substructures are supported, resulting in
movement of pile-supported piers and
abutments. Resulting superstructure
damage has consisted of compressed decks
and stringers; as well as, collapsed spans.
Shifting of thepieis and abutments may
shear anchor bolts. Girders can also shift on
their piers. Failures of approaches or ftll
material behind abutments can result in
bridge closure. Movable bridges are more
vulnerable than fIXed bridges; slight
movement of piers supporting drawbridges
can result in binding so that they cannot be
opened without repairs. Movable span
railroads are subject to misalignments, and
extended closures are required for repairs.

Seismically Resistant Design: Seislllically
resistant design pra,cti<;e ,should include'
proper siting considerations and details to
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Figure B-17 Residual capacity for local roads (All other areas).'

prevent foundation failure. Restraint for
spans and/or adequate bearing lengths to
accommodate motions are effective ways to
mitigate damage. Reinforced concrete piers
should be provided with proper confinement
and adequate longitudinal splices and
embedment into the foundation.

curve for continuous/monolithic bridges by
, one beneficial intensity unit.

Standard construction is assumed to
represent typical California railway bridges
under present conditions (i.e., a composite
of older and more modern bridges).

Upgraded Conditions:.For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one

Present Conditions: In the absence of data
to the type of construction (fIXed or
movable), age, type (fIXed or movable) etc.,
the folloWing factors were used to modify
the mean curves, under present conditions:

2. Direct Damage

Basis: Damage curves for railway system
bridges are based on ATC-13 data for FC
25, continuous/monolithic bridges (see
Figure B-IS). Railroad bridges tend to be
both older and simpler than highway bridges
and have survived in some areas where
highway bridges (simple-span bridges) have
collapsed. Possible reasonsJor this superior
performance are the lighter superstructure
weight of the railroad bridges due to the
absence of the roadway slab, the beneficial
effects of the rails tying the adjacent spans
together, and the design for other transverse
and longitudinal loads even when no seismic
design is done. Consequently, railroad
system bridge performance is assumed to be
represented by shifting the mean damage

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound S
All other areas

MMI
Intensity

Shift-:'1 .
-1
o
o

+1
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unit (i.e., -1), relative to the above present
conditiolliS.

Time-tll-restllratilln: The time-to
restoration data assigned to SF 26a, railway
bridges, are assumed to apply to all railway
bridges. By combining these data with the
damage curves for Fe 25, the time-to
restoration curves shown in Figures B-19
through B"21 were derived.

B.2.2 Tunnels

1. General

Descriptilln: In general, tunnels may pass
through alluvium or rock, or may be of cut
and-cover construction. Tunnels may be
lined or unlined, and may be at any depth
below the ground surface. Tunnel lengths
may range from less than 100 feet to several
miles. Lining materials include brick,
reinforced and umeinforced concrete, and
steeL Heavy timbers and wood lagging
(grou ted and ungrouted) may also beused
to support tunnel walls and ceilings. Tunnels

may ,change in shape andfor construction
material over their lengths.

Typical Seismic Damage: Tunnels may
experience severe damage in areas affected
by permanent ground movements due to
landslides or surface fault rupture, but rarely
suffer significant internal damage from
ground shaking alone. Landslides at tunnels
portals can calISe blockage. Damage has
been noted at tunnel weak spots such as
intersections; bends; or changes in shape,
construction rna terials, or soil conditions.
Damage to lined tunnels has typically been
limited to cracked lining.

Seismically Resistant Design: Lined tunnels
have performed beller than unlined tunnels.
Consequently, general Seismically resistant
design practices for tunnels include
providing reinforced concrete lining;
strengthening areas that have been
traditionally weak such as intersections,
bends, changes in shape and in construction
materials; and siting tunnels to eliminate
fault crossings. Slope stability at portals
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should be evaluated and stabilization
undertaken ifnecessary.

factors were used to modiry the mean
curves, under present conditiollS:

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades,
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

2. Direct Damage

Basis: Damage curvesfor railway tunnels
are based on ATC-13 data for FC 38,
tunnels passing through alluvium (see
Figure B-22)_ Tunnels passing through
alluvium are less Vulnerable than cut-and
cover tunnels, and more vulnerable than
tunnels passing through rock; they were
chosen as representative of all existing
tunnels. If inventory data identify tunnels as
cut-and-cover or passing through rock, then
use ATC-13 FC 40 or 39, respectively, in
lieu of FC 38.

NEHRP Map Area

California 7
California 3-6
NO!l-Califomia 7
Puget Sotlnd 5
All other areas

MMI
Intensity

Shift
o
o
o
o

+1

Standard construction is assumed to
reprasent typical California railroad tunnels
under prasent conditions (ice., a -composite
of older and more moderntunnels). Only
minimal regional variation in construction

. quality is assumed.

Present Conditions: In the absence of data
to the type of lining, age, etc., the following

Time-tll-restoration: The time-to
restoration data assigned taSF 26b, railroad
system tunnels, are assumed to apply to all
tunnels. By combining these data with the
damage curves for FC 38" the time-to-
restoration CUlVes shown in Figures B-23
and B-24 were derived.
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B.23 Tracks/Roadbeds

1. General

Description: In general, track/roadbed in
the railway system includes ties" rail, ballast
orroadbed, embaIl!anents, and switches.
Ties may be wood or prestressed concrete.
Rail is exclusively steel and is periodically
fastened to ties with spikes and/or steel clips.
Roadbed typically includes imported
aggregate on prepared subgrade.

Typical Seismic Damage: The most
frequent source ofdamage to track/roadbed
is settlement or slumping of embaIl!anents.
Landslides can block or displace tracks.
Settlement or liquefaction of roadbeds in
alluvial areas is also a source of damage.
Only in extreme cases are rails and roadbeds
damaged by shaking alone.

Seismically Resistant Design: Seismic
design practice includes providing special
attention to the potential for failure of
slopes adjacent to the tracks; cut slopes and
fills are particularly susceptible. The

potential for track failure can be reduced by
properly grading and compacting imported
track bed materials and by keeping cuts and
fills as low as practicable. Track alignments
must be precise and the track clear of debris
for train operations.

2. Direct Damage

Basis: Damage curves for railroad system
tracks/roadbeds are based on ATC-13 data
for FC 47, railroads (seeFigure B-25).
Standard construction is assumed to
represent typical California tracks/roadbeds
(i.e., a composite of older and more modern
tracks/roadbeds). Age may not be as
important a factor for tracks/roadbeds as itis
for other facilities, because the compaction
of soils in poor grounds through usage may
improve their behavior significantly. Only
minimal regional variatioll. in construction
quality is assumed.

Present Conditions: In the absence of data
to the type of rna terial, age, etc., tile
following factors were used to modify tile
mean curves, under present conditions:
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1. General

B.2.4 Tenninal Stations

Time-to-restoration: The time-to
restoration data assigned to SF 26c,railways,
are assumed to apply to all tracks/roadbeds.
By combining these data with the damage
curves for Fe 47, the time-to-restoration
curves shown in Figure B-26 were derived.

Upgraded Conditions: It is not anticipated
that it will be cost-effective to retrofit
facilities for the sole purpose of improving
seismic performance, except perhaps in very
isolated areas where the slopes and soils are
unstable. The effect on overall facility
performance in earthquakes will be minimal,
and no intensity shifts are recommended.

Description: Terminal stationsmay be large
or small. The structure housing the station
may generally be any type of construction
from steel frame to unreinforced masonry
bearing walls. The terminal station typically
includes switching and control equipment, as
well as electrical and mechanical equipment
commonly found in commercial buildings.
Limited lengths of rails are also included in
terminal stations.

Typical Seismic Damage: In general,
terminal stations in railway systems may
experience generic building and equipment
damage. Building damage may.range from
cracks in walls and frames to partial and
total collapse. Unanchored or improperly
anchored equipment may'slide or topple,
experiencing damage or causing attached
piping and conduit to fail. Rail damage in
the switching yard will occur due. to severe
shaking or ground failure' only.

Seismically Resistant Design: Seismically
resistant design practice includes. performing
all building design in accordance with
seismic provisions of national or local

MMI
Intensity

shift
a
a
a
a
a

NEHRPMap Area
California 7
California 3-6
Non'California 7
paget Sound 5
All other areas
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roadbed/embankments witllin the station
and that only minimal variation exists for
mechanical equipment.

Present Conditions: In tlJe absence of data
to the type ofconstruction material, age,
etc., the following factors were used to
modify the mean curves for each of tile
three facility classes lis ted above, under
present conditions: ~

building codes. All critical equipment should
be well-anchored. ProvisiollS should be
made for backup emergency power for
control and building equipment essential for
continued operations..

L Direct Damage

Basis: Damage curves for the railway system
terminal station are based on ATC-13 data
for FC 10, medium-rise reinforced masonry
sllear wall buildings; Fe 68, mechanical
equipment; and FC 47, railways (seee Figure
B-27). FC 10 was chosen to represent a
generic building, based on review of damage
c..uves for all buildings. Railway terminals
wcre assumed to be a combination of 60%
generic buildings, 20% mechanical
equipment, and 20% railways.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
AH other areas

MMI
Intensity

Shift
FC JOFC 47 FC 68
000

+1 0 0
+1 0 0
+1 0 0
+2 0 +1

Standard construction is assumed to
represent typical California railway system
terminals under present Donditions (i.eo, a
composite of older and more modern
terminals). It is assumed that there is no
r,egional variation in Donstruction quality of

Upgraded Condilions: For areas. where it
appears cost-effective to improve facilities,
assume on OJ preliminary basis that upgrades
result in one or two beneEicial intensity
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shifts (Le., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to,
resIoration data assigned to SF 26d, terminal
stations for railway systems, are assumed to
apply to all terminal stations. By combining
these data with the damage curves derived
using the data for Fe 10, 47, and 68, the
time-to-restoration Curves shown in Figures
B-28 through B-30 were derived.

B.3 Air Transportation

B.3.1 Tenninals

1. General

Des~ription:In general, air transportation
terminals include terminal buildings, control
towers, hangars, and other miscellaneous
structures (including parking garages and
crash houses) ..These structures may be
constructed of virtually any building
material, although control towers are
typically reinforced concrete shear wall
buildings and hangars are either steel or

wood long-span structures. Equipment at air
terminals ranges from sophisticated control,
gate, and x-ray equipment to typical
electrical and mechanical equipment found
in commercial buildings. Airplane refueling
is accomplished by either on-site or off-site
fuel tanks and underground pipelines.

Typi~al Seismic Damage: Damage may
include generic building and equipment
damage. Building damage may range from
broken windows and cracks in walls and
frames to partial and total collapse.
Dnanchored or improperly anchored
equipment may slide or topple, experiencing
damage or causing attached piping and
conduit to fail. The source of this damage
can be ground shaking or soil failure, as
many airports are located in low-lying
alluvial regions. Gate equipment may
become misaligned and inoperable. Fuel
tanks and fuel lines may rupture or
experience damage, reducing or eliminating
refueling capacity. Tank damage may
include wall buckling, settlement, ruptured
piping, or loss of contents, or even collapse.
Such collapses could lead to fires and
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explosions. Damage to ground access and
egress routes may seriously affect
operations. Airports in low-lying areas may
be subject to damage due to flooding or
tsunamis.

Seismically Resistant Design: Building
design should be performed in accordance
with seismic provisions of building codes.
Control-tower design should receive special
attention based on its importance and the
fact that the geometry ofthe tower makes it
prone to earthquake damage. Enhanced
design criteria (e.g., a higher importance
factor) may be appropriate for control
towers. All critical equipment should be
anchored. Provisions should be made for
backup emergency power for control
equipment and landing lights.

2. Direct Damage

Basis:Damage curves for air transportation
system terminals are based on ATC-13 data
for FC 10, mid·rise reinforced masonry
shear wall buildings; FC 43, on-ground liquid
storage tanks; and FC 91, long-span

structures (see Figure B-31). FC 10 was
chosen tOTepresent a generic building,
based on review of damage curves for' all
buildings. Air transportation system
terminals are assumed to be a combination
of 40% generic buildings, 40% long-span
structures, and 20% on-ground,liquid
storage tanks.

Standard construction is assumed to
represent typical California air terminals
under present conditions (i.e., a composite
of older and more modern terminals). Only
minimal regional variation in construction
quality of long-span structures is assumed, as
design wind and seismic loads may be
comparable.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:
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Upgraded Conditiolts: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-ta-restaratialt: The time-to
restoration data assigned to SF 27a, air
transportation terminals, are assumed to
apply to all terminals. By combining these
data with the damage curves derived using
the datll for Fe 10, 43, and 91, the time-to
restoracio!l curves shown in Figures B-32
through B-34 were derived.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
_ intensity

Shift
FC.10FC 43 FC 91
000

+1 +1 +1
+1 +1 +1
+1 +1 +1
+2 +2 +1

B-3.2 Runways and Taxiways

1. General

Description: In general, runways and
taxiways in the air transportation system
include runways, taxiways, aprons, and
landing lights. Runways and taxiways
comprise pavements,. grades, and subgrades.
Pavement types include portland cement
roncrete and asphaltic concrete.

Typical Seismic Damage: Runway damage
is a direct function of the strength
characteristics of the underlying soils.
Airports tend to be located in low-lying
alluvial areas or along water margins subject
to soil failures. Hydraulic fills are especially
prone to failure during ground shaking.
Runways can be damaged by liquefaction,
compaction, faulting, flooding, and tsunamis.
Damage may include misalignment, uplift,
cracking, or buckling of pavement.

Seismically Resistant Design: Seismic
design practices include providing proper

-gradation and compaction of soils or
imported fills, grades, and subgrades.
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2. Direct Damage

Basis: Damage curves for air transportation
system runways and taxiways are based on
ATC-13 data for FC 49',. runways (see Figure
B-35). Standard construction is assumed to
represent typical California runways and
taxiways under present conditions (ie., a
composite ofolder and more modem
runways).

Present Conditions: In the absence of data
on the type of soils, material, age, etc., the
following factors were used to modify the
mean curves, under present conditions:

result in a beneficial intensity shi£t ofone
unit (i.e., -1), relative to the above present
conditions. .

Time-to-restoration: The time-to
restoration data assigned to SF 27b, runways
and taxiways, are assumed to apply for all
runways and taxiways. By combining these
data with the damage curves for PC 49, the
time-ta-restoration curves shown in Figure
B-36 were derived.

1l.4 SeaIWa:ler Transpolia:llon

EA.1 Ports/Cargo HandlingEquipmenr

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades

NEHRP Map Area
California 7
CaJiforn ia 3-6
Non-Californra 7
I'uget Sound 5
All' other areas

MMI
intensity

Shift
o
o
o
o
o

1. General

Description: In general, ports/cargo
handling equipment comprise buildings
(predominantly warehollSes), waterfront
structmes, cargo handling equipment, paved
aprons, conveyors, scales, tanks, silos,
pipelines, raIlroad terminals, and support
services. Building type varies, with steel
frame being a commQnconstruction type.
Waterfront structures include quay walls,
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sheet-pile bulkheads, and pile-supported
piers. Quaywalls are essentiallywaterfront
masonry or caisson walls with earth fills
behind them. Piers are commonly woodor
concrete construction ami often include
batter piles to resist lateral transverse loads.
Cargo handling equipment for loading and
unloading ships includes cranes for
containers, bulk loaders for bulk goods, and
pumps for fuels. Additional handling
equipment is used for transporting goods
throughout port areas.

Typical Seismic Damage: By far the most
significant source of earthquake-induced
damage to port and harbor facilities has
been pore-water pressure buildup in the
saturated cohesionless soils that prevail at

. these facilities. This pressure buildup can
lead to application of excessive lateral
pressures to quay walls by backfill materials,
liquefaction, and massive submarine sliding.
Buildings in port areas are subject to generic·
damage due to shaking, as well as damage
caused by loss of bearing or lateral
movement offoundation soils. Past
earthquakes have caused substantial lateral
sliding, deformation, and tilting of quay walls
and sheet-pile bulkheads. Block-type quay
walls are vulnerable to earthquake-induced
sliding between layers ofblocks. This
damage has often been accompanied by
extensive settlement and cracking of paved

.aprons. The principal failure mode of sheet
pile bulkheads has been insufficienl anchor
resistance, primarily because the anchors
were instailed at shallow deptbs, where
backfill is mosl susceptible to a loss of
strength due to pore-water pressure buildup
and liquefaction. Insufficient distance
between the anchor and the bulkhead wall
can also lead 10 failure. Pile-supported
docks typically perform well, unless soil
failures such as major submarine landslides
occur. In such cases, piers have undergone
extensive sliding and buckling and yielding
of pile supports. Baller piles have damaged
pier pile caps and decking because of their
large lateral stiffness. Cranes can be derailed
or overturn by shaking or soil failures.
Toppling cranes can damage adjacent
structures or other facilities. Misaligned
crane rails can damage wheel assemblies and
immobilize cranes. Tanks containing fuel
may rupture and spill their contents into the

water,. presenting fire hazards. Pipelines
from storage tanks to docks may be ruptured
where they cross areas ofstructurally poor
ground in the vicinity of docks. Failure of
access roads and railway tracks can severely
limit port operations. Port facilities,.
especially on the West Coast, are also
subject to tsunami hazard.

Seismically Resistant Design: At locations
where earthquakes occur relatively
frequently it is the current Seismically
resistant design practice to use seismic
factors induded in local building codes for
the design of port structures. However, past
earthquakes have indicated Ihat seismic
coefficients used for design are of secondary
importance compared to the potential for
liquefaction of the site soillllaterials. Quay
wall and sheet-pile bulkhead performance
could be enhanced by replacing weak soils
with dense soils,. or designing these
structures to withstand the combination of
earthquake-induced dynamic water
pressures and pressures due to liquefied fills.
Pier behavior in earthquakes has been good
primarily because they are designed for large
horizontal berthing and live loads, and
because they are not subject to the lateral
soil pressures of the type applied to quay
walls and bulkheads. However, effects on
bearing capacity, ami lateral resistance of
piles due to liquefaction and induced slope
instability should also be considered.

2. Direct Damage

Basis: Damage curves for ports/cargo
handling equipment in the sea/water
transportation system are based on ATC-13
data for FC 53,. cranes, and FC 63,
waterfront structures (see figure B-37).
Ports/cargo handling equipment were
assumed to be a combinatiorn of 60%
waterfront structures and 40%crarnes.

Standard construction is assumed to
represernt typical California ports/cargo
handling equipment under present
conditions (ie., a composite of older and
more modern ports/cargo handling
equipment). Only minimal regional variation
in construction quality is assumed, as seismic
design is performed only for selected port
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Figure B-37 Damage percent by intensity for ports/cargo handling equipment.

Time.to·restoration: The time-to
restoration data assigned to SF 28a, ports,

Upgraded Conditions: For areas where it
appears cost"effective to improve facilities,
assume ona preliminary basis that upgrades
result in a beneficial inteJlSity shift of one
unit (i.e., -1), relative to the above present
conditions.

structures, and soil performance.is the most
critical determinant in port performance.

Present Conditions:In the absence of data .
on the type of material, age, etc., the
following factors were used to modify the
mean cul"Ve for the two facility classes listed
above, under present conditions:

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
FC53
o
o
o
o

+1

FC63
o
o
o
o

+1

and SF 28b, cargo handling equipment, were
assumed to apply to all ports/cargo handling
equipment. Ports/cargo handling facilities
were assumed to be a combination of 60%
ports and 40% cargo handling facilities. By
combining these data with the damage
curves derived using the data for FC 53 and
63, the time-to-restoration curves shown in
Figures B-38 and B-39 were derived.

BA.2Inlarui Watenvays

1. General

Description: In general, inland waterways of
the sea/water transportation system can be
natural (rivers and bays) or human-made
(canals).The sides and/or bottoms of inland
waterways may be unlined or lined with
concrete. Portions of the waterway may be
contained through the use of quay walls,
retaining walls, riprap, or levees.

Typical Seismic Damage: Damage to inland
waterways will be greatest near ruptured
faults. Channels or inland waterways may be
blocked by earthquake-induced slumping.
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Present Conditions: In the absence of data
on the type of lining, age, etc., use the
following factors to modify the mean curve,
under present conditions:

Standard construction is assumed to present
typical California inland waterways under
presentconditions (i.e., a composite of
natural as well as new and old human-made
waterways). It is assumed that the regional
variation in construction quality .is minimal.

Quay walls, retaining walls, or levees can be
damaged or collapse. Deep channels
dredged in soft mud are subject to
earthquake-induced slides that can limit the
draft of ships that can pass. Channels lined
with unreinforced concrete are susceptible
to damage due to differential ground
displacement. Loss of lining containment
can lead to erosion of soil beneath lining.
Waterways can be blocked by fallen bridges
and are made impassable by spilled fuel or
chemicals from tanks or facilities adjacent to
the waterway.

Seismically Resistant Design: Seismically
resistant design practices include providing
walls of waterways with slopes appropriate
for the embankment materials used,and/or
designing quay walls and retaining walls to
restrain soils in the event of soil failure.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound S
All other areas

MMI
Intensity

. Shift

o
o
o
o

+1

2. Dire,ct Damage

Basis: Damage curves for inland waterways
in the sea/water transportation system are
based on ATC-13 data for FC 61, canals
(see Figure I;l-40).

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time·to-r~storation: The time-to
restoration data assigned to SF 35b, levees
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figure B-41 Residual capacity for inland waterways (NEHRP Map Area: California 3-6, California 7,
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in flood control systeIllB, are assumed to
apply to all i11land watelWays. By combining
these data with the damagecurves for Fe
61,. the time-to-restoration curves shown in
Figures B-41 and B-42 were derived.

B.5 Electrical

B.5.1 Fossil-fuel Power Plants

1. General

Description: In general, fossil-fuel power
plants can be fueled by either coal or oil.
Structures at fossil-fuel power plants are
commonly medium-rise steel braced frames.
A generation building typically comprises
turbine, boiler, and fan areas. The turbine
generators are typically supported on
reinforced concrete pedestals that are
seismically isolated from the generation
building. Boiler feed pumps are usually
located below the turbine-generators. The
boiler area typically includes the boilers
(which are usually suspended from the
support structures), steam drums, coal silos,

conveyors, de-aerators, heaters, and
associated equipment and piping. The fan
area houses the air preheaters as well as the
forced-draft fans and related ducl work.
Other components include instrumentation
and control systems, water and fuel storage
tanks, stacks, cooling towers, both
underground and above ground piping,
cable trays, switchgear and motor control
centers, fuel handling and water treatment
facilities, water intake and discharge, and
cranes. Associated switchyards step up
volIage and include transformers and circuit
breakers.

Typical Seismic Damage: Damage to steel
structures at power plan ts in pas I
eatthquakes has usually been limiled to
overstressed conneclions or buckled braces.
Turbine pedestals may pound against lhe
surrounding flom of the generation building
and damage the turbine-generators. Boilers
may sway and impact the support structure,
causing damage to the expansion guides and
possibly the internal tubes of the boiler.
Structural damage to older timber cooling
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Figure B-42 Residual capacity for inlandwaterways (All other areas).

towers may occur due to deterioration and
weakening of the structures with age. Fan
blades and gearboxes in cooling towers have
been damaged attributable to impact with
fan housing. Water and fuel tanks may
experience buckled walls, ruptured attached
piping, stretChed anchor bolts, or collapse.
Piping attached to unanchored equipment
or subjected to differential movement of
anchor points or corrosion may lose its
pressure integrity. Coal conveyors can
become misaligned, and coal bins without
proper seismic design may be severely
damaged. Unrestrained batteries may topple
from racks, and equipment supported on
vibration isolators may fall off supports and
rupture attached piping. In the switchyard,
improperly anchored transformers may slide
and topple, stretching and breaking attached
electrical connections and/or ceramics.

Seismically Resistant Design: Seismically
resistant design practices include, as a
minimum, designing all structures to satisfy
the seismic requirements of the applicable
local or national building code. In addition,
well-designed seismic ties should be

provided between the boiler and the
generation building to prevent pounding; all
equipment should be anchored; sufficient
clearance and restraints on piping runs
should be provided to prevent interaction
with equipment and other piping; and piping
should be made flexible to accommodate
relative movement of structures and
equipment to which it is attached. Generous
clearances between adjacent equipment
should be provided to prevent interaction.
Sufficient joints between the turbine
pedestal and the generation building are
required to prevent pounding. Maintenance
programs for some systems, including wood
timber cooling towers, piping transporting
corrosive materials, and steel tanks, should
be established so that these components are
not in a weakened condition when an
earthquake strikes. An emergency power
source consisting ofwell-braced batteries
and well-anchored emergency generators is
necessary to permit restart without power
from the outside grid. Heavy equipment and
stacks should be anchored with long bolts
anchored deep into the foundation to allow
for ductile yielding of the full anchor bolt
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regional variation in construction quality of
mechanical equipment is ass umed, as
operational loads frequently govern over
seismic requirements.

Present Conditions: In the absence of elata
on the construction type, age, etc., the
following faclors were used 10 modify the
mean curves for each of the three facility
classes listed above, under present
conditions:

length in extreme seismic load conditions.
Expansion anchor installation procedures
should be subject to strict quality control.

2. Direct Damage

Basis: Damage curves for fossil-fuel power
plants in the electrical system are based on
ATC-13 data for Fe 13, medium-rise steel
braced-frame buildings; FC 66, electrical
equipment, and FC 68, mechanical
equipment (see Figure B-43). Fossil-fuel
power plants are assumed to be a
combination of20% mid-rise steel braced
frame structures, 30% electrical equipment,
and 50% mechanical equipment. Over the
years power plants have been designed using
seismic provisions that equal or exceed
those used for conventional cons truction.
Consequently, the beneficial intensity shifts
indicated below are assumed appropriate.

NEHRP Map Area
California 7
California 3-6
Non-California 7
ruget 50umd 5
All other areas

MMI
fn!ensity

Shift
FC 13 FC66FC 68

-1 ·1 -1
000
000
000
1 1 0

Standard construction is assumed to
represent typical California fOssil-fuel plants
(and geothermal power plants) under
present conditions (i.e., a composite of older
and more modern plants). Only minimal

Upgraded CondltinJrus:: For areas where .it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades.
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.
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Figure 8-44 Residual capacity for fossil-fuel power plants (NEHRP California 7).

Time-to-restoration: The time-to-
o restoration data assigned to SF 29a,
electrical generating facilities, are assumed
to apply to alI fossil- fuel power plants. By
combining these data with the damage
curves derived using data for Fe 13, 66, and
68, the time-to-restoration curves shown in
Figures B-44 through B-46 were derived.

B.5.2 Hydroelectric Power Plants

1. General

Description: In general, hydroelectric power
plants consist of a dam and associated
equipment including water-driven turbines,
a control house and control equipment, and
a substati6n with transformers and other
switching equipment. The dam may be
earthfill, rockfill, or concrete and may
include canals, penstocks, spillways, conduit,
tunnels, and intake structures. Gantry
cranes are frequently located on top of the
concrete dams. Equipment inside the dam
typicalIy includes turbines, pumps, piping,
switchgear, and emergency diesels.

Typical Seismic Damage: Hydroelectric
powerhouses and dams are more likely to be
seriously damaged by rock falIs and
landslides than by ground shaking. When
slides do occur, turbines may be damaged if
rocks or soils enter the intakes. Penstocks
and canals can also be damaged by slides.
Intakes have been damaged by the
combination of inertial and hydrodynamic
forces. Most engineered dams have
performed welI in past earthquakes,
although dams constructed using filIs of fine
grain cohesionless material have
experienced failures. Equipment in power
plants typically performs well in earthquakes
unless unanchored. In such cases the
equipment may slide or topple and
experience substantial damage.
Unrestrained batteries have toppled from
racks. Piping may impact equipment and
structures and damage insulation. Piping
attached to unrestrained equipment may
rupture due to equipment movement. The
control house may experience generic
building damage ranging from dropped
ceiling tiles and cracks in walls and frames to
partial and total collapse. Substation
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Figure 6-47 Damage percent by intensity for hydroelectric power stations_

equipment, and ceramics in particular, are
vulnerable to damage. Higher-voltage
ceramics tend to experience the most
damage.

SeismicaUy Resistant Design: Seismically
resistant design practices for earthfill dams
include providing ample freeboard,
mechanically compacting soils, and using
wide cores and transition zones constructed
of material resistant to cracking. Generally,
reducing slopes of earthfill dams can reduce
vulnerability. Thorough foundation
exploration and treatment are important.
Dynamic analyses can be used to.determine
the liquefaction or settlement potential of
embankments and foundations, and the
cracking potential of concrete dams and
dam appurtenances. All buildings should be
designed,as a minimum, to satisfy the
seismic requirements of a national or local
building code. All equipment should be
anchored and generous clearances between
adjacent equipment provided to prevent
interaction. An emergency power source
consisting of well-braced batteries and well
anchored emergency generators is necessary
to ensure that control systems, lighting, and

other critical systems function with turbine
trip and lpss o[power from the outside grid.

2. Direct Damage

Basis: Damage curves for hydroelectric
power plants in the electrical system are
based on ATC-13 data for FC 35, concrete
dams; FC 36, earthfill or rockfill dams; and
FC 68,mechanical equipment(see Figure
B-47). Hydroelectric power plants are
assumed to be a combination of 35%
concrete dams, 35% earthfill or rockfill
dams, and 30% mechanical equipment. Over
the years power plants have been designed
using seismic provisions that equal or exceed
those used for conventional construction.
Consequently, the beneficial intensity shifts
indicated below for mechanical equipment

,are assumed appropriate.

Standard construction is assumed to
represent typical California hydroelectric
power plants under present conditions (i.e.,
a composite of older and more modern
plants). Only minimal regional variation in
construction quality is assumed for
mechanical equipment, as operational loads
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Figure 8-48 Residual capacity for fossil-fuel power plants (NEHRP Caiifornia 7).

frequently govern over seismic
requirements.

Present Conditions: In the absence of data
on the type of material, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:

Time-to-restoration: The time-to
restoration data assigned to SF 29a,
generating facilities, and SF 3Oc,. storage
reservoirs,. are assumed to apply to all
hydroelectric power plants. By combining
these data with the damage CUIves derived
using the data for Fe 35, 36, and 68, the
time-to-restoration curves shown in Figures
B-48 through B-50 were derived.

Upgraded! Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
AII olbe r areas

MMI
Intensity

Shift
Fe 35 FC 36 FC 68

o 0 -1
+1 +1 0
+1 +1 0
+1 +1 0
+2 +2 0

B.5.3 Transmission Lines

1. General

Description: lin general, transmission lines
may be underground or above g;round
(supported by towers). Towers are usually
steel and carry several circuits at high
vollages (64 kV or higherl. Each cirwit
consis ts of three conductors, one for each.
phase. Towers are provided with reinforced
concrete footings and may be supported on
piles. Most transmission systems are ac, but
some long-dis tance lines are de. The dc
systems require convertor stations at each
end of the line.
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Figure 8-51 Damage percent by intensity for electric transmission lines.

1. Direct Damage

Present Conditions: In the absence of data
on the type of tower, age, etc., the following
f"ctors were used to modifY the mean
curves, under present conditions:

Basis: Damage curves for transmission lines
in the electrical system are based on ATC-13
data for FC 56, majur electrical transmission
line towers (over 100 feet tall, see Figure E
51). Standard construction is assumed to
represent typical California transmission
lines and towers under present conditions
(i.e., a composite of older and more modem
towers). It is ass umed that no regional
variation in construction quality exists, as
seismic loads are relatively unimportant ill.
the design of transmission towers.

Typical Seismic Damage: Transmission
towers and the lines they support are
principally subject to damage througlJ.
secondary effects such as landslides, and
rock falls, liquefaction, and other ground
failures. This is also true for the
underground lines. It is possible that the
conductors supported by towers can slap
against each other and burn down. Ceramics
used on transmission towers typically
perform well in earthquakes because they
are in compression rather than in tension or
bending. Fault slippage is unlikely to
damage underground lines (unless the line
crosses the fault fracture) because
transmission lines have a thick-wall, welded
steel pipe jackel

Seismically Resistant Design: Seismic loads
do not generally have much influence on the
design of transmission lines and towers. The
towers are designed 10 withstand heavy wind
and ice loads, as well as loads due to broken
wires. The primary Seismically resistant
concern is siting towers and conductors in
locations where soils are slable, or providing
special foundations designed to survive
effects of soil failure.

NEHRP Map Area
Cal'ifornia 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
o
o
o
o
o
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Figure B-52 Residual capacity for electric transmission lines (NEHRPMap Area: California 3-6,
California 7, Non-California 7, and Puget Sound 5, and all other areas).

Upgraded Conditilms: It is not cost
effective or practical to upgrade existing
transmission towers or lines unless
supporting or adjacent soils ate known to be
unstable. Therefore, no intensity shifts for
retrofitting are recommended.

Time-to-restoration: The time-to
restoration data assigned to SF 29b,
transmission lines for the electrical system,
are assumed to apply to all transmission
lines and towers. By combining these data
with the damage curves for FC 56, the time
to-restoration curves shown in Figure B-52
were derived. '

8.5.4 Transmission Substations

1. General

Description: Transmission substations in the
electrical system generally receive power at
high voltages (220 kV or more) and step it
down to lower voltages for distribution. The
substations generally consist of one or more
control buildings, steel towers, conductors,

ground wires, underground cables, and
exteru;ive electrical equipment including
banks of circuit breakers, switches, wave
traps, buses, capacitors, voltage regulators,
and massive traru;formers. Circuit breakers
(oil or gas) protect transformers against,
power surges due to short circuits. Switches
prevent long-term interruption of the
circuits. Wave traps enable transmission of
supervisory signals through power lines.
Buses provide traru;mission linkage of the
many and varied components within the
substation. Capacitors are used to keep the
three phases of a transmission circuit in
proper relation to each other. Transformers
and voltage regula tors serve to maintain the
predetermined voltage, or to step down or
step up from one voltage to another.
Porcelain lightning arresters are used to
protect the system from voltage spikes
caused by lightning. Long, cantilevered
porcelain components (e.g., bushings and
lightning arresters) are common on many
electrical equipment items.
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2. Direct Damage

P·rese"t Conditions: In the absence ofdata
on the type of equipment, substation
voltage, age, etc.,. the following factors were
used to modify the mean curves, under
present conditions:

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift ofone
unit (I.e., -1), relative to the above present
conditions.

Standard construction is assumed to
rep resent typical California trans mission
substations under present conditions (i.e., a
composite of older non-seismically designed
substations as well as more modem
substations designed to enhanced seismic
requirements).

MMI
intensity

Shift
+1
+2
+2
+2
+3

NEHRP Map Area
California 7
California 3-6
Non·California 7
Puget Sound 5
All other areas

Time·to-restoration: The time-to
restoration data assigned to SF 29c,
transmission substations, are assumed to
apply to all transmission substations in
California. For transmission substations in
other areas, response planning is not as
complete,. and the restoration time is
assumed to be 1.5 times longer. By
combining these data with the modified
damage curves for FC 66, the time-to
restoration curves shown in Figures B-54
through B-56 were derived.

Basis: Damage curves for transmission
substations for the electrical system are
based on ATC-13 data for FC 66, electrical
equipment (see Figure H-53). High-voltage
porcelain insulators, bushings, and supports
are vulnerable to damage, even when the
pmcelain components have been designed
and qualified to enhanced seismic criteria.
Consequently,. the detrimental intensity shift
indicated below is assumed appropriate.

Seismically Resistant Design: Porcelain is
used extensively in ways that make it
susceptible to damage (bending and
tension). Recent d<;velopments including
gas-insulated substations and installation
details that base isolate, reinforce, or add
damping, may reduce the problem in the
future. Seismically resistant design practice
includes the use of damping devices for
porcelain; proper anchorage for equipment
(avoid the use of friction clips); provision of
conductor slack between equipment in the
substation; use of breakaway connectors to
reduce loads on porcelain bushings and
insulators; and replacement of single
cantilever-type insulator supports with those
having multiple supports. Transformer
radiators that cantilever from the body of
transformer can be braced. Adequate
spacing between equipment can reduce the
likelihood of secondary damage resulting
from adjacent equipment falling. Control
buildings and enclosed control equipment
should be designed to satisfy the seismic
requirements of the local or nationa!
building code, as a minimum.

l'ypicaI Seismic Damage: Control buildings
are subject to generic building damage
ranging from dropped suspended ceilings
and cracks in walls and frames to partial and
total collapse. Unanchored or improperly
anchored control equipment may slide or
topple, experiencing damage or causing
attached piping and conduit to fail. In the
yard, steel towers are typically damaged only
by soil failures. Porcelain bushings,
insulators, and lightning arresters are brittle
and Vlllnerable to shaking and are frequen tly
damaged. Transformers are large, heavy
pieces ofequipment that are frequently
unanchored or inadequately anchored.
Transformers may shift, tear the attached
conduit, break bushings, damage radiators,
and spill oiL Transformers in older
substations that are mounted on rails
frequently have fallen off their rails unless
strongly anchored. Other top-heavy pieces.
of electrical equipment can topple or slide
when inadequately anchored, damaging
connections. Frequently, inadequate slack in
conductors or rigid bus bars result in
porcelain damage resulting from differential
motion.
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B..5.5 Distribution Lines

1. General

Description: In general, distribution lines
may be underground or above ground
supported by towers or poles. Towers are
usually steel, and poles are usually treated
wood. Towers are provided with"concrete
footings, and poles may have footings or
may be embedded directly into the ground.
Transformers on poles may be supported on
platforms or anchored directly to poles.
Distribution lines typically operate at lower
voltages (64 kV or less).

Typical Seismic Damage: Unanchored pole
mounted transformers may be knocked
down and some will burn. Towers and poles
are generally undamaged except by
secondary effects such as landslidcs,
liquefaction, and other g~ound failures.
Conductor lines swinging togethercan cause
burnouts and/or start fires. Settlement of
soils with respect to manholes can
sometimes cause underground line routed
through the manhole to fail.

Seismically Resistant Design: Seismic loads
do not generally have much influence on the
design of distribution lines and towers. The
towers are typically designed to withstand
wind loads. The primary concern is siting
towers and poles where soils are stable to
prevent foundation failures.

2. Direct Damage

Basis: Damage curves for distribution lines
in the electrical system are based on ATC-13
data for FC 55, conventional electrical
transmission line towers (less than 100 feet
tall, see Figure B-57). In general, less
conservative design criteria are used for
distribution lines than for lines in the
transmission system.

Standard construction is assumed to
represent typical California distribution
lines, towers, and poles, under present
conditions (i.e., a composite of older and
more modern lines and towers). Only
minimal regional variation in the
construction quality is assumed.

Present Conditions: In the absence of data
on the type of tower/pole or conductor, age,
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Figure B-58 Residual capacity for electric distributiofl lines (NEHRP Map Area: California 3-6
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etc., the following factors were used to modify
the mean curv,es, under pr,esent conditions:

Upgraded Conditions: It is not cost
effective or practical 10 upgrade existing
transmission towers, unless supporting or
adjacent soils are known to be unstable.
Therefore,. no intensity shifts for upgrading
are recommended.

Time-to-restorlltion: The time-to
restoration data assigned to SF 29d,
distribution lines, are assumed to apply to all
distribution lines. By combining these data
with the damage curves for FC 55, the time
to-restoration curv,es shown in Fiugres B-58
and B-59 were derived.

NEHRP Map Area
California 7
California 3-6

. Non-Ca lifomia 7
Puget Sound 5
AII other areas

MMI
Intensity

Shift
o
o
o
o

+1

B.5,6 Distribution Substations

1. General

Description: Distribution substations in the
electrical system generally receive power at
low voltages e64 kV or less) and step it down
to lower voltages for distribution to users.
The substations generally collSist of one
small control building, steel towers,
conductors, ground wires, and electrical
equipment including circuit breakers,
switches, wave traps, buses, capacitors,
voltage regulators, and transformers.

Typica] Seismic Damage: Control buildings
are subjecl to generic building damage
ranging from cracks in walls and frames to
partial and total collapse. Unanchored or
improperly anchored control equipment
may slide or topple, experiencing damage or
causing attached conduit to fail. In the yard,
steel lowers are typically damaged only by
soil failures. Porcelain bushings, insulators,
and lightning arresters are brittle and

. vulnerable to shaking and are frequenlly

ATC-25 Appendix. B: Lifeline VUlnerablllty Functions 243



R= 8~

DAYS: 38 68
, ,

98 128 158 IB~ 21~ 24~ Z79 38B 338 365
Elapsed Time in Days

Figure 8-59 Residual capacity for electric distribution lines (All other areas).

damaged. Transformers are large, heavy
pieces of equipment that are frequently
unanchored or inadequately anchored.
Transformers may shift, tear the attached
conduit, break bushings, damage radiators,
and spill oil. Transformers in older
substations that are mounted on rails
frequently have fallen off their rails unless
strongly anchored. Other top-heavy pieces
of electrical equipment can topple or slide
when inadequately anchored, damaging
connections. Frequently, inadequate slack in
conductors or rigid bus bars result in
porcelain damage resulting from differential
motion.

Seismically Resistant Design: Porcelain in
distribution substation is susceptible to
damage but is less vulnerable than porcelain
intransmission substations by virtue of its
shorter cantilever lengths. Seismically
resistant design practices include the use of
installation details that bas" isolate,
reinforce, or add damping devices to the
porcdain. Proper anchorag" details should
be used for all yard equipment. Breakaway
connectors for porcelain; replacem"ntof

single cantilever-type insulator supports
with those having multiple supports; and
provision of adequate slack in conductors
and bus bars connecting components that
may experience differential movement will
significantly reduce seismic vulnerability.

2. Direct Damage

Basis: Damage curves for distribution
substations for the electrical system are
based on ATC-13 data for FC 66, electrical
equipment (see Figure B-60). It is believed
that this facility class best approximates the
expected performance of distribution
substations.

Standard construction is assumed to
represent typical California distribution
substations under present conditions (i.e., a
composite of older non-seismically designed
substations as well as more modern
substations designed to enhanced seismic
requirements).

Present Conditions: In the absence of data
.on the type of equipment, substation
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voltage, age, etc., the following factors were
used to modify the mean curves, under
present conditions:

with the damage CUNes for FC 66, the time
to-restoration curves shown in Figures B-61
through B-63 were derived.

Upgrade<!. Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-lo
restoration data assigned to SF 2ge,
-distribution substations, are assumed to
apply to all-distribution substations in
California. For distribution substations in
other are~s, r·esponse planning is not as
wmplete and restoration time is assumed be
1.5 times longer. By combining these data

NfHRP Map Area
californ ia 7
California 3-6
Non-California 7
Puget Sound S
All other areas

MMI
Intensity

Shift
o

+1
+1
+1
+2

B.6 Waler Supply

8.6.1 TransmissionAqueducts

1. General

Description: In general, various types of
transmission aqueducts can be used for
transporting water, depending on
topography,. head availability, construction
practice., and environmental and economic
considerations. Open channels are used to
convey water under conditions of
atmospheric pressure. Flumes are open
channels supported above ground. Channels
may be lined Of unlined. Linin,g materials
include concrete, bituminous materials,
butyl mbber, vinyl, synthetic fabrics, or other
products to reduce the res.istance to flow,
minimize seepage, and lower maintenance
costs. Flumes are usually constructed of
concrete, steel, or timber. Pipelines are built
where topographic conditions preclude the
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Figure B-61 Residual capacity for electric distribution substations (NEHRP California 7).
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use of canals. Pipelines may be laid above
or below ground, or may be partly buried.
Most modern pressure conduit are built of
concrete, steel, ductile iron, or asbes tos
cement. Tunnels are used where it is not
practical to lay a pipeline,. such as mountain
or river crossings. They may be operated
under pressure or act as open channels.
Linings may be unreinforced concrete,
reinforced concrete, steel,. or brick.

Typical Seismic Damage: Channels are
most susceptible to damage from surface
faulting and soil failures such as differential
selliement, liquefaction, or landsliding.
Unreinforced linings are more susceptible to
damage than are reinforced linings. Small
fractures in the lining can result in a
transmission aqueduct being taken out of
service, as water leaking through the lining
could erode supporting embankments or
surrounding soils and cause significant
damage. Regional uplift could result in long
term loss of function by changing the
hydraulic flow characteristics of the
aqueduct.

Seismically Resistant Design: Seismically
resistant design practices include providing
reinforced concrete linings for channels and
tunnels. Channels should have slopes
appropriate for embankment materials to
prevent slumping. Tunnels should be
strengthened at intersections, bends, and
changes in shape and construction materials.
Aqueducts should be sited to eliminate or
minimize fault crossings., Aqueducts that
cross faults can be Fouted through pipe
buried in shallow loose fill or installed above
ground near the fault, to allow latera! and
longitudinal slippage.

1. Direct Damage

Basis: Damage curves for transmission
aqueducts of the water supply system are
based on ATC-13 data for Fe 38, tunnels
passing through alluvium,and Fe 61, canals
(see Figure H·64). Aqueducts are assumed
to be acombinalion of 50% tunnels and
50% canals. Tunnels passing through
alluvium are less vulnerable than cut_and
cover tunnels and more vulnerable than
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tunnels passing through rock; they were
chosen as representative of all tunnels.

Standard construction is assumed to
represent typical California aqueducts under
present conditions (i.e., a composite of older
and more modern aqueducts). Only minimal
regional variation in construction quality of
aqueducts is assumed.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for the two facility classes listed
above, under present conditions:

assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 30a,
transmission aqueducts, are assumed to
apply to all transmission aqueducts. By
combining these data with the damage
curves derived using the data from FC 38
and 61, the time-to-restoration curves shown
in Figures B-65 and B-66 were derived.

B.6.2 Pumping Stations

Upgraded Conditions: For areas where it
appears cost·effective to improve facilities,

NEHRP Map Area
California 7
California 3-6
Non-California 7
PugetSound 5
All other areas

MMI
Intensity

Shift
FC38 FC61

o 0
o 0
o 0
o 0

+1 +1

1. General

Description: Pumping equipment forms an
important part of the water supply system
transportation and distribution facilities. In
general, pumping stations include larger
stations adjacent to reservoirs.and rivers,
and smaller stations distributed throughout
the water system intended to raise head.
Large pumping stations typically include
intake structures. Pumping stations typically
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comprise shear-wall-type buildings, intake
structures, pump and motor units, ·pipes,
valves, and associated electrical and control
equipment. Requirements vary from small
units used to pump only a few gallons per
minute to large units capable of handling
several hundred cubic feet per second.
Vertical turbine (most common) and
displacement pumps are the two primary
types used. Horizontal centrifugal pumps,
air-lift and jet pumps, and hydraulic rams are
also used in special applications. Centrifugal
pumps have impellers, which impart energy
to the water. Displacement pumps are
commonly the reciprocating-type where a
piston draws water into a.closed chambcr
and then expels it under pressure. Pumps
may be in series or in parallel. Often an
emergency power supply comprising a
standby diesel generator, battery rack, and
diesel fuel tank is included in primary
pumping stations to operate in·emergency
situations when ·electric power fails.

Typical Seismic Damage: Pumping stations
will suffer damage closely related to the
performance of the soils on which they are
constructed. Intake structures are typically
tower-type structures that are vulnerable to
inertial effects, and settlement and
landslides at bottoms of reservoirs and
ri'.Gs. Toppling of these towers allows
coarse sediment to enter the distribution
system, plugging pipelines and causing
extensive damage to pump bearings and
seals. Piping attached to heavy pump
structures is susceptible to damage caused
by differential settlement. Unanchored
electricaland colltrol equipment may be
severely damaged. Pumps with long shafts
may suffer misalignment, and shafts may be
cracked or sheared by ground movement.
Pipe hangers may be damaged by relative
settlement of building and associated
equipment. Damage to substation
transformers can result in the loss of power.

Seismically Resistant Design: Seismically
resistant design practice includes avoiding
unstable soils in siting the pumping stations,
or providing foundations for structures and
equipment capable of resisting expected soil
failures without damage. Design of intake
structures should consider inertial forces
developed from self-mass and surrounding

water, and these structures should be built
on stable soil. Also, pumps and heavy
equipment should be provided with positive
means (anchorage) of resisting lateral
forces; base isolators should be used only
when adequate snubbers are provided.
Buildings enclosing plant equipment should
be designed with seismic provisions of local
or national building codes. The casings of
wells should be separated from the pump
house by at least 1 inch to allow for relative
movement and settlement. Pumps that are
hung from the motor at the top of the well
by a non-flexible drive shaft inside the pump
column are not recommended. Submersible
motor-driven, vertical turbine pumps do not
require the long drive shaft, and the need
for a perfectly straight well casing is
therefore eliminated. Horizontal pumps and
their motors should be mounted on a single
foundation to prevent differential
movement. Provisions for emergency power
should be made for pump stations critical to
systems operation.

1. Direct Damage

Basis: Damage curves for pumping stations
for the water system are based on ATC-13
data for FC 10, medium-rise reinforced
masonry shear wall buildings; FC 66,
electrical equipment, and FC 68, mechanical
equipment (see Figure B-67). Fe 10 was
chosen to represent a generic building,
based on review of damage curves for all
buildings. Pumping stations are assumed to
be a combination of 30% generic buildings,
20% electrical equipment, and 50%
mechanical equipment.

Standard construction is assumed to
represent lypical California pumping
stations for water systems under present
conditions (i.e., a composite of older and
more modern stations). Only minimal
regional variation in construction quality of
mechanical equipment is assumed, as
operational loads frequently govern over

. seismic requirements.

Present Conditions: In the absence of data
on the type of pumps, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
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classes listed above, under present
conditions:

B.6.3 Storage Reservoirs

Upgrnded Conditions: For areas where it
appears cost-effective to improve facilities,
assum~ on a preliminary basis that upgrades
re;ult I~ one or two beneficial inrensity
shIfts (I.e., -1 or -2), relative to the above
present conditions.

Time-tn-restoration: The time-to
restoration data assigned to SF 30b,
pumping stations for water systems, are
assumed to apply to all pumping stations_ By
combining these data w;tl1 the damage
curves derived llSing· the data for FC 10 66, ,
and 68,. the time-to-restoration curves shown
in Figures B-68 through B-70 were derived.

NEHRP Mall Area
California 7
California 3-6
Non-California 7
Puget Sound S
All other areas

MMf
Intensity

Shift
FC 10FC 66fC 68

o 0 0
+1 +1 0
+1 +1 0
+1 +1 0
+2 +2 +1

1. General

Description: In general, storage reservoirs
for the water system comprise earthfill,
rockfill, or concrete dams with gates,
spillways, conduit, tunnels, and intake
structures. Earthfill dams include an
impervious core, typically a clay material,
transition zones, drains, and sand filters
adjacent to the core.. Grout is frequently
provided under the impervious core in the
foundation material, and in the abutments
to prevent water penetration through cracks
and fISSures in bedrock or flow through
permeable native soils. Rockfill dams
typically have concrete linings to prevent
water penetration. Concrete dam types
include gravity and arch. Roadways and/or
gantry cranes are commonly located at the
crest of the dam.

Typical Seismic Damage: Most engineered,
mechanically compacted earthfill dalllS have
performed well in earthquakes. Additionally,
earthfill dams constructed predommantly

Appendix B: LUeline VulnerabUlty Functions 251



b
8.165
8.m
8.836
8.821
8.814

a
0.223
8.198
8.H2
O.IOB
0.878

HHI
6
7
B
9

18

Pumping Station (Water Supply)
rtr.,.--,--,-~-- 38b ' l.6U 10 0.30'-~-----'

68 8.58
66 8.28

R=lfl6~

R= 8~

DAYS: 30 66 90 120 'ISO 180 210 246 Z7Il 300 330 365
ElapsedTime in Days

Figure 8-68 Residual capacity for water supply pumping stations (NEHRP California 7).

b
8.844
8,826
8.817
8.812
8;089

a
8.156
8.122
8.892
8.864
8.842

Hili
{,

7
B
9

18

Pumping Station (Water Supply)
.--,.--,~r---"----'- 38b l.88 18 0.311-----.,

68 8.58
66 8.28

R=108~

R= e~

DAYS: 38 60 9U 128 150 18U 210 246 Z78 380 336 365
Elapsed Time in Days

Figure 8-69 Residual capacity for water supply pumping stations (NEHRP Map Area 3-6, Non
California 7, and Puget Sound 5).

252 AppendIX B: LUellne VUlnerability Functions ATC-25



Pumping Station [Water Supply)
r-r-,----,,------,-------,--- 311. t.lm 10 8 .36.:'-----,------,

68 8.S6
6& 8.26

Mill ~ h
6 8 .285 ILlIl8
7 8.1Sli 8.814
B 11.122 8.B26
9 81.8.92 8.817
~o 8.B64 8.1112

E = ~ * da~s • a

E= 8;(
DAVS: 3~ 68 9ll 12~ 158 180 2181 248 2fB 3BB 338 365

Elapsed Time in Days

Figwe 8-70 ResiduaL capacity for water supply pumping stations (All other areas).

with clayey soils have performed well. Dams
constructed of hydraulic fill using saturaled,
poorly compacted, fme-grain cohesionless
material; dams oonstructed on natural
cohesionless deposits that are not as dense
as the embankments; and dams with
unusually steep embankments have
experienced failures in pas t earthquakes.
Dam embankments may respond to soil
failures by craclcing (usually at the crest or
near the crest and abutments), spreading or
settling, or by slope stability failures or zonal
separations. Liquefaction may occur in
saturated zones of cohesionless materials
that are loose or marginally compacted, such
as hydraulic fills. Both soil and rock
foundations may be damaged by fault
ruptur,e,. resulting in loss of continuity or
integrity of internal design features, (drains,
imperious zones, etc.) and water-release
features (conduit and tunnels).. Earthquake'
induced landslides may block water outlet
features or spillways, or cause waves that
overtop the dam and cause erosion. Where
cracks are opened. in the embankment or
foundation, the dangerof piping exists if
cracks remain open. Rockfill dams have
performed well, with some damage to
material near the crest of the dam.

Settlement of rockfill dams is also a
possibility. Concrete dams have also
performed well with little damage known.
Cracl<:ing of dams and foundation failures
are possible..

Seismically Resistant Design: Seismically
resistant design practices for earthfiU dams.
include providing ample freeboard to allow
for settlement and other movements, and
using wide cores and transition zones .
constructed of material resistant to cracking.
Current design typically used dynamic
analyses for all but small dams on stable
foundations. These analyses are used to
determine the liquefaction or strain
potential of embankments and foundations,
and to estimate the settlement of
embankments. Conservative crest details
include providing transition and shell zones
that extend to the crest to control any
seepage that develops through cracks, and
providing camber for static and dynamic
settlement. Conservative zoning consists of
providing confIned clay cores, wide
cohesionless transitions, and free draining
shells" Redilction of embankment slopes ami
elimination ofembankrnent saturation
through linings can reduce susceptibility to
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rockfill, then the appropriate damage curves
will need to be developed (seeATC-13).

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades

Standard construction is assumed to
represent typical California reservoirs (Le., a
composite of older .and more modern
reservoirs). .

PreSent Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the two facility
classes listed above, under present
conditions:

MMI
ltJ!ensity

Shift
FC 35 FC 36

o 0
o 0

+1 +1
+1 +1
+2 +2

NEHRP Map Area
California 7
California 3-6
Non-California?
Puget Sound S
All other areas

Basis: Damage curves for storage reservoirs
in the water supply system are based on
ATC-13 data for FC 35, concrete dams, and
Fe 36, earthfill or rockfill dams (see Figure
B-71). Storage reservoirs are assumed to be
a combination of 50% concrete dams and
50% earthfill or rockfill dams. If inventory
data identify dams as concrete, or earthfill or

embankment failures. Seismically resistant
design of concrete dams includes thorough
foundation exploration and treatment, and
selection of a good geometrical
configuration. Dynamic analyses similar to
those used for earthfill dams may be used to
check designs, and to determine stresses and
cracking potential of dams and dam
appurtenances. Effective quality control is
necessary in the design and construction of
all dams. Stabilization of existing dams can
be achieved by buttressing, draining, or
reduction in reservoir storage. Potentially
liquefiable soils have been densified by
blasting, vibratory probing, adding backfill,
and driving compaction piles.

1. Direct Damage
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result in a beneficial intensity shift of one
unit (Le., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 3Oc,storage
reservoirs for water supply.systems, are
assumed to apply to all storage reservoirs.
By .combining these data with.the damage
curves derived using the damage data for Fe
35 and 36, the time-to-restoration curves
shoWlil in Figures B-n through B-74 were
derived.

B.6.4 Treatment Plants

1. General

Description: Water treatment plants are
complex faeili ties. In general, the typical
water sources fm a treatment plant are
shallow or deep wells, rivers, natural lakes,
and impounding reservoirs. Treatment
processes used depend on the raw-water
source and the quality of finished water
desired. Water from wells typically requires
the least treatment, and water from rivers

requires the most. Types ofwater treatment
plants include aeration, split treatment, or
chemical treatment plants. Flexibility and
room for growth are typically provided to
handle changing qlIality ofwater.
Consequently, plants commonly contain
components of different vintages and
construction types. Cunent pre-treatment
processes are screening, pre-sedimentation
or desilting, chemical addition, and aeration.
Components in the treatment process
include pre-sedimentation basins, aerators,
detention tanks,. floccu!ators, clarifiers,
backwash tanks, conduit and channels, coal
sand or sand fillers, mixing tanks, se!tling
tanks, clear wellS, and chemical tanks.
Processes used for flocculation include·
paddle (most common in modern facilities),
diffused air, baffles (common in older
facilities),. transverse or parallel shaft miJ<ers,
vertical turbine mixers, and walking-beam
type mixers. Sedimentation basin
construction may vary from excavation in
the ground to a structure of concrete or
steel constmction. Most modem
sedimentation basins are circular concrete
tanks (open or covered), equipped with
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mechanical scrapers for sludge removal.
Depths typically vary from 8 to 12 feet and
diameters from 30 to 150 feet. Sludge
processing components include holding
tanks and clarifier thickeners. Control
equipment, pumps, piping, valves, and other
equipment are typically housed in a control
building. Yard equipment generally includes
transformers and switchyard equipment.

Typical Seismic Damage: Structures and
equipment in water treatment plants are
vulnerable to settling of foundations,
especially when founded on fill. Differential
settlement of adjacent structures and
components supported on different
foundations is a particular problem. Pipes
are vulnerable at locations where they
connect to or penetrate treatment
structures. Equipment such as pumps can be
damaged by loads imposed by piping when
differential settlement occurs. Channels and
large conduit connecting processing uni ts
are subject to seismic damage from several
mechanisms, including differential
movement from inertial loading, differential
settlement, and increased lateral earth
pressures. Liquefaction may caus·e some
underground structures in areas of high
groundwater to f10a t. Concrete basins and
tanks are subject to cracking and collapse of
walls and roofs. Pounding damage or
permanent movement may result in the
opening of expansion joints in basins.
Within basim, sloshing and wave action, as
well as shaking, can damage anchor bolts
and support members for reactors and rakes.
Building damage may range from dropped
suspended ceilings and cracks in walls and
frames to partial and total collapse.
Unanchored or improperly anchored
equipment may slide or topple, experiencing
damage or causing attached piping and
conduit to fail. Damage to substation
transformers can result in loss of power
supply.

Seismically Resistant Design: Seismically
resistant design includes providing capability
to bypass plant treatment and to provide
emergency chlorination in the event of
damage caused by an earthquake. An
emergency power system for the chlorine
injection, controls, and radios is a minimum
and ifgravity flow is not possible, sufficient

emergency power to provide pumping
capacity must be available. Slopes adjacent
to the plant should be studie<:l to ascertain
their stability, and mitigating measures
should be taken if necessary. Damage to
channels and conduit can be mitigated by
providing wall penetrations that allow for
differential settlement. Similarly,. flexibility
should be provided in connections and
piping where they span across eYjJansion
joints or between structures on different
foundation types. Equipment damage can be
reduced by using cast-in-place bolts mther
than expansion anchors and using
equipment with a low center of gravity.
Equipment and piping should be protected
from falling debris. Building design should
satisfy the seismic requirements of the local
building crnle, as a minimum. Heavy
equipment such as sludge-processing
equipment should belocate<:l as low as
possible in the building. Horizontal tanks on
saddles should be restrained to saddles to
prevent slippage and rupture of attached
piping. Design of equipment immersed in
water (e.g., paddles, rakes, baffles) should
consider both inertial effects and those due
to sloshing ofwater. Design of such
equipment should also consi<:ler ease of
replacement. Vertical turbine pumps
hanging in tanks should be avoided if
possible--or designed lor seismic loads,. as a
minimum. Chlorine cylinders should be
strapped in place on snubbe<:l chlorine
scales. Standard safety and shutdown
systems for gas and chemical syste<m should
be installed and properly maintained.
Routine checks are recommended to ensure
that valves are operable, an<:l that stockpiles
ofspare parts and tools are available. Basins
or structures founded on separate
foundation materials should have separate
foundations and should be separated by a
flexible joint. All critical piping (exclusive of
corrosive chemical systems) should be
welded steel.

2. Direct Damage

Basis: Damage curves for treatment plants
in the water supply system (see Figure B-75}
are based on ATC-13 data for FC 10,
medium-rise reinforced masonry shear wall
buildings; FC 41, underground liquid storage
tanks, and FC 68, mechanical equipment.
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Upgmded Conditions: Forareas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shiftof one
unit (Le., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 3Od,
treatment plants in the water supply system,
are assumed to apply to all treatment plants.

. By combining these data with the damage
curves derived using the data for FC 10,41,
and 68, the time-to-restoration curves shown
in Figures B-76 through B-78 were derived.

Fe 10 was chosen to represent a generic
building, based on review of damage curves
for all buildings. Water treatment plants are
assumed to a combination of 20% generic
buildings, 30% underground storage tanks,
and 50% mechanical equipment.

Standard construction is assumed to
represent typical California treatment plants
under presertt conditions (i.e., a composite
of older and more modern treatment
plants). It is assumed that minimal regional
variation exists in construction quality of
underground storage tanks and mechanical
equipment. Seismic loads have little impact
on underground storage tank design, and
operational loads often govern over seismic
requirements in the design of mechanical
equipment.

Present Conditions: In the absence of data
on the type of material, age, etc., use the
following factors to modify the mean curves
for each of the three facility classes listed
above, under present conditions:

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
FC 10FC 41 FC 68

o 0 0
+1 0 0
+1 0 0
+1 0 0
+2 +1 +1
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8.6.5 Terminal Reservoirs/Tanks

1. General

Description: In general, termin.al reservoirs
may be underground, on-ground,or
elevated storage tanks orimpounding
reservoirs. Underground storage tanks are
typically reinforced or prestressed concrete
wall construction with either concrete or
wood roofs. They mllY be either circular or
rectangular. On-ground wllter supply
storage tanks are typically verticalllnchored
and/or unanchored tanks supported at
ground level. Construction materials include
welded, bolted, or riveted steel; reinforced
or prestressed concrete; or wood. Tank
foundations may consist of sand orgravel, or
a concrete ring wall supporting the shell.
Elevated storage tanks consist of tanks
supported by single or multiple columns.
Most elevated tanks are steel and are
generally cylindrical or ellipsoidal in shape.
Multiple-column tanks typically have
diagonal braces, for lateral loads. Elevated
tanks are more common in areas of flat
terrain. There is large variation in tank sizes
(Le., height and diameter), so volumes range
from thousands to millions ofgallons.

Impounding reservoirs may be lined or
unlined, and with or without roofs.

Typical Seismic Damage: Failure modes for
underground tanks include damage to
concrete columns that support roofs,
sloshing damage to roofs, and cracking of
walls. In cases of liquefaction, empty tanks
can become buoyant and float upward,
rupturing attached piping. Impounding
reservoirs perform similarly to underground
tanks. At-ground tanks are subject to a
variety of damage mechanisms,including,
for steel tanks: (1) failure of weld between
base plate and wall, (2) buckling of tank wall
(elephant foot), (3) rupture of attached rigid
piping resulting from sliding or rocking of
tank, (4) implosion of tank caused by rapid
loss of contents and negative internal
pressure, (5) differential settlement, (6)
anchorage failure or tearing of tank wall, (7)
failure of roof-to-shell connection, (8)
failure of shell at bolts or rivets, and (9) total
collapse. Concrete tank failure modes
include: (1) failure of columns supporting
roofs, (2) spalling and cracking, and (3)
sliding at construction joints. Wood tanks
have not performed well in past earthquakes
and generally fail in a catastrophic manner.
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2. Direct Damage

Present Conditions,: In the absence of data
as to type of material, age etc., me the
following factors to modify the mean curves,
under present conditioos:

Standard construction is assumed to
represent typical California terminal
reservoirs under present conditions [i..e., a
composite of older, non-seismically designed
tanks as, well as more modem tanks designed
to seismic requirements (e.g., AWWA
moo, Appendix A)J.

Basis: Damage curves for water supply
terminal reservoirs are based on ATC-13
data for FC 43, on-ground liquid storage
tanks (see FigUre B-79). On-ground storage
tanks are less vulnemble than elevated
tanks, and more Vlillnerable than
underground tanks, and were chosen as
representative of existing terminal
reservoirs. If inventory data identifY tanks as
underground or elevated, then me FC 41 or
45, respectively,. in lieu of FC 43.

MMI
Intensity

Shift
o

+1
+1
+1
+2

NEHRP Map Area
Ca~ifornra 7
Ca[ifornua 3-6
Non-California 7
Pllget SOllnd 5
AU other areas

and anchoring or strapping the tank to the
foundation. Maintaining a height-to
diameter ratio of between 0.3 and 0.7 for
tanks supported on-ground controls seismic
loading. Because the damage to elevated
tanks typically involves the supporting
structure rather than the supported vessel,
the primary Seismically resistant design
practices for elevated tanks are design of the
braoes for adequate lateral loads, providing
adequate anchorage at the column bases,
connecting the tanle to the frames that
support it for load transfer, and providing
flexibility in the attached piping to
accommodate expected motions. The
bracing system should be designed to yield
prior to connection faiilue. Rods used for
bracing should have upset threads with large
deformable washers under retaining nuts to
absorb energy.

Seismically ResistaJrnt Design: General
Seismically resistant design practices for
underground tallks include designing walls
for a combination of earth pressures aml
seismic loads; densifying the backfill used
behind the walls to reduce liquefaction
potential;. designing columns supporting the
roof for seismic loads; tying the roof and
walls together; providing adequate
freeboard to prevent sloshing against the
roof; and recognizing the potential for
flotation and providing restraint. Control of
buoyant forces can be achieved by tying the
tank to piles designed to resist uplift,
increasing the mass of the tank (e.g., provide
overburden on the roof), or providing a
positive drainage system. An arnlular space
that permits relative movement should be
provided where piping penetrates the walL
Seismically resistant design practices for at
ground tanks include the use of flexible
piping, pressure relief valves, and well
compacted foundations and reinforced
ooncrete ring walls that prevent differential
settlement.Adequate freeboard to prevent
sloshing against the roof should be
maintained. Good practices for steel tanks
includeproviding positive attachment
between the roof and shell, stiffening the
hollom plate and its connection to the shell,
protecting the base plate against corrosion,
and avoiding abrupt changes in thickness
between adjacent courses. Properly detailed
ductile anchor bolts may be feasible on
smaller steel tanks. For concrete tanks,
keying and detailing to prevent sliding is
good practice. Columns supporting roofs
should be detailed to prevent brittle failures.
In areas where freeze-thaw cycles are a
problem, minimum strength requirements
that ensure durability should be met. For
wood tanks, Seismically resistant design
practioes include'increasing hoop capacity,

Elevated tanks typically fail as a result of
inadequate bracing or struts, although
column bucklingoranchmage or
connection failme (clevises and gusset
plates) are common causes. Ifelevated tank
damage exceeds minor bracing or
connection failure, damage is usually
ca taslrophic. Piping and other
appurtenances attached to, tanks can also
fail because of tank or pipe motion, causing
loss of contents.
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Figure 8-79 Damage percent by intensity for water supply terminal reservoirs/storage tanks.

Upgraded Conditi!lRs: For areas where it
appears cost-effective to improve facilities;
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -lor -2), relative,totheabove
present conditions.

Time-to-restoration: The time'to
restoration data assigned to SF 30e, terminal
reservoirs for water supply, are assumed to
apply to all tanks. By combining these data
with the damage curves for FC 43, the time
to-restoration curves shown in Figures B-80
through B-82 are derived.

8.6.6 Trunk Lines

1. General

Description: In general, trunk lines may be
underground, on-ground, or supported on
elevated frames above ground. However,
most trunk lines in the water supply system
are located underground. Pipe materials
include cast iron, welded steel, riveted steel,
concrete-lined steel, asbestos cement, and
plastic. Newer trunk lines (typically 20

inches ormore in diameter) are usually
welded steel or reinforced concrete and may
carry water at high pressures (several
hundred psi). Joints in steel pipes may be
welded or bell-and-spigot types. Except in
areas of freezing, backfill measured from the
pipe crown is typically between 2.5 and 4.5
feet. In addition to the pipes themselves,
trunk lines include a number of other
components. Pipelines may require gate
valves, check valves, air-inlet release valves,
drains, surge control equipment, expansion
joints, insulation joints, and manholes.
Check valves are normally located on the
upstream side of pumping equipment and at
the beginning of each rise in the pipeline to
prevent back flow. Gate valves are used to
permit portions of pipe or check valves to be
isolated. Air-release valves are needed at
the high points in the line to release trapped
gases and to vent the lines to prevent
vacuum formation. Drains are located at low
points to permit removal of sediment and
allow the conduit to be emptied. Surge tanks
or quick-opening valves provide relief for
problems of hydraulic surge.
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Figure 8-80 Residual capacity for water supply terminal reservoirs/storage tanks (NEHRP California 7).
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Typical Seismic Damage: The performance
of pipelines is strongly dependent on
",hether or not the supporting or
surrounding soil fails. Failure of a piping
system resulting from inertial loads onlyis
rare; more typically differential settlement
or severe ground failure (e.g., landslide,
liquefaction, faulting) causes damage.
Regional uplift can alter the hydraulic
characteristics of a transmission system
rendering it nonfunctional. Pipe damage is
most common in soft alluvial soils or at
interfaces between soft and firm soils. Types
of pipe damage include bending or crushing
of the pipe, shearing of the pipe,
compressional buckling, soil deposits in the
pipe, circumferential and longitudinal
cracks, and joint failure. It has frequently
been observed that pipelines with rigid
joints fail more frequently than those with
flexiblejoints. Damage has been substantial
at locations of local restraint such as
penetrations to heavy subsurface structures
(including manholes), tees, and elbows.
Water hammer induced by.ground motions
can cause damage by temporarily increasing
pressure in pipelines.

Seismically Resistant Design: Seismically
resistant design practices for trunk lines
include the use of ductile pipe materials,
such as steel, ductile iron, copper, or plastic.
The performance of welded steel pipelines
is dependent upon the quality of welds, with
more modem pipes generally having
superior welds. Use of flexible joints (e.g.,
bell-and-spigot with rubber gaskets,
mechanical joints, expansion joints, rubber
or metallic bellows, and ball joints) and
placement of pipes in dense native or
compact soil not subject to liquefaction,
slides, or Surface rupture will mitigate much
of the potential damage. Special precautions
should be taken to reduce earthquake
effects at pumping plants, tanks, bay or river
crossings, and fault crossings. Shut-off valves
should be installed near active fault zones so
that flow can be stopped if the pipeline
crossing is damaged. Trunk lines at fault
crossings should be located in a sacrificial
tunnel or culvert, or lubricated, wrapped in
sheathing, or buried in shallow loose fill,
installed or above ground near the fault to
allow lateral and longitudinal slippage.
Anchors such as thrust blocks or bends
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Present Conditions: In the absence of data
On the type of material, diameter, age" etc.,
the following factors were used to modify
the mean curves, under present conditions:

Standard oonstruction is assl1ffied to
represent typical California trunk lines
under present conditions (i.e., a composite
of older and more modem trunk lines). Only
minimal regional variation in the
construction quality is assumed.

(between 4 and 20 inches in diameter) are
generally more susceptible to damage
because of their construction type, and it is
assumed that their behavior can be
approximated using these data through the
use of one detrimental intensity shift (i.e.,
+1).

should be excluded within a dis tance of300
feet of a fault zone and strengthened pipe
should be used within the wne. Valve
spacing near fault wnes or in areas of
expected soil failur,e should be reduced.
Proper maintenance ami cathodic
protection to limit corrosion, which weakens
pipes, is important for mitigating damage.
Supports for on-or above ground piping
should provide restraint in all three
orthogonal directions by using ring girders,
and spacing between adjacent trunk lines
should be sufficient to prevent pounding.
Use of pressure reliefva[ves can mitigate
damage caused by water hammer.
Redundancy should be built into the system
whenever possible; several smaller pipes
should be used in lieu of one large pipe. Any
equipment attached to piping should be
properly anchored.

2. Direct Damage

Basis: Damage curves for trunk lines in the
water supply system are based on ATC-13
data for FC 31, underground pipelines (see
Figure B-83). Distribution pipelines

NEHRP Map Area
California 7
California 3-6
Non-Cal[fomia 7
Puget Sound S
Ail other areas

MMr
Intensity

Shift
o
o
o
o

+1
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Figure 6-84 Residual capacity for water supply trunk lines (NEHRP Map Area: California 3-6,
California 7, Non-California 7, and Puget Sound 5).

Upgraded Conditions: It is not cost
effective or practical to upgrade existing
trunk lines in the water supply system,
except perhaps at fault crossings or in areas
of extremely unstable soils. Therefore, no
intensity shifts for retrofitting are
recommended.

Typical Seismic Damage: The time-to
restoration data assigned to SF 30f, trunk
lines, are assumed to apply to all trunk lines
in the water supply system. By combining
these data with the damage curves for Fe
31, the time-to-restoration curves shown in
Figures B-84 and B-85 were derived.
Distribution line restoration will take longer
based on prioritization of work. It is
assumed that restoration of distribution lines
will take approximately twice as long as
restoration of trunk lines.

B.6.7 Wells

1. General

Description: The collection of groundwater
is accomplished primarily through the
construction ofwells or infiltration gi\lleries.
A well system is generally composed of three
elements: the well housing structure, the
motor/pump, and the discharge piping. The
well system mayor may not be located in a
well house. The well contains an open
section (typically a perforated casing or
slotted metal screen) through which flow
enters and a casing through which the flow is
transported to the ground surface. Vertical
turbine pumps are often used for deep wells.

Typical Seismic Damage: Well casings will
move with the surrounding soils. This
movement can result in damage to pumps
and/or discharge lines without flexible
couplings. Additional problems include
fluctuation in production (disruption of
aquifer), bad sanding conditions due to local
soil disturbance (mostly in older wells with
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figure 8-85 Residual capacity for water supply trunk lines (All other areas}.

insufficient screen design), kinked tubing,
and collapse of the casing., The well shaft
can be crushed or sheared off by ground
displacement across the shaft or by ground
vibration. Wells may be contaminated by
inflow from nearby sewers, septic tanks, and
cesspools that are damaged by the
earthquake. Damage to substation
transformers can result in loss of power
supply.

Seismically Resistant Design: As seismic
design practices may inc!ude providing
double casing at depths below where
horizontal movement is expected.
Submersible pumps/motors have a greater
probability of remaining in service than do
pumps connected to motors at the surface
with drive shafts. Because the well casing
will respond differently than the slab of the
surrounding well hOllse, a flexible separation
joint should be provided between the casing
and the slab. Effects of differential
movement and settlement can be mitigated
by providing a flexible joint between the
pump discharge header and the discharge
piping. Other electrical and mechanical

equipment should be provided with
adequate seismic anchorage. The well
housing structure should be designed with
seismic provisions of local or national
building codes.

2. Direct Damage

Basis: Damage curves for wells in the water
supply system (see Figure B-86) are based
on ATC-13 data for FC 68, mechanical
equipment. It is believed that this facility
class best approximates the expected
performance ofwells, which typically
comprise a vertical pump in a shaft.

Standard collStmction is assllmed to
represent typical Califomia wells under
present conditions (i.e." a composite of older
and more modem wells). Only minimal
regional variation in the construction quality
is assumed.

P'resent Conditions: In the absence of data
011 the type of pump, etc., the following
factors were used to modify the mean
curves, under present conditions:
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Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one .
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 30b,
pumping stations in the water supply system,
are assumed to apply to all wells. By
combining these data with the damage
curves for FC 68, the time-to-restoration
curves shown in Figures B-87 and B-88 were
derived.
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B.7 Sanl1ary Sewer

B.7.l Mains

1. General

Description: In general, mains in the
sanitary sewer system are underground
pipelines that normally follow valleys or
natural streambeds. Valves and manholes
are also included in system. Pipe materials
commonly consist of cast iron, vitrified clay
concrete, asbestos cement pipe, brick, and
bituminized fiber. Pipe diameters are
generally greater than 4 inches. Joint
materials include welded bell-and spigot,
rubber gasket, lead caulking, cement
caulking, and plastic compression rings.
Bolted flange couplings are also sometimes
used. Manholes are typically provided at
changes in direction or pipe size, or where
flow is received from collecting sewers.
Wastewater pipelines are usually designed
as open channels except where lift stations
are required to overcome topographic
barriers. Sometimes the sanitary sewer
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system flow is combined with the storm
water system prior to treatment.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or not the surrounding soil fails
(e.g., landslide, liquefaction, or fault
rupture). Pipe damage is most common in
soft alluvial soils or at interfaces between
soft and firm soils. Failure of piping caused
by inertial loads is uncommon. Potential
types of damage include pipe crushing and
cracking caused by shearing and
compression; joint breaking because of
excessive deflection or compression; joints
puIling open in tension; and changes in
sewer grade, causing reduced flow capacity.
Tension and compressionfailures at joints.
because of soil movement have been
common. F1exible joints have suffered
significantly less damage than rigid joints.
Welded beIl-and-spigot joints have
performed poorly when subjected to
longitudinal stress. Cast-iron pipes with
rubber gaskets or lead-caulked joints have
accommodated movements better than
those caulked with cement, but may still puIl
apart with major soil movements.

maintenance to limit corrosion of metal
pipes, which weakens pipes, is important to
mitigate damage. Any equipment attached
to piping should be properly anchored.

2. Direct Damage

Basis: Damage curves fo!" mains in the
sanitary sewer system are based on ATC-13
data for FC 31, underground pipelines (see
Figure B-89). In general, mains in the.
sanitary sewer system are more vulnerable
than those used in other systems because of
the construction materials used. Unlike the
water supply system, larger pipes generaIly
operate at lower pressures and thus are of
similar construction quality to the smaIler
pipes. Consequently, the above damage
curves. may be used for all pipelines in the
sanitary sewer system.

Standard construction is assumed to
represent typical California mains in the
sanitary sewer system under present
conditions (i.e., a composite of older and
more modern mains). Only minimal regional
variation in the construction quality is
assumed.

Present Conditions: In the absence of data
on the type of material,diameter, age, etc.,
the following factors were used to modify
the mean curves, under present conditions:

Time-to-restoration: The time-to
restoration data assigned to SF 31a, effluent
and main sewer lines, are assumed to apply
to all distribution lines. By combining these
data with the damage curves for FC 31, the
time-to-restoration curves shown in Figures

Upgraded Conditions: It is not cost
effective or practical to upgrade existing
mains in the sewer system, except perhaps at
fault crossings or in areas of extremely
unstable soils. Therefore, no intensity shifts
for retrofitting are recommended.

Seismically Resistant Design: SeismicaIly
resistant design practices for mains in the
sewer system includethe use of flexible
joints (e.g., butt-welded and double-welded·
joints, restrained-articulated joints, and
restrained beIl-and-spigot joints with ring
gaskets on a short length of pipe section),
and avoiding 10ngitudinaIly stiff couplings
such as cement or lead-caulked, plain bell
and-spigot, and bolted flange. Placement of
mains in. dense native or compact soil not
subject to liquefaction, slides, or surface
rupture wiIl mitigate much of the potential
damage. Special precautions should be
taken to reduce earthquake effects at Eault
crossings. Main lines at fault crossings can
be located in a sacrificial tunnel or culvert,
or lubricated, wrapped in sheathing, buried
in shallow loose fill, or installed above
ground near the fault to allow lateral and
longitudinal slippage. Anchors such as bends
should be excludeil within a distance of 300
feet of a fault zone andstrengthened pipe
should be used within the zone. Isolation
valves should be placed.near fault zones or
in ,areas of expected soil failure. Proper

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MM/
Intensity

Shift
+1
+1
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+1
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Figure B-89 Damage percent by intensity for sanitary sewer mains/Hnes.

B-'9{J and B-91 were derived. Collector pipe
restoration will take longer because of its
relatively lower priority. It is assumed that
restoration of collector lines will take
approximately twice as long as restoration of
the mains.

B.7.2 Pumping Stations

1. General

Description: Pumping stations or lift
stations are typically used to transport
accumulated wastewater from a low point in
the ,collection system toa treatment plant.
Pumping stations consist primarily of a wet
well, which intercepts incoming flows and
permits equalization of pump loadings, and
a bank of pumps, which lift the wastewater
from the wet well The cen trifugal pump
finds widest use at pumping stations. Lift
stations ar,e commonly located in small,
shear-wall-type buildings.

Typical Seismic Damage: Pumping stations
will suffer damage closely related to the soil
materials on which they are cons tructed.

Becawe of their function, these stations are
typically located in low-lying areas of soft
alluvium where soil failures may occur.
:Buildings homing stations may experience
generic building damage ranging from
cracking of walls alld frames to collapse,. and
ullanchored electrical aml mechanical
control equipment may topple and slide,
experiencing damage and tearing piping and
conduit connections. Piping attached to
heavy pump/motor equipment structures is
susceptible to damage caused by differential
settlement. Pumps/motors may also
experience damage as a result ofdifferential
settlement. Damage to substation
transformers can result in a loss of power
supply.

SeismieafIy Resistant IDesign: Seismically
resistant design practice includes avoiding
unstable soils whenever possible and
addressing problems of expected differential
settlement and liquefaction in the design of
foundations. Flexibility ofpipelines should
be provided when pipes are attached to two
separate stmctures on different foundations.
Annular space should be provided at pipe
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Figure 6-90 Residual capacity for sanitary sewer mains/lines (NEHRP Map Area: California 3-6,
California 7, Non-California 7, and Puget Sound 5).

R=t08~

Mains/Lines
r=r-.,--'--r--- 31. 1.00

:5 ==->
:E - ::s
:2 ~ ~,.

31 UIOI--~-'---'--,

H= O~

DAYS: 30 bll

HMI a b
b -8.173 0.134
7 -0.244 a.tbt
8 -O'Obl 0.055
9 0.029 0.02b

10 8.897 0.013

98 120 158 180 210 248 270 300 330 365
Elapsed Time inDays

Figure 6-91

272

Residual capacity for sanitary sewer mains/lines (Allother areas).

Appendix B: Lifeline Vulnerability Functions ATC-25



Pumping Statton (Sarrilary Sewer)
,.------- t6 0.36~·------,

68 0.50:
66 0.20:

J'

"~ D=567-
E

'"o
CA3-6

Non·CA 7
P.S.5

/"
CA 7

Figure Bc92

~J1 ~[J] LX
Modified Mercalli Irrler>sity (MMi)

Damage percent by intensity for sanitary sewer pumping stations.

X

below for mechanical and electrical
equipment is assumed appropriate.

Present Cenditions: In the absence of data
on the type of pumps, age, etc., the
following factors were used to modify the
mean curves. fm each of the three facility
classes.lisled above, under present
conditions:

Standard construction is assumed to
represent typical California pumping
stations for sanitary sewer systems under
present conditions (i.e., a composite of older
and more modemstatioJlS). Only minimal
regional variation in construction quality of
mechanical equipment is assumed.

penetratioJlS in massive structures to
prevent pipe damage in the event of
differential settlement. All mechanical and
electrical equipment should be anchored
and equipment on isolators properly
snubbed. Buildings housing equipment
should be designed in accordance wi th
seismic provisions of a local or national
building code. Provisions for emergency
power should be made for pumping stations
critical to 51s tems operation.

2. Direct Damage

Basis: Damage curves for pumping stations
for the sanitary sewer system (see Figure B
92) are based on ATC-13 data for FC 10,.
medium-rise reinforced masonry shear wall
buildings; FC 66, electrical equipment, and
FC 68, mechanical equipment (see attached
figure). FC 10 was chosen to represent a
generic building,. based on review of damage
curves for all buildings. Pumping stations are
assumed to be a combination of 30%
generic buildings, 20% electrical equipment,
and 50% mecbanicalequipment. Pumping
plants in. the sewage system are assumed to
be located in poor soil areas. Consequently,
tbe detrimental intensity shift indicated

NEHRP Map Area
California 7
Califiomia 3-6
Non-CalUfornia 7
Puget SourJd 5
AU other areas

MMI
Intensity

Shift
FC 10K 66 Fe 68

o 0 +1
+1 +1 +1
+1 +1 +1
+1 +1 +1
+2 +2 +2
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Figure 8-93 Residual capacity for sanitary sewer pumping stations (NEHRP California 7).

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time·to·restoration: The time-to
restoration data assigned to SF31b, booster
pumping and main sewer pumping stations,
are assumed to apply to all pumping stations
in the sanitary sewer system. By combining
these data with the damage curves derivcd
using the data fOr FC 10,66, and 68, the
time-to-restoration curves shown in Figures
B-93 through B-9S were derived.

B.7.3 Treatment Plants

1. General

Description: Treatment plants in the
sanitary sewer system are complex facilities
which include a number of buildings
(commonly reinforced concrcte) and
underground or on-ground reinforced
concrete tank structures or basins. Common
components at a treatment plantinclude
trickling filters, clarifiers, chlorine tanks, re-

circulation and wastewater pumping
stations, chlorine storage and handling,
tanks, and pipelines. Concrete channels are
frequently used to convey the wastewater
from one location to another within the
complex. Within the buildings are
mechanical, electrical, and control
equipment, as well as piping and valves.
Conventional wastewater treatment consists
of preliminary processes (pumping,
screening, and grit removal), primary settling
to remove heavy solids and floatable
materials, and secondary biological aeration
to metabolize and flocculate colloidal and
dissolved organics. Waste sludge may be
stored in a tank and concentrated in a
thickener. Raw sludge can be disposed of by
anaerobic digestion and vacuum filtration,
with centrifugation and wet combustion also
currently used. Additional preliminary
treatments (flotation, flocculation, and
chemical treatment) may be required for
industrial wastes. Preliminary treatment
units vary but generally include screens to
protect pumps and prevent solids from
fouling grit-removal units and flumesc
Primary treatment typically comprises
sedimentation, which removes up to half of
the suspended solids. Secondary treatment
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removes remaining organic matter using
activated-sludge processes, trickling filters,
or biological towers. Chlorination of
effluents is commonly required.

Typical Seismic Damage: Sanitary sewer
treatment plants are commonly located in
low-lying areas on soft alluvium.
Consequently, soil failure (e.g., liquefaction
or settlement) is common. Many of the
heavy structures are supported on
foundations that include piles. Differential
settlements between these structures and
structures not supported on piles will result
in damage to pipes or conduit, especially at
structure penetrations. Liquefaction may
cause some underground structures to float
in areas of high groundwater. Pumps and
other equipment can be damaged by loads
imposed by piping when differential
settlement occurs. Generic building damage
ranging from cracked walls and frames to
collapse may occur. Unanchored equipment
may slide or topple, rupturing attached
piping and conduit. Damage to substation
transformers can result in a loss of power
supply. Damage as the result of sloshing or
wave action is likely in basins that contain
rotating equipment or other moving devices.
Basin walls may crack or collapse. Pounding
damage or permanent movement may result
in the opening of expansion joints in basins.

Seismically Resistant Design: Seismically
resistant design practice includes siting
treatment plants in areas of stable soil, or
designing foundations and systems to
perform adequately in the event of expected
soil failure. Each structure should be
supported on one foundation type only if
adjacent structures have different
foundation types; structures should be
adequately separated; and piping and other
systems spanning between structures should
be provided with adequate flexibilityto
accommodate relative motions. Piping

.should be provided with annular space
where it penetrates heavy structures to
accommodate settlement. Buildings should
be designed in accordance with the seismic
requirements of a local or national building
code. Walls for all basins should be designed
for a combination of soil and hydrodynamic
pressures, taking into consideration the
possibility of soil failure. All backfills should

be compacted properly to avoid liquefaction.
If buoyant loading is possible, foundations
should be designed to resist such loading.
All equipment should be properly anchored,

, and equipment on base isolators properly
snubbed. Arms, rakes, and other equipment
in basins should be designed for
hydrodynamic forces associated with
sloshing. Embankment stability and
considerations for buried piping should be
taken into account for sewage outfalls.
Outfall diffusers are also subjected to
hydrodynamic forces, which should be
included in design consideration.

2. Direct Damage

Basis: Damage curves for treatment plants
in the sanitary system are based on ATC-13
data for FC 10, medium-rise reinforced
masonry shear wall buildings; FC 41,
underground liquid storage tanks; and FC
68, mechanical equipment (see Figure B
96). FC 10 was chosen to represent a
generic building, based on review of damage
curves for all buildings. Sanitary sewer

. treatment plants are assumed to a
combination of 20% generic buildings, 30%
underground storage tanks, and 50%
mechanical equipment. Treatment plants in
the sewage system are assumed to be located
in poor soil areas. Consequently, the
detrimental intensity shift indicated below
for mechanical equipment is assumed
appropriate.

Standard construction is assumed to
represent typical California treatment plants
under present conditions (i.e., a composite
of older and more modern treatment
plants). It is assumed that minimal regional
variation exists in construction quality of
underground storage tanks and mechanical
equipment. Seismic loads have little impact
on underground storage tank design, and
operational loads often govern over seismic
requirements in the design of mechanical
equipment.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:
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Figure B-96 Damage percent by intensity for sanitary sewer treatment plants.

Upgraded Conditions: For areas where it
appears cost-effective ~o improve facilities,
assum~ on a preliminary basis that upgrades
result m a beneficial intensity shift of one
unil, relalive 10 Ihe above present.
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 3le,
treatmenI plants in the sanitary sewer
system, are assumed to apply to all
Ir~atmenl plants.. By eombiningthese data
WIth Ihe damage ClIrves derived using data
for FC 10, 41, and 68, the time-to
restoration clIrves shown in Figures B-97
throllgh B~99 were derived.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
FC18FC41FC 68

o +1 +1
+1 +1 +1
+1 +1 +1
+1 +1 +1
+2 +2 +2

B.a Natural Gas

B.8.l TtansmissionLines

L General

Description: In general,. transmission lines
in the natural-gas system are loeated
underground, except where they eross rivers
or gorges, or where they emerge for
connection to compressor or pllIllping
stations. They are virtually always welded
steel and operate at high pressures.
Transmission pipelines range between 2 and
25 inches in diameter, hut most are larger
than 12 inches. Shut-offvalves,. which
automatically function when line pressure
drops below a certain threshold pressure,.
are frequently included.

Typical Seismic Damage: The perfonnance
of pipelines is strongly dependent on
whether or not the supporting soil fails.
~outes are often selected along the edges of
nver channels to avoid mban buildlip and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction polentia!. Failures in the
past have Iypically occurred at sharpvertica~
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Figure 8-99 Residual capacity for sanitary sewer treatment plants (All other areas}.

or lateral dislocations or ruptures of the
ground. Pipes may buckle under
compressive forces, especially where they
cross ruptured faults. Damage has also
occurred as a result of axial elongations
caused by relative movement of two
horizontally adjacent soil layers. Damage
may occur because of displacements of
unanchored compressors or pumps or other
above ground structures. Several past
failmes have been attributed 10 corrosion
combined with surges in line pressure during
Ihe earthquake. Failures of above ground
lines have been caused by support failure,
failure of pipeline attachment to support
structure, and relatively large support
movemenl. Rupture of pipes and loss of
contents could lead 10 fIre and explosions.

Special precautions should be taken to
reduce earthquake effects at bay, river, and
fault crossings. Transmission lines at fault
crossings should be buried in shallow loose
fIll or installed above ground near the fault
to allow lateral and longitudinal slippage.
Anchors such as thrust blocks or bends
should be excluded within a distance of 300
feet of a fault zone, and strengthened pipe
should be used within the zone. Valve
spacing near fault zones or in areas of
expected soil failure should be reduced.
Automatic shut.offvalves should not rely on
electricity to operate. Proper maintenance
to limit corrosion, which weakens pipes, is
important to mitigate damage.

1. Direct Damage

Seismically Resistant Design: Modern high
pressure gas lines provided wilh proper full
penetration welds and heavy walls are very
ductile and have considerable resis lance to
earthquake damage. Welded steel pipeline
perfonnance depends on the integrity ofthe
welds--modern butt-\velded pipelines
perform well, wher,eas gas lines constmeted
before and during the early 19308 using
oxyacetylene and electric-arc welds do no t.

Basis: Damage curves for transmission lines
in the natural-gas system are based on ATC
13 data for FC 31, underground pipelines
(see Figure B-l00}.Transmission pipelines
are typically large-diameter, welded steel
pipes that are expected to perform in
earthquakes in a manner superior to that of
typical underground pipelines, as indicated
by the benefIcial intensity shift below.
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Figure B-1 00 Damage percent by intensity for natural gas transmission lines.

Present Conditions: In the absence of data
on the type of material, diameter, age, etc.,
the following factors were used to modify .
the mean curves, under present conditions:

Upgraded Conditions: It is not cost
effective or practical to upgrade existing
natural-gas transmission lines, except
perhaps at fault crossings orin areas of
extremely unstable soils. Therefore, no

Standard construction is assumed to
represent typical California natural-gas
transmission lines under present conditions
(i.e., a composite of older and more modern
transmission lines). Only minimal regional
variation in the construction quality is
assumed.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
-1
-1
-1-,
o

intensity shifts for retrofitting are
recommended.

Time-to-restoration: The time-to
restoration data assigned to SF 32a,
tran~mission lines, are assumed to apply to
all transmission lines in the natural-gas
system. By combining these data with the
damage curves for FC 31, the time-to
restoration curves shown in Figures B-101
and B-102 were derived.

B.8.2 Compressor Stations

1. General

Description: In general, compressor stations
include a variety of electrical and
mechanical equipment, as well as structures
and buildings. A typical plant yard may
contain electrical equipment, heat
exchangers, horizontal gas-storage tanks on
plinths, compressors, fans, air-operated
valves, pumps, cooling towers, steel stacks
and co(umns, and piping. The control
equipment is usually located in a control
building. Cryogenic systems may also exist
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Figure B-1 03 Damage percentby intensity for compressor stations.

on the site. Compressors are typically used
to boost pressures in long distance
transmission lines.

Typical Seismic Damage: Damage
experienced at the site may include sliding
and toppling of unanchored equipment,
stretching of anchor bolts on stacks and
columns, damage to old timber cooling
towers, and sliding of unrestrained
horizontal tanks on plinths. Piping may
rupture because of movement of attached
unanchored equipment. Generic building
damage ranging from cracking of frames and
walls to partial or total collapse may be
experienced by the control building and
other buildings.

Seismically Resistant Design: Seismically
resistant design practices include designing
the buildings and structures in accordance
with the seismic requirements of a local or
national building code. In addition, all
equipment should be well anchored and
equipment on isolators properly snubbed.
Inspection and maintenance of timber
cooling towers and piping can mitigate
damage. AnChor bolts on stacks should be

designed to yield over a long length to
dissipate energy.

2. Direct Damage

Basis: Damage C1.\rves for compressor
stations in the natural-gas system are based
on ATC-13 data for FC 10, medium-rise
reinforced masonry shear wall buildings; FC
66, electrical equipment; and FC 68,
mechanical equipment (see Figure B-I03).
Compressor stations are assumed to be a
combination 000% generic buildings, 20%
electrical equipment, and 50% mechanical
equipment.

Standard construction is assumed to
represent typical California compressor
stations under present conditions (Le., a
COmposite of older and more modern
stations). Only minimal regional variation in
construction quality of mechanical
equipment is assumed.

Present Conditions: In the absence ofdata
on the type of material, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
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Figu we B-104 Resid ual capacity for compressor stations (NEH RP Califomia 7).

classes listed above, under present conditions:

Upgraded Conditillns: Fm areas where it
appears cost-effective to improve fadIi ties,
assume on a preliminary basis thai upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-tll-restllration: The time-to
restoralion data assigned to SF 32c,
compressor stations, high-pressme holders,
and mixer/switching terminals, are assumed
10 apply to an compressor stations in the
natural-gas system. By combining these data
with the d.amage ·curves derived using the
data for FC 10,66, and 68, the time-to-

NEHRP Map Area
California 7
California 3-6
Non-California?
Puget Sound 5
All other areas

MMI
Intem!ty

Shift
Fe 10FC 66FC 68
000

+1 +1 0
+1 +1 0
+1 +1 0
+2 +1 +1

restoration CIlIVes shown in Figures B-104
through B-106 were derived.

B.8.3 Distribution Mains

1. General

Descriptilln: In general, the distribution
mains in the natural-gas system are located
underground, except where they cross rivers
or gorges or where they emerge for
connection to compressor or pumping
stalions. They typically are between 2 and 20
inches in diameter and may be composed of
steel, cast iron, ductile iron,. or plastic.
Approximately 80% of all new distribution
piping is made of plastic. Shut-off valves,
which automatically function when line
pressure drops below a certain threshold
pressure, are frequenlly used.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether m not the supporting soil fails.
Routes are often selected along the edges of
river channels to avoid urban buildup and
street crossings and to simplify tile
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Figure 8.107 Damage percent by intensity for natural gas distribution mains.

acquisition of real estate. Such routes have
high liquefaction potential Pipe damage is
most common in soft alluvial soils, at
interfaces between soft and firm soils, at
locations of fault n1ptures, or at sharp
vertical or lateral dislocations or ruptures of
the ground. Pipes may buckle under
compressive forces, especially where they
cross ruptured faults. Damage may occur as
a result of displacements of nnanchored
compressors or pumps or other above
ground structures. Several past failures have
been attributed to corrosion combined with
surges in line pressure during the
earthquake. Rupture of pipes and loss of
contents could lead to fire, explosions, or
both.

Seismically Resistant Design: Seismically
resis tant design provisions for distribution
piping are typically minimal. Consequently,
large urban distribution systems should have
suitable valving installed so that large areas
can be broken down into zones. Special
precautions should be taken to reduce
earthquake effects at bay, river, and fault
crossings. Distribution mains at fault
crossings should be buried in shallow loose
fill or installed above ground near the fault

to allow lateral and longitudinal slippage.
Anchors such as thmst blocks or bends
should be excluded within a distance of 300
feet of a fault zone and strengthened pipe
should be used within the zone. Valve
spacing near fault zones or in areas of
expected soil failure should be reduced.
Automatic shut·offvalves, which operate
when pressure reduces, should not rely on
electricity to operate. Proper maintenance
to limit corrosion, which weakens pipes, is
important for mitigating damage.

2. Direct Damage

Basis: Damage curves for distribution mains
in the natural-gas system are based on ATe·
13 data for Fe31, underground pipelines
(see Figure B·107). Standardcoru;truction is
assumed to represent typical California
distribution mains under present conditions
(i.e., a composite of older and more modern
mains). Minimal regional variation in
construction quality is assumed.

Present Conditions: In the absence ofdata
on the type of material, diameter, age, etc.,
the following factors were used to modify
the mean curves, under present conditions:

•
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Figure 8-108 Residual capacity for natural gas distribution mains (NEHRP Map Area: California 3-6
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Upgraded Conditions: It is not cost
effective or practical to upgrade existing
natural-gas distribution mains, except
perhaps at fault crossings orin areas of
extremely unstable soils. Therefore, no
intensity shifts for retrofitting are
recommended.

Time-to-restoration: The time-to
restoration data assigned to SF 32d,
distribution feeder mains, are assumed to
apply to all distribution mains in the natural
gas system. By combining these data with the
damage curves for FC 31, the time-to
restoration curves shown in Figures B-108
and B-109 were derived.

NEHRP Map Area

California 7
California 3-6
Non-California 7
Puget Sound S\
All other areas

MMI
Intensity

Shift
o
o
o

+1
+1

B.9 Petroleum Fuels

B.9.1 Oil Fields

1. General

Description: In general, oil fields in the
petroleum fuels system may includes
pressure vessels, demineralizers, filters,
vertical tanks, horizontal water and oil
pumps, large heat exchangers, air
compressors, extensive piping, and air
operated valves. Additionally they may
include their own water treatment plant,
which demineralizes and filters water before
iUs injected as steam into oil wells in the
area. Control houses with control
equipment may monitor production and
flow in and out of the field.

Typical Seismic Damage: Building damage
may range from cracks in walls and frames to
partial and total collapse. Unanchored or
improperly anchored equipment may slide
or topple, experiencing damage or causing
attached piping and conduit to faiL Well
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is assumed, as shown in the intensity shift
factors below.

Time-la-restoration: The time-to
restoration data assigned to SF 18a, is
assumed to apply to all oil fields. By
combining these data with the damage

Present Conditions: In the absence of dala
on the type of equipment, age, etc., the
following factors were used to modify the
mean curve" under present conditions:

Upgraded Conditions: For areas where it
appears cost-effective 10 improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1). relative to the above present
conditions.

MMI
Intensity

Shift
o
o
o
o

+1

NEHRP Mao Area
California 7
Califomia 3-6
Non-CalHornia 7
Puget Sound 5
All other areas

Standard construction is assumed to
represent typical California oil fields under
present conditions (i.e., a composite ofolder
amI more modern fields). Only minimal
regional variation in the construction quality

casings will move with the surrounding soils
and may result in damage to the oil pumps. ,
Reduction or increase in production may
occur after an earthquake as a result of
geological changes in the oil field.

Seismically Resistant Design: Buildings
should be designed in accordance wilh the
seismic provisions of a local or national
building code. Ail equipment should be well
anchored.

2. DirectDamage

Basis: Damage curves for oil fields in the
petroleum fuels system (see Figure B-lIO)
are based on ATC-B data for FC 68,
mechanical equipment. It is believed that
this facility class best approximates the
expected performance of oil fields.
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curves for FC 68, the time-to-restoration
curves shown in Figures Be111 and B-112
were derived.

B.9.2 Refineries

1. General

Description: The typical oil refinery is a
complex facility with many different types of
buildings, structures,andeql1ipment. Tank
storage for the various products produced at
the refinery can consist of unanchored
vertical storage tanks supported on the
ground, horiwntal pressurized storage tanks
supported on steel or concrete plinths, and
spherical tanks supported on legs.
Refineries also include a large number of
steel stacks or columns anchored to
concrete foundations. Throughout the
refinery there are extensive runs of piping,
both on the ground and elevated.
Mechanical equipment throughout the
refinery includes pumps, heat exchangers,
furnaces, motors, and generators. Electrical
equipment includes transformers,
switchgear, and motor control centers.

Control rooms house control equipment.
Timber cooling towers, refueling stations,
administrative buildings, and wharf loading
facilities are also included in some
refineries.

Typical Seismic Damage: A major concern
after any earthquake that affects a refinery
is fire. Loss of contents from anyone of a
large number oftanks could lead to a fire
that could spread throughout the facility.
Similarly, toxic release andair emissions are
also serious concerns. The large cylindrical
ground-mounted steel tanks ate typically the
most vulnerable components at the refinery
and can suffer tank-wall buckling, bottom
rupture, wall-to-bottom weld failure, roof
damage, settlement, or pipe failure. Piping
systems can experience flange separations,
damage to supports, rupture at connections
to unanchored equipment, and valve
damage. Mechanical equipment with
inadequate anchorage can slide or topple.
Buildings and structures can experience
genericstructural damage ranging from .
cracks in walls and frames to partial or
complete collapse. Control room panels may

288 Appendix B: LIIeline Vulnerablilty Functions ATC-25



R=l!lBz
Oil FIelds

~"'---,----r----'r--10. ·.1.00 bB 1.0~------,

R= b * da~s + a

Mill
I>
7
8
9

10

a
~.391

e.344
~.28'

0.223
0.153

b
0.6&2
0.02B
0.017
0,012
~.010

R= Oz
IJlWS : 38 68 98 128 15~ 1lllJ 218 240 Z7B 38~ 330 3&5

Elapsed Time in Days

Figme B-111 Residual capacity for oil fields (NEHRP Map Area: Caj'ifornia 3-6, California 7, Non
California 7, and Puget Sound 5).

1.00'-.------,R=100z
Oil FleUs

...--...---,---r-,------, 10. 1.0~ bO

Mill a
b 0.344
7 0,286
B ~.223

9 ,0.153
10 0.100'

b
0.02B
O. B1'1
0.012
UtB
0.0117

R=,~,,,,

DAYS: 38 68 90, 120 150 mo 210 240278 3BO 338 365
Elapsed Time in Days

Figure B-112 Residual capacity for oil fields (All other areas).

Appendix B: Lifeline Vulnerability Funclions 239



D=I~~%

;fi

'"01
'" D=5~~E

'"o

Refinery
1>8
43
52

~.3~--~--,

6.4~

0.30

//
O'hey

// CA3-6

Non-CA 7
P.S.5

CA7~
--~..-

-~--

VII VIII IX
Modi.fied Mercalli Intensity (MMI)

x

Figure B-113 Damage percent by intensity for oil refineries.

slide or topple, or experience relay
problems. Stacks or columns may stretch
anchor bolts. Horizontal tanks may slide on
their plinths and rupture attached piping.
Brick linings in boilers may break.

Seismically Resistant Design: Seismically
resistant design practices include design of
all buildings and structures (including tanks)
for seismic requirements in a local or
national code. Storage tanks should be
provided with flexible piping, pressure relief
valves, and well-compacted foundations
resistant to differential settlement.
Retention dikes with sufficientcapacity to
retain all of the oil contained in the enclosed
tanks are necessary to mitigate the danger of
catastrophic fire after an earthquake.
Embankments for such dikes should be
stable when subjected to ground shaking.
Horiwntal tanks on plinths should be
restrained to prevent attached pipes from
rupturing. Long anchor bolts that are
properly embedded in foundations should
be used for heavy equipment and stacks.
Mechanical and electrical equipment should
be anchored to prevent sliding and toppling.
Maintenance and inspection programs for
cooling towers and piping should be

implemented. Supports for piping should be
designed for seismic loads. An emergency
power system should be provided for control
and emergency equipment as a minimum.

2. Direct Damage

Basis: Damage curves for refineries in the
petroleum fuels system are based on ATC
13 data for FC 43, on-ground liquid storage
tanks; FC 52, steel chimneys; and FC 68,
mechanical equipment (see Figure B-l13).
Refineries are assumed to be a combination
of 40% on-ground storage tanks, 30%
chimneys, and 30% mechanical equipment.

Standard construction is assumed to
represent typical California refineries under
present conditions (i.e., a composite of older
and more modern refineries). Only minimal
regional variation in the construction quality
of mechanical equipment is assumed, as
operational loads frequently govern over
seismic requirements.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
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Figure B-114 Residual capacity for oil refineries (NEHRP California 7).

classes li,ted above, under present
conditions:

in Figures B-114 through B-1]6 were
derived.

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 18b,
refllleries, are assumed to apply for all
refin~ri~ in the petroleum fuels system. By
combmmg these data with the damage
curves derived using the data for Fe 43 .52
and 68, the time-to-restoration curves sho~

NEHRP Map Area
Cal ifornia 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
FC 43FC 52FC 68

o 0 0
+1 +1 0
+1 +1 0
+1 +1 0
+2 +2 +1

B.9.3 Transmission Pipelines

1. General

Deseription:. In general, transmission lines
in the petroleum fuels system are located
underground, except where they cross rivers
or gorges, or where they emerge for
connection to compressor or pumping
stations. They are virtually always welded
steel and operate at high pressures. Shul_off
valves,. which automatically function when
line pressme drops below a certain
threshold pressure, are frequently included.

Typieal Seismic Damage: The performance
of pipelines is strongly dependenl on
whether or not the supporting soil fails.
~Olltes are often sel,:cted along the edges of
fiver channels to aVOId urban buildup and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction potentials. Failures in the
past have typically occurred at sharp vertical
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or lateral dislocations or mptures of the
ground. Pipes may buclde under
compressive forces, especially where they
cross ruptured faults. Damage has also
occurred because of axial elongations
caused by relative movement of two
horizontally adjacent soil layers. Damage
may occur as the result of displacements of
unanchored compressors or pumps or other
above ground structures. Several past
failures have heen allributed to corrosion
combined with surges in line pr,essure during
the earthquake. Failures of above ground
lines have resulted from support failure,
failure of pipeline allachment to SUppof!
structure, and relatively large support
movement. Rupture of pipes and loss of
contents could lead to ignition, fire, and/or
explosions.

Seismically Resistant Design: Modem high·
pressure petroleum fuel lines provided with
proper full penetration welds, heavy walls,
and strong couplings are very ductile and
have considerable resistance to earthquake
damage. Welded steel pipeline performance
depends on the integrity of the welds"
modem bUll-welded pipelines perform well,
whereas lines constructed before and during

the early 19311s may not. Special precautions
should be taken to reduce earthquake
effects at bay, river, and fault crossings.
Transmission lines at fault crossings should
be buried in shallow loose fill or installed

. above ground near the fault to allow lateral
and longitudinal slippage. Anchors such as
thrust blocks or bends ,should be excluded
within a distance of 300 feet of a fault wne,
and strengthened pipe should be used within
the wne. Valve spacing near fault wnes or
in areas of expected soil failure should be
reduced. Automatic shut-offvalves should
not rely on electricity to operate. Proper
maintenance to limit corrosion, which
weakens pipes, is important for mitigating
damage.

2 Direct Damage

Basis: Damage curves, for transmission lines
in the petroleum fuels system are based on
ATC-13 data for FC 31, underground
pipelines (see Figure B-] 17). Transmission
pipelines are typically large-diameter welded
steel pipes that are expected to perform in
earthquakes in a manner superior to typical
underground pipelines, as indicaled by the
beneficial intensity shift below.
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Present Conditions: In the absence of data
on the type of material, diameter, age, etc.,
the following factors were used to modify
the mean curves, under present conditions:

Upgraded Conditions: It is not cost
effective or practical to upgrade existing
petroleum fuels transmission pipelines,
except perhaps at fault crossings or in areas
of extremely unstable soils. Therefore, no

Standard construction is assumed to
represent typical California petroleum fuels
transmission lines under present conditions
(i.e., a composite of older and more modern
transmission lines). Only minimal regional
variation in the construction quality is
assumed.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
-1
-1
-1
-1
cl

intensity shifts for retrofitting are
recommended.

TiIlle-to-restomtion: The time-to
restoration data assigned to SF 18c,
transmission pipelines, are assumed to apply
to all transmission pipelines in the .
petroleum fuels system. By combining these
data with the damage curves for FC 31, the
tirile40-restoration curves shwon in Figure
B-118 were derived.

B.9.4 Distribution Storage Tanks

1. General

Description: Most oil storage tanks are
unanchored, cylindrical tanks supported
directly on the ground. Older tanks have
both fIXed and floating roofs, while more
modern tanks are almost exclusively
floating-roofed. Diameters range from
approximately 40 feet to more than 250 feet.
Tank height is nearly always less than the
diameter. ConstructiOn materials include
welded, bolted, or riveted steel. Tank
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1. General

B.lO.l Health Care

B.lO Emergency service

Present Conditions: In the absence of dllta
on the type of mllterial, age, etc., the
following factors were used to modify the
mean curves, under present conditions:

MMI
Intensity

Shift
o

+1
+1
+1
+2

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other a~eas

Tlme-to-restoration: The time-to
restoration data assigned to SF 18d,
distribution storage tanks, are assumed to
apply to all tanks. By combining .these data
with the damage curves for Fe 43, the time
to-restoration curves shown in Figures B
120 throlllgh B-121 were derived.

are based on ATC-13 data for FC 43,. on
ground liquid storage tanks (see Figure B
119). Stllndard construction is assumed to
represent typical California distribution
storage tanks under present conditions (i.e.,
a composite of older, non-seismically
designed tanks as well as more modern tanks
designed to seismic requirements (e,g., Al':I
650).

Description: Heallh care facilities
(hospitals) lire typically housed in one or
more buildings. Construction type varies
significantly. Smaller hospitals may contain
only limited equipment associated with
building services. Large hospitllis may
contain water treatment equipment,
emergency power diesels, chillers, and
boilers, as well as sophisticated equipment
used for treating patients.

Upgraded Conditions: For areas where it
appears cost-effective to improve fllcilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present collliitions_

foundations may consist ofsand or gravel, or
a concrete ring wall supporting the shell.

Seismically Resistanl Design: SeismiCally
resistant design practices for ground oil
distribution storage tanks include the use of
flexible piping, pressure relief valves, and
well-compacted foundations and concrete
ring walls that prevent differential
settlement. Adequate freeboard to prevent
sloshing against the roof should be
maintained. Positive attachment between
the roof and shell should be provided for flX
roofed-tanks. The bottom plate and its
connection to the shell should be stiffened
to resist uplift forces, and the base plate
should be protected against corrosion.
Abrupt changes in thickness between
adjacent courses should be avoided.
Properly detailed ductile anchor bolts may
be feasible on smaller steel tanks.
Maintaining a height-to-diameter ratio of
between 0.3 and 0.7 for tanks supported on
the ground controls seismic loading.
Retention dikes are needed to retain spilled
oil and prevent it from reaching ignition
sources. These dikes should have sufficient
capacity to retain all oil that could spill
within their confines. Also, all retention dike
embankments should be stable in ground
shaking.

Basis: Damage curves for distribution
storage tanks in the petroleum fuels system

Typical Seismic Damage: On-ground oil
storage tanks are subject to a variety of
damage mechanisms, including: (1) failure of
weld between base pIa te and wall, (2)
bucleling of tanle wall (elephant foot), (3)
rupture of attached rigid piping because of
sliding or rocking of tanle, (4) implosion of
tanle resulting from rapid loss of contents
and negative internal pressure, (5)
differential settlement, (6) anchorage failure
or tearing of tanle wall, (7) failure of roof-to
shell connection or damage to roof seals for
floating roofs (and loss of oil), (8) failure of
shell at bolts or rivets because of tensile
hoop stresses, and (9) to tal collapse.
Torsional rotations of floating roofs may
damage a ttachments such as guides, ladders,
,etc.

2. Direct Damage
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Typical Seismic Damage: Buildings may
experience generic building damage ranging
from cracks inwalls and frames to partial
and total collapse. Unanchored or
improperly anchored equipment may slide
or topple. Equipment supported on isolation
mounts with no snubbers mayfall off the
mounts and rupture attached piping and
conduits. Unrestrained batteries on racks
may fall, rendering the emergency power
systems inoperable. Suspended ceilings may
fall and impede operations. Equipment
necessary for treating patients may be
damaged, especially if it is supported on
carts or on wheels, or is top-heavy.
Equipment that requires precise alignment
is also susceptible to damage. In garages,
structural damage may result in ambulances
being unavailable when they are needed.

Seismically ReslstantDesign: As essential
facilities, hospital should be designed to
remain operational in the event of a major
earthquake. Typically this involves using
larger design forces and meeting more
restrictive design requirements than those
required by building codes for the building

design. However, equipment and
nonstructural items also require special
attention if the hospital is to remain
functional. All critical equipment should be
anchored. Equipment on isolators should be
snubbed. The emergency power system
should be closely scrutinized, and the
emergency diesel-generator system should
be maintained and tested frequently.
Equipment used to treat patients should be
stored and restrained properly. Medicine in
cabinets should be stored in a manner that
prevents it from falling to the floor.

2. Direct Damage

Basis: Damage curves for health care
facilities are based on ATC-13 data for FC
10, medium-rise reinforced masonry shear
wall buildings (see Figure B-123). FC 10 was
chosen to represent a generic building,
basedon review of damage curves for all
buildings.

Standard construction is assumed to
represent typical California health care
facilities under present conditions (I.e., a
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composite of older and more modem health
care). It is assumed that such facilities were
designed using enhanced seismic
requirements and that the beneficial
intensity shifts indicated below are
appropriate.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modifY the
mean curves, under present conditiollS:

1'ime-to-restoration: The time-to
restoration data assigned to SF 8, health
care services,. are assumed to apply to all
health care facilities. By combining these 
data with the damage curves for Fe 10, the
time-to-restoration curves shown in Figures
B-124 through B-l26 were derived.

B.10.2 Emergency Response Services

1. General

Upgraded Conditions: For areas where it
appears cost-effective to impmve facilities,
assume on a preliminary basis Ihat upgrades
result in one or two beneficial illtellSity
shifts (i.e., -1 or -2), relative to the above
present condiliom.

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound S
All other areaS

MMI
Intensity

Shift
-1
o
o
o

+1

Description: Emergency response services
include fire and police stalions. Both fire
and police stations may be housed in low- to
medium-rise structures of virtually any type
of construction, In many urban areas these
structures are old and were built prior to the
adoption of earthquake design codes.
Firehouses typically include garages to
house engines, sleeping quarters, kitchens,
utility rooms, and communications rooms.
Some stations have hose lowers used 10 dry
hoses after use. Police stations typically
include a dispatch center, detention area,
and squad room.
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Figure B-127 Damage percent by intensity for emergency response service facilities.

Typical Seismic Damage: Building,; housing
fire and police stations may experience
generic building damage ranging from
cracking of frames and walls to partial or
total collapse. Fire stations may be more
susceptible to damage than most buildings
because of the presence of the large garage
door openings and the hose towers, which
interrupt the continuity of the roof
diaphragm and frequently have
discontinuous shear walls or frames.
Significant damage to a fire station could
lead to loss of use of engines housed within
them. Unanchored communications
equipment in both stations could severely
hinder operations immediately after an
earthquake.

Seismicaily Resistant Design: Both fire and
police stations are critical buildings that
should remain operational after a major
earthquake. Accordingly, these facilities
should be designed to meet the seismic
requirements for critical buildings of a
national or local building code. Geometric
irregularities that will result in poor seismic
performance should be avoided (e.g.,

separate hose towers should be provided).
Communications equipment should be
properly restrained and provided with
backup emergency power, All equipment,
especially boilers, should be well anchored.
Engines and patrol cars should be stored in
areas that ar-e expected to escape serious
damage.

2. Direct Damage

Basis: Damage curves for emergency
respome service are based on ATC-13 data
for FC 10, medium-rise reinforced masonry
shear wall buildings (see Figure B-12?). FC
10 was chosen to represent a generic
building, based on review of damage curves
for all buildings. Although more modern
facilities may be designed to enhanced
seismic design criteria. many old police and
fire stations are still in me. Consequently,
no intensity shifts from typical FC 10
performance are assumed.

Standard construction is assumed to
represent typical emergency fespome
facilities under present conditions (i.e., a
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Figure 8-128 Residual capacity for emergency response selVice facilities (NEHRP California 7).

composite orolder and more modem police
and fire stations).

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves, under present conditions:

NEHRP Map Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

MMI
Intensity

Shift
o

+1
+1
+1
+2

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (Le., -lOr -2), relative to the above
present conditions.

Time-to-restoration: The time-to
restoration data assigned to SF 23,
emergency response services, are assumed
to apply to all emergency response service
facilities. By combining these data with the
damage curves for Fe 10, the time-to
restoration curves shown in Figures B-I28
through B-130 were derived.
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Figure C-2 Residual capacity of Missouri air transportation following New Madrid event (M=8).
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Figure C-6

Residual capacity of Kentucky air transportation following New Madrid event (M=8).
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Figure C-7 Residual capacity of South Carolina air transportation following Charleston event
(M=7.S).
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Figure C-B Residual capacity of North Carolina air transportation following Charleston event
(M=7.S).
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Figure C-9 Residual capacity of Georgia air transportation following Charleston event (M=7.5).
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Figure C-10 Residual capacity of Massachusetts air transportation following Cape Ann event (M=7.0).
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Figure C-11 ResidiJal capacity of Connecticut air transportation following Cape Ann event (M=7.0).
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Figure C-12 Residual capacity of Delaware air transportation foHowingCapeAnn event IM=7JJ).
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Figure C-13 Residual capacity of Rhode Island air transportation following Cape Ann event (M=7.0).
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Figure C-14 Residual capacity of New Hampshire air transportation following Cape Ann event
(M=7.0).
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Figure C-15 Residual capacity of Utah air transportation following Wasatch Front event (M=7.5).
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Figure C-16 Residual capacity of California air transportation following Hayward event (M=7.5}.
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Figure C-17 Residual capacity of California air transportation following Fort Tejon event (M=8.0).
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Figure C-18 Residual capacity ofWashington air transportation following Puget Sound event (M=7.S).
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Figure C-21 Residual capacity of Arkansas air transportation following New Madrid event (M=7.0).

100 I
.

. I

95

*' .

<:
.

~ 90
.8
'Jl
OJ
II

85

423514 21 28
Elapsed Time in Days

7
80+------,----r---,.------,---..,...,...-----j

o

Figure C-22 Residual capacity of Tennessee air transportation following New Madrid event (M=7.0).
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Figllre C-23 Residual capacity of Kentucky air transportation following New Madrid event (M=7.0).
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Figure C-24 Residllal capacity of Mississippi air transpmtation following New Madrid event (M=7.0).
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Figure C-25 Residual capacity of South Carolina ports following Charleston event (M=7.5).
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Figure C-26 Residual capacity of North Carolina ports following Charleston event (M=7.5).
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Figure C-27 Residual capacity of Georgia ports forlowing Charleston event (M=7.5).
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Figure C-28 Residual capacity of Massachusetts ports following Cape Ann event o(M=7.0).
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Figure C-29 Residual capacity of Rhode Island ports following Cape Ann event(M=7.0).

100T·-'----------------,---------,

95

90+---""------'

217 14
Elapsed Time in Days

85+--,....--------.,--'--------,-----------1
o

I ' ' , . • _ ,

FigureC-30 Residual capacity of Connecticut ports following Cape Ann event (M=7.0).
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Figure C-31 Residual capacity of California ports following Hayward event (M=7.5J.
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Figure C-32 Residual capacity of California ports following Fort Tejon event (M=8.0J.
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Figure C-33 Residual capacity of Washington ports following Puget Sound event (M=7.5).
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Figure C-34 Residual capacity of Illinois medical care centers following New Madrid event (M=8.0).
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Figure C-35 Residual capacity of Missouri medical care centers following New Madrid event (M=8.0).
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Figure C-36 Residual capacity of Arkansas medical care centers following New Madrid event {M=8.0).
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Figure c-37 Residual capacity ofTennessee medical care centers following New Madrid event
(M=8.0).
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Figure C-38 Residual capacity of Indiana medicalcare centers following NewMadrid event (M=8.0).
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Figure C-39 Residual capacity of Kentucky medical care centers following New Madrid event
(M=8.0l.
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Figure C-40 Residual; capacity of Mississippi medical care centers following New Madrid event
(M=8.0).
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Figure C·41· Residual capacity of South Carolina medical care centers following Charleston event
(M=7.5).
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Figure C-42 Residual capacity of North Carolina medical care centers following Charleston event
(M=7.5).
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Figure C-43 Residual capacity of Georgia medfcal care centers fol[owing Charleston event (M=7.5)<.
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Figure C-44 Residual capacity of Massachusetts medical. care centers following Cape Ann! event
(M=7.0).
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Figure C-45 Residual capacity of Connecticut medical care centers following Cape Ann event
(M=7.0).
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Figure C-46 Residual capacity of Delaware medical care centers following Cape Ann event (M=7.0).
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. Figure C-47 Residual capa.city of Rhode Island medica~ care centers foHowing Cape Aim event
(M=7.0).
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Figure C-48 Residual capacity of New Hampshire medical care centers following Cape Ann evellt
(M=7.0).
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Figure C~49 Residual capacity of Utah medical care centers following Wasatch Front (M=7.5).
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Figure C-52 Residual capacity of Washington medicai care centers foiIowing Puget Sound even!
(M=7.5).
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Figure C·53 Residual capacity of Missouri medical care centers following New Madrid event (M=7.0).
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Figure Cc54 Residual capacity of Arkansas medical care centers following New Madrid event (M=7.0).
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Figl.lre C-55 Residl.lal capacity of Tennessee medical care centers following New Madrid event
(M=7.0).
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Figl.lre C-56 Residllal capacity of Kentllcky medical care centers following New Madrid event
(M=7.0).
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Figure C·57 Residual capacity ofMississippi medical care centers following New Madrid event
(M=7.0).

100

I
. I

95
I

<f<. Ic

I0

~
~

~ I

'" Ia: 90-

85+0---.-----~r-----r---,------.--·42~---:4r:-9--:156
7 14 21. 28 35

Elapsed Time in Days

Figure C-58 Residual capacity of Illinois fire stations followingNew Madrid event (M=7.0).
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Figure C-S9 Residual capacity of Missouri fire stations following New Madrid event (M=8.0).
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Figure C-60 Residual capacity of Arkansas fire stations following New Madrid event (M=8.0).
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Figure C-61 Residual capacity of Tennessee fire stations following New Madrid event (M=8.0).
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Figure C-62 Residual capacity of Indiana fire stations following New Madrid event (M=8.0).
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Figure C-63 Residual capacity of Kentucky fire stations following New Mad,fd event IM=8.0).
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Figure C-64 Residual capacity of Mississippi fire stations following New Madrid event (M=8.0).
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Figure C-66 Residual capacity of North Carolina fire stations following Charleston event (M=7.S).
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Figure C·67 Residual capacity of Georgia fire stations following Charleston event (M=7.51.
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Figure C-68 Residual capacity of Massachusetts fire stations following Cape Ann event (M=7.01.
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Figure C-69 Residual capacity of Connecticut fire stations following Cape Ann event (M= 7.0).
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Figure C-70 Residual capacity of Delaware fire stations following Cape Ann event (M=7.0).
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figure C-71 Residual capacity of Rhode Island fire stations following Cape Ann event {M=7.0l'.
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Figure C-72 ResIdual capacity of New Hampshire fire stations foHowing Cape Ann event (M=7.0).
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Figure C-73 Residual capacity of Utah fire stations following Wasatch Front event (M=7.5).

100-,---- ---------------~-----_,-,

80+--,.. .,---.- --,-----,--.,------,---r---,---,- ---,- -!
o 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Elapsed Time in Days

Figure C-74 Res.idual capacity of California fire stations following Hayward event (M=7.5).
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Figure C-75 Residual capacity of Califomia fire stations following FortTejon event {M=8..Q).
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Figure C-76 Residual capacity of Washington fire stationsfoil owing PugelSound event {M=7.5).
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FigureC-n Residual capacity of Missouri fire stations following New Madrid event (M=7.0).
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Figure C-78 Residual capacity of Arkansas/ire stations following New Madrid event (M=7.0).
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Figure C-79 Residual capacity of Tennessee fire stations following New Madrid event (M=7.0l.
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Figure C-BO Residual capacity of Kentucky fire stations following New Madrid event (M=7.0).
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Figure C-81 Residual capacity of Mississippi fire stations following New Madrid event (M=7.0).
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Figure C-82 Residual capacity of Illinois police stations following New Madrid event (M=8.0).
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Figure C-B3 Residual capacity of Arkansas police stations following New Madrid event (M=8.0).
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figure C-8'! Residual capacity of Tennessee police stations following New Madrid event (M=S.O).
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Figure C·85 Residual capacity of Kentucky police stations following New Madrid event (M=8.0).
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Figure C-86 Residual capacity of Mississippi police stations following New Madrid event (M=8.0).
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Figure C-B7 Residual capacity of South Carolina police stations following Charleston event (M=7.5).
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Figure C-89 Residual capacity of Georgia police stations following Charleston event (M=7.5)
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Figure C-90 Residual capacity of MassachusettS police stations following Cape Ann event (M=7.0)j
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Figure C-91 Residual capacity of Cmlnecticut police stations foHowing Cape Ann event (M=7.0).
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Figure C-92 Residual capacity of Delaware police stations foHowing Cape Ann event (M=7.0).

ATC-25 Appendix C: Residual Capacity .Plo1s 351



.

I
r

I

I
.

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15

o 7 14 21 28 35
Elapsed Time in Days

42 49 56

Figure C-93· Residual capacity of Rhode Island poliCe Stations following Cape Ann event (M= 7.0).
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Figure C-94 . Residual capacity of New Hampshire p()lice stations foliowing'Cape Ann event (M=7.0).
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Figure C-95 Residual capacity of Utah police stations following Wasatch Front event (M=7.5).
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Figure C-96 Residual capacity of California police stationsfollowing Hayward event (M=7.5).
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Figure C-97 Residual capacity of California police stations following Fort Tejon event (M=8.0).
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Figure C-98 Residual capacity of Washington police stations following Puget Sound event (M= 7.5).
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Figure C-99 Residual capacity of Arkansas police stations following New Madlfd event (M=7.0).
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Figure C-1 00 .Residual capacity of Tennessee polke stations following New Madrid event (M=7.0).
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Figure C-101 Residual capacity of Mississippi police stations following New Madrid event(M=7.0).
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Figure C-1 02 Residual capacity of Illinois broadcast stations following New Madrid event (M=8.0).
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Figure C-l03 Residual capacity of Missouri broadcast stations following New Madrid event {M=8.0).
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Figure C:l 04 Residual capacity of Arkansas broadcast stations fol.lowing New Madrid event {M=8.0).
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Figure C·105 Residual capacity of Tennessee broadcast stations following New Madrid event (M=8.0).
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Figure C·1 06 Residual capacity of Kentucky broadcast stations following New Madrid event (M=8.0).
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Figure C-1 07 Resid ual capacity of Indiana broadcast stations following New Maddd event (M= 8.Ol'.
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Figure C-1 08 Residual capacity of Mississippi broadcast stations following New Madrid event (M=8.01.
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Figure C-109 Residual capacity of South Carolina broadcast stations following Charleston event
(M=7.5). .
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Figure C-11 0 Residual capacity of North Carolina broadcast stations following Charleston event
(M=7.5).
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Figure C-111: Residual capacity of Georgia broadcasl: stations following Charleston event (M=7.5).
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Figure C-112 Residual capacity of Florida broadcast stations following Charleston event (M=7.5).
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Figure C-113 Residual capacity of Massachusetts broadcast stations following Cape Ann event (M=7.0).
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Figure C-114 Residual capacity of Connecticut broadcast stations following Cape Ann event (M=7.0).
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Figure C-115 Residual capacity of Delaware broadcast stations foHowing Cape Ann event (M=7.0}.
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Figure C-116 Residual capacity of Rhode Island broadcast stations following Cape Ann event (M=7.01.
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Figure C-117 Residual capacity of New Hampshire broadcast stations following Cape Ann event
(M=7.0).
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Figure C-118 Residual capacity of Utah broadcast stations following Wasatch Front event (M=7.5).
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Figure C-119 Residual capacity of California broadcast stations fo~lowing Hayward event (M=7.S).
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Figure C-120 ResiduaI capacity of California broadcast stations foll'owfng FOIt Tejon event (M=B.O}.
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. Figure C-121 Residual capacity of Washington broadcast stations following Puget Sound event (M= 7.5).
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FigureC-122 Residual capacity of Missouri broadcast stations following New Madrid event (M=7.0).
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Figure C-123 Residual capacity of Arkansas broadcast stations foUowing New Madrid event (M=7.0).
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Figure C-124 Residual. capacity ofTenne5see broadcast stations foUowing New Madrid event (M=7.0).
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Figure C-125 Residual c~pacity ofKentucky broadcast stations following New Madridevent(M=7,O),
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Figure C-126 Residual capacity of Mississippi broadcast stations following New Madrid event (M=7.0).
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Figure C-127 Residual capacity of railroad system serving epicentral region following New Madrid event
(M=8.0).
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Figure C-128 Residual capacity of railroad system serving Charleston, Soutn Carolina following
Charleston event (M=7.5).
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Figure C-129 Residual capacity ofrail road system serving Cape Ann region following Cape Ann event
(M=7.0).
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Figure C-130 Residual capacity of railroad system serving Salt lake City following Wasatch Front event
(M=7.5).
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Figure C-131 Residual capacity of railroad system serving San Francisco COUflty, Alameda County, and
Contra Costa County following Hayward evegt (M=75j.
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Figure C-132 Residual capacity of railroad system serving CaHornia fo!lowiflg Fort Tejon event
(M=8.0).
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Figure C-133 Residual capacity ofrailroad system serving Seattle following Puget Sound event (M=7'.S).
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Figure C-134 Residual capacity of railroad system serving epiceotral region following New Madrid event
(M=7.0). .
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Figure C-135 Residual capadtyof epicentral region highways forlowing New Madrid event (M=8.0).
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Figure C'136 Residual capacityof epicentral region highways following Charleston eventIM=7.5).
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Figure C-137 Residual capacity of epiCentral region highways following Cape Ann event (M=7.0).
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Figure C-138 Residual capacity of epicentral region highways following Wasatch Front event (M=7.5).
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Figure C-139 Residual capacity of epicentral region highways following Hayward event (M=7.5J.
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Figure C-140 Residual capacity of epicentral region highways fo~lowing Fort Tejon event IM=8.0)
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Figure C-141 Residual capacity of epicentral region highways following Puget Sound event (M=7.5).
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Figure C-142 Residual capacity of epicentral region highways following New Madrid event (M=7.0)
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figure C-143 Residual capacity of lIJinois electric power following New Madrid event (M=8.fl).
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figure C-144 Residual capacity of Missouri electdc power following New Madrid event (M=8.0)
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Figure C-145 Residual capacity of Arkansas electric power following New Madrid event (M=8.0).
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Figure C-146 Residual capacity of Tennessee electric power following New Madrid event (M=8.0)
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Figure C-147 Residua! capacity of Kentucky electric power following New Madrid event {M=8.0l.
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Figure C-148 Residual capacity oflndrana electric power following New Madrid event (M=8.0~
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Figure C-149 .Residual capacity of Mississippi electric power following New Madrid event (M=8.0).
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Figure C-150 Residual capacity of South Carolina electric power following Charleston event (M= 7.5).
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Figure C-151 Residual capacity of North Carolina electric power following Cnarlestofl event {M=7.5}.
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figure C-152 Residual capacity of Georgia electrlc power fa flowing Charleston event (M=7.5).
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Figure C-153 Residual capacity of Massachusetl$ electric power following Cape Ann event (M=7.0).
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Figure C-154 Residual capacity of Connecticut electric power following Cape Ann event (M= 7.0).
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Figllre C-155 Residual capacity of Delaware electric power following Cape Ann event (M=7.0).
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Figllre C-156 Residual capacity of Rhode ls~and electric power following Cape Ann event (M=7.0).
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Figure C-1S7 Residual capacity of NewH~mpshireelectric power following Cape Ann event (M=7.0).
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Figure C-158 . Residual capacity ofUtah electric powerf()lI()~ing Wasatch~ront event (M=7.S).
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Figure C-159 ' Residual capacity of California electdc power following Hayward event (M=7.5).
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Figure C·160 Residual capacity of California electric powedollowing Fort Tejonevelll: (M=8.0).
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Figure C-161 Residual capacity of Washington electric power following Puget Sound event (M=7.5).
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Figure C-162 Residual capacity of Missouri electric power following New Madrid event (M=7.0).
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figure C-163 Residual capacity of Arkansas electric power following New Madrid event (M=7.0).
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figure C-164 Residual capacity of Tennessee electric power following New Madrid event (M=7.0).
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Figure C-165 Residual capacity of Kentucky electric power following New Madrid event (M=7.0).
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Figure C-166 Residual capacity of Mississippi electric power following New Madrid event (M=7.0).
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Figure C-168 Residual capacity of San Francisco Bay area water system fo~lowing Hayward evellt
(M';"7.5).
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Figure C-169 Residual capacity of epicentral region water system following Puget Sound event
(M=7.5J,
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Figure C-170 Residual capacity of crude oil delivery from Texas and Louisiana to Chicago following
New Madrid event (M=8.0).
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Figure C-171 Residual capacity of crude oil delivery from Texas to Southern CaHfomia foHowfng Fort
Tejon event (M=8.0).

155 10
Elapsed Time in Days

!-

-

. .

100
95
90
85
80

~ 75
'" 70'8 65
<! 60
"'"8 55

50
<i 45
.g 40
"iii 35
3J 30

25
20
15
10

5
o

Figure C-172 Residual capacity of crude oil delivery from Texas to Northern California folbwing Fort
Tejon event (M=8.0).
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Figure C-173 Residual capacity of crude oil delivery from Texas and Louisiana to Chicago following
New Madrid event (M=7.0).
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Figure C-174 Residual capacity of refined .oil delivery from Texas to Chicago following New Madrid
event (M=8.0). . .
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Figure C-175 Resrdllal capacity of refined oil delivery from Texas to Chicago following New Madrid
event (M=7.0).
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Figure C-176 Resrdllal capacity -of natural gas deHvery from Texas and lOllisiana to Chicago following
New Madrid event (M=B.O).
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Figure C-177 Residual capacity of natural gas delivery from Texas and Louisiana to northeast region
following New Madrid event (M=8.0).
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Figure C-178 Residual capacity of natural gas delivery from Texas to Northern California following
Hayward event (M=7.S).
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Figure C-179 Residual capacity of natural gas delivery from Texas to Washington: following Hayward
event (M=7.5).
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Figure C-180 Residual capacity of natura~ gas deHvery in Utah following Wasatch Front event (M=7.5l.
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Figure C"181 . Residual capacity of natural gas delivery from Texas to California following Fort Tejon
event (M=8.0).
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Figure C-182 Residual capacity of natural gas delivery from Texas to Seattle following Puget Sound
event (M= 7.5).
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Figure C-183 Residual capacity of natural gas delivery from Texas and louisiana to Chicago fo~lowil\g

New Ilvtadrid event (M= 7.0).
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Figure C~184 Residua.1 capacity of natural gas delivery from Texas and louisiana to northeast region
following New Madrid event (M=7.0).
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Figure C-185 Residual capacity of Missouri upgradlld electric system following New Madrid event
(M=8.0).
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Figure C-186 Residual capacity of Arkansas upgraded electric system following New Madrid event
(M=8.0).
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Figure C-187 Residual capacity of Tennessee upgraded electric system following New Madrid event
(M=8.0).

100
I

I
I

"" I0

c
[0

~ 95
~ I.,g .

"' I'
iJ)

cr:

90+----.--,.--~-~--.,---,-----"r_--.--_I
o 7 14 21 28 35 42 49 56

Elapsed Time in Days

Figure C-188 Residual capacity of Kentucky upgraded electric system following New Madrid event
(M=B.O).
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Figure C-189 Residual capacity of Mississippi upgraded electric system following NeVIl Madrid eyent
(M=8.0).· .
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Figure C-190 Residual capacity of South C;arolina upgraded electric system following Charleston. eyent
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Figure C-191 Residual capacity of North Carolina upgraded electric system following Charleston event
(M=7.5).
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Figure C-192 Residual capacity of Georgia upgraded electric system fo~lowing Charleston event
(M=7.5).
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Figure C-193 Residual capacity of Massachusetts upgraded electric system following Cape Ann event
(M=7.0).
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Figure C-194 Residual capacity of Utah upgraded electric system following Wasatch Front event
(M=7.5).
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Figure C-195 Residual capadty of California upgraded electric system followIng Hayward event
(M=7.5l.
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Figure C-196 Residual capacity of California upgraded electric system following Fort Tejon event
(M=8J)).
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Appendix E: Applied Technology Council
Projects and Report Information

One of the primary purposes of Applied
Technology Council is to develop resource
documents that translate and summarize useful
information to practicing engineers. This
includes the development of guidelines and
manuals, as well as the development of research
recommendations for specific areas determined
by the profession. ATC ffi not a code
development organization, although several of
the ATC project reports serve as resource
documents for the development of codes,
standards and specifications.

Applied Technology Council conducts projecls
that meet the following criteria:

1. The primary audience or benefactor is
the design practitioner in structural
engineering.

2. A cross section or consensus of
engineering opinion is required to be
obtained and presented by a neu tral
source.

3. ATC is requested to conduct the project
by the project sponsor.

A brief description of several major completed
projects and reports, is given in the following
section. Funding for projects is obtained from
government agencies and tax-deductible
contributions from the private sector.

ATC-l: This project resulted in five papers
which were published as part of Building
Practices for Disaster Mitigation, Building
Science Series 46, proceedings of a workshop
sponsored by the National Science Foundation
(NSF) and the National Bureau of Standards
(NBS). Available through the National
Technical Information Service (NTIS), 5285
Port Royal Road, Springfield, VA 22151, as
NTIS report No. COM-73-50188.

ATC-2: The report, An Evaluation ofa
Response SpectmmApproach to Seismic Design
ofBuildings, was funded by NSF and NBS and
was conducted as part of the Cooperative
Federal Program in Building Practices for

Disaster Mitigation. Available through the
ATC office. (270 Pages)

Abstract: This study evaluated the
applicability and cost of the response
spectrum approach to seismic analysffi and
design that was proposed by various
segments of the engineering profession.
Specific building designs, design
procedures and parameter values were
evaluated for future application. Eleven
existing buildings of varying dimensions
were redesigned according to the
procedmeso

ATC-3: The report, Tentative Provisions for the
Development ofSeismic Regulations for
Buildings (ATC-3~06J', was funded by NSF and
NBS. The second printing of this report, which
included proposed amendments, is available
through the ATCoffice. (505 pages plus
proposed amendments)

Abstract: The tentative provisions in this
document represent the result of a
concerted. effort by a multi-disciplinary
team of 85 nationally recognized experts
in earthquake engineering. The project
involved representation from all sections
of the United States and had wide review
by affected building industry and
regulatory groups. The provisions
embodied several new concep ts that were
significant departures from existing
seismic design provisiollS. The second
printing of this document contains
proposed amendments prepared by a joint
committee of the Building Seismie Safety
Council (BSSe) and the NBS; the
proposed amendments were published
separately by BSSC and NBS in 1982.

ATC-3-2: The project, Comparative Test
Designs of Buildings Using ATC-3-06 Tent.ative
Provisions, was funded by NSF. The project
cons;' ted of a study to develop and plan a
program for making comparative test designs of
the ATC-3-06 Tentative Provisions. The project
report was written to be used by the Building
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Seismic Safety Council in its refinement of the
ATC-3-06 Tentative Provisions.

ATC-3-4: The report, Redesign of Three
Multistory Buildings: A Comparison UsingATC
3-06 and 1982 Unifonn Building Code Design
Provisions, was published under a grant from
NSF. Available throughthe ATC office. (112
pages)

Abstract: This report evaluates the cost
and technical impact of using the 1978
ATC-3_06 report, Tentative Provisions for
the Development ofSeismic Regulations
for Buildings, as amended by a joint
committee of the Building Seismic Safety
Council and the National Bureau of
Standards in 1982. The evaluations are
based on studies of three existing
California buildings redesigned in
accordance with the ATC.3-06 Tentative
PtovisiOlis and the 1982 Uniform Building
Code. Included in the report are
recommendations to code implementing
bodies.

ATC-3-5: This project, Assistance for First
Phase of ATC-3-06 Trial Design Program Being
Conducted by the Building Seismic Safety
Council, was funded by the Buildings Seismic.
Safety Council and provided the services of the
ATC SeniorConsultant and other ATC
personnel to assist the BSSC in the conduct of
the first phase of its Trial Design Program, The
first phase provided fonrial designs conducted
for buildings in 1.os Angeles, Seattle, Phoenix,
and Memphis.

ATC-3-6: This project, Assistance for Second
Phase of ATC-3-06 Trial DeSign Program Beillg
Conducted by the Building Seismic Safety
Council, was funded by the Building Seismic
Safety Council and provided the services of the
ATC Senior Consultant and other ATC
personnel to assist the BSSC in the conduct of
the second phase of its Trial Design Program.
The second phase provided for trial designs
conducted for buildings in New York, Chicago,
St. Louis, Charleston, and Fort Worth.

ATC-4: The report, A Methodology for Seismic
Design and Construction ofSingle-Family
Dwellings, was published under a contract with
the Department of Housing and Urban

Development (HUD). Available through the
ATC office. (576 pages)

Abstract: This report presents the results
of an in-depth effort to develop design
and construc.tion details for single-family
residences thaIminimize the potential
economic loss and life-loss risk associated
with earthquakes. Thereport: (1)
discussed the ways structures behave
when subjected to seismic forces, (2) sets
forth suggested design criteria for
convcntionallayouts of dwellings
constructed with conventional materials,
(3) presents construction details that do
not require the designer to perform
analytical calculations, (4) suggests
procedures'fDr efficient plan-checking,
and (5) present recommendations
including details and schedules for use in
the field by construction personnel and
building inspectors.

ATC-4-1: The report, The Home Builders Guide
for Earthquake Design, was published under a
contract with HUD. Available through the
ATC office. (57 pages)

Abstract: This report is a 57-page
abridged version of the ATC-4 report.
The concise, easily understood text of the
Guide is supplemented with illustrations
and 46 construction details. The details
are provided to ensure that houses
contain structural features which are
properly positioned, dimensioned and
constructed to resist earthquake forces. A
brief description is included on how
earthquake forces impact on houses and
some precautionary ('onstraints are given
with respect to site selection and
architectural designs.

ATC-5: The report, Guidelines for Seismic
Design and Constmction ofSingle-Story Masonry
Dwellings in Seismic Zone 2, was developed
under a contract with HUD. Available through
the ATC office. (38 pages)

Abstract: The report offers a concise
methodology for the earthquake design
and construction of single-story masonry
dwellings in Seismic Zone 2 of the United
States, as defined by the 1973 Uniform
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Building Code. The guidelines are based
in part on shaking table tests of masonry
construction conducted at the University
of California at Berkeley Earthquake
Engineering Research Center. The
report is wrillen in simple language and
includes basic house plans, wall .
evaluations, detail drawings, and material
specifications.

ATC-6: The report, Seismic Design Guidelines
for Highway Bridges, was published under a
contract with the Federal Highway
Administration (FHWA). Available through
the ATe office. (210 pages)

Abs tract: The Guidelines are the
recommendations of a team of siXteen
nationally recognized experts that
included consulting engineers, academics,
state and federal agency representatives
from throughout the United States. The
Guidelines embody several new concepts
that are significant departures from

.existing design provisions. An extensive
commentary and an example
demonstrating the use of the Guidelines
are included. A draft of the Guidelines
was used to seismically redesign 21 bridges
and a summary of the redesigns is also
included.

ATC-6-1: The report, Proceedings ofa
Workshop on Earthquake Resistance ofHighway
Bridges, was published under a grant from NSF.
Available through the ATC office. (625 pages)

Abstract: The report includes 23 state-of
the.art and state-of-practice papers on
earthquake resistance of highway bridges.
Seven ofthe twenty-three papers were
authored by participants from Japan,. New
Zealand and Portugal. The Proceedings
also oontain recommendations for future
research that were developed by the 45
workshop participants.

ATC-6-2: The report, Seismic Retrofitting
Guidelines for Highway Bridges, was published
under a contract with FHWA Available
through the ATC office. (220 pages)

Abs tract: The Guidelines are the
recommendations of a team of thirteen

nationally recognized experts that
included consulting engineers, academics,
state highway engineers, and federal
agency representatives. The Guidelines,
applicable for lISe in all parts of the U.S.,
include a preliminary screening .
procedure, methods for evaluating an
existing bridge in detail, and potential
retrofitting measures for Ihe most
common seismic deficiencies. Also
included are special design requirements

.for various retrofit ting measures.

ATC-7: The report, Guidelines for the Design of
Horizontal Wood Diaphragms,. was published
under a granl from NSF. Available through the
ATe office. (190 pages)

Abstract: Guidelines are presented for
designing roof and floor systems so these
can function as horizontal diaphragms in a
lateral force resisting system. Analytical
procedures, connection details and design
examples are included in the Guidelines.

ATe-7-1: The report, Proceedings ofa
Workshop ofDesign ofHorizontal Wood
Diaphragms, was published under a grant from
NSF. Available through the ATC office. (302
pages)

Abstract: The report includes seven
papers on state-of-the-practice and two
papers on recent research. Also included
are recommendations for future research
that were developed by the 35
participants.

ATC-8: This report, Proceedings ofa Workshop
on the Design ofPrefabricated Concrete BUildings
for Earthquake Loads, was funded by NSF.
Available through the ATC office. (400 pages)

Abstract: The report includes eighteen
state-of-the-art papers and six summary
papers. Also included are
recommendations for future research that
were developed by the 43 workshop
participants.

ATC-9: The report, An Evaluation ofthe
Imperial County Services Building Earthquake
Response and Associated Damage, was published
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under a grant from NSF. Available through the
ATC office. (231 pages)

Abstract: The report presents the results
of an in-depth evaluation of the Imperial
County Services Building, a 6-story
reinforced concrete frame and shear wall
building severely damaged by the October
15, 1979 Imperial Valley, California,
earthquake. The report contains a review
and evaluation of earthquake damage to
the buildings; a review and evaluation of
the seismic design; a comparison of the
requirements of various building codes as
they relate to the building; and
conclusions and recommendations
pertaining to future building code
provisions and future research needs.

ATC-IO: This report, An Iiwestigation ofthe
Correlation Between Earthquake Ground Motion
and Building Petfonnance, was funded by the
U.S. Geological Survey (USGS). Available
through the ATC office. (114 pages) .

Abstract: The report contains an in-depth
analytical evaluation of the ultimate or
limit capacity ofselected representative
building framing types, a discussion of the
factors affecting the seismic performance
of buildings, and a summary and
comparison of seismic design and seismic
risk parameters currently in widespread
use.

ATC-IO-l: This report, Critical Aspects of
Earthquake Ground Motion and Building
Damage Potential, was co-funded by the USGS
and the NSF. Available through the ATC
office. (259 pages)

Abstract: This document contains 19
state-of-the-art papers onground motion,
structural response, and structural design
issues presented by prominent engineers
and earth scientists in an ATC seminar.
The main theme of the papers is to
identify the critical aspects of ground
motion and building performance that
currently are not being considered in
building design. The report also contains
conclusions and recommendations of
working groups convened after the
Seminar.

ATC-ll: The report, Seismic Resistance of
Reinforced ConCrete Shear Walls and Frame
Joints: Implications ofRecent Research for
Design Engineers, was published under a grant
from NSF. Available through the ATC office.
(184 pages)

Abstract: This documeni presents the
results of an in-depth reviewand synthesis
of research reports pertaining to cyclic
loading of reinforced concrete shear walls
and cyclic loading of joint reinforced
concrete frames. More than 125 research
reports published since 1971 are reviewed
and evaluated in this report. The
preparation of the report included a
consensus process involving numerous
experienced design professionals from
throughout the United States. The report
contains reviews of current and past
design practices, summaries of research
developments, and in-depth discussions of
design implications of recent research
results.

ATC-IZ: This report, Comparison ofUnited
States and New Zealand Seismic Design Practices
for Highway Bridges, was published under a grant
from NSF. Available through the ATC office.
(270 pages)

Abstract: The report contains summaries
of all aspects and innovative design
procedures used in New Zealand as well
as comparison of United States and New
Zealand design practice. Also included
are research recommendations developed
at a 3-day workshop in New Zealand
attended by 16 U.S. and 35 New Zealand
bridge design engineers and researchers.

ATC-12-1: This report, Proceedings ofSecond
Joint U.S.-New Zealand Workshop on Seismic
Resistance ofHighway Bridges, was published
under a grant from NSF. Available through the
ATC office. (272 pages)

Abstract: This report contains written
versions of the papers presented at this
1985 Workshop as well as a list and
prioritization of workshop
recommendations. Included are
summaries of research projects currently
being conducted in both countries as well
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as state-of-the-practice papers on various
aspects of design practice. Topics
discussed include bridge design
philosophy and loadings; design of
columns, footings, piles, abutments and
retaining structures; geotechnical aspects
of foundation design; seismic analysis
techniques; seismic retrofitting; case
studies using base isolation; strong-motion
data acquisition and interpretation; and
testing ofbridge componenIs and bridge
systems.

ATC-I3: The report, Earthquake Damage
EvaluationData for California, was developed
under a contract with the Federal Emergency
Management kgency (FEMA). Available
through the ATC office. (492 pages)

Abstract: This report pr,esents expert-
. opinion earthquake damage and loss

,estimates for existing industrial,
commercial, residential, utility and
transportation facilities in California.
Included are damage probability matrices
for 78 classes of structures and estimates
of time required to restore damaged
facilities to pre-earthquake usability. The
report also describes the inventory
information essential for estimating
economic losses and the methodology
used to develop the required data.

ATC·I4: The report, Eva/lUlting the Seismic
Resistance ofExisting Buildings, was developed
under a grant from the NSF. Available through
the ATC office. (370 pages)

Abstract: This report, wri tten for
practicing structural engineers, describes a
methodology for performing preliminary
and.detailed building seismic evaluations.
The report contains a state-of-practice
review; seismic loading criteria; data
collection procedures; a detailed
description of the building classification
system; preliminary and detailed analysis
procedures; and example casestudies, .
including non-structural considerations.

ATC-IS: This report, Comparison ofSeismic
Design Practices in the United States and Japan,
was published under a grant from NSF.
Available through the ATC office. (317 pages)

Abstract: The report contains detailed
technical papers describing current design
practices in the United Stales and Japan
as well as recommendations emanating
from a joint U.S.-Japan workshop held! in
Hawaii in March, 1984. Included are
detailed descriptions of new seismic
design methods for buildings in Jajl@ and
case studies of the design of specific
buildings (in both countries). The report
also contains an overview of the history
and objectives of the Japan Structural
Consultants kssociation.

ATC-IS-I: The report,. Proceedings ofSecond
U.s.-Japan Workshop on Improvement of
Building Seismic Design and Constmction
Practices, was published under a grant from
NSF. Available through the ATC office. (412
pages)

Abstract: This report contains 23
technical papers presented at this San
Francisco workshop in August, 1986, by
practitioners and researchers from the
U.S. and Japan. Included are state"Of
the-practice papers and case studies of
actual building designs and information
~)Il regulatory, contractual, and licensing
ISSl]es~

ATC-I5-2: The report, Proceedings ofThird
U.S.cJapan Workshop on Improvement of
Building Structural Design and ConsllUction
Practices, was published jointly by TAC and the
Japan Structural Consultants Association.
Available through the ATC office.

Abstract: This report contains 2]
technical papers presented at this Tokyo,
Japan, workshop in July, 1988, by
practitioners and researchers from the
U.S., Japan, China, and New Zealand.
Included are state-of,the-practice papers
on various tOjlies, including braced steel
frame buildings, beam-columnjoinls in
reinforced concrete buildings, summaries
of comjlarative U. S. and Jiapanese design,
and base isolation and passive energy
dissipation devices.

ATC-16: This project, Developmentofa 5-Year
Plan for Reducing the Earthquake Hazards
Posed by Existing Nonfederal JRuiMings, was
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funded by FEMA and was conducted by a joint
venture of ATC, the Building Seismic Safety
Council and the Earthquake Engineering
Research Institute. The project involved a
workshop in Phoenix, Arizona, where
approximately 50 earthquake specialists meot to
identify the major tasks and goals for reducing
the earthquake hazards posed by existing
nonfederal buildings nationwide. The plan was
developed on the basis of nine issue papers
presented at the workshop and workshop
working group discussions. The Workshop
Proceedings and Five-Year Plan are available
through the Federal Emergency Management
Agency, 500 "C" Street, S.W., Washington, DC
20472.

ATC-17: This report, Proceedings ofa Seminar
and Workshop on Base Isolation and Passive
Energy Dissipation, was published under a grant
from NSF. Available through theATC office.
(478 pages)

Abstract: The report contains 42 papers
describing the state-of-the-art and state
of-the-practice in base-isolation and
passive energy-dissipation technology.
Included are papers describing case
studies in the United States, applications
and developments worldwide, recent
innovations in technology development,
and structural and ground motion issues.
Also included is a proposed 5-year
research agenda that addresses the
following specific issues: (1) strong
ground motion: (2) design criteria: (3)
materials, quality control, and long-term
reliability: (4) life cycle cost methodology:
and (5) system response.

ATC·20: The report, Procedures for
Postearthquake Safety Evaluation ofBuildings,
was developed under a contract from the
California Office of Emergency Services (OES),
California Office of Statewide Health Planning
and Development (OSHPD) and FEMA
Available through the ATCoffice (152 pages)

Abstract: This report provides
procedures and guidelines for making on
the-spot evaluations and decisions
regarding coniinued use and occupancy of
earthquake damaged buildings. Written
specifically for volunteer structural

engineers and building inspectors, the
report includes rapid and detailed
evaluation procedures for inspecting
buildings and posting the::m as "inspected"
(apparently safe), "limited entry" or
"unsafe". Also included are special
procedures for evaluation of essential
buildings (e.g., hospitals), and evaluation
proce::dures for nonstructural elements,
and geotechnical hazards.

ATC·20·1: The report, Field Manual:
Postearthquake Safety Evaluation ofBuildings,
was developed under a contract from OES and
OSHPD. Available through the ATC office
(114 pages)

Abstract: This report, a companion Field
Manual for the ATC-20 report,
summarizes the postearthquake safety
evaluation procedures in brief concise
format designed for ease of use in the
field.

ATC-21: The report, Rapid VISual Screening of
Buildings for Potential Seismic Hazards: A
Handbook, was developed under a contract
from FEMA Available through theATC
office. (185 pages)

Abstract: This re::port describes a rapid
visual scree::ning procedure for identifying
those buildings that might pose serious
risk of loss of life and injury, or of se::vere
curtailme::nt of communityse::rvice::s, in case::
of a damaging e::arthquake::. The:: screening
procedure:: utilizes a methodology based
on a "sidewalk surve::y" approach that
involves ide::ntification of the:: primary
structural load rt'Sisting system and
building mate::rials, and assignme::nt of a
basic structural hazards score:: and
pe::rformance modification factors based
on obse::rved defects. Application of the
me::thodology identifies those buildings
that are potentially hazardous and should
be:: analyzed in more detail by a
professional engiriee::r expe::rienced in
se::ismicdesign.

ATC·21.1: The:: re::port, Rapid Visual Screening
ofBuildings for Potential Seismic Hazards:
Supporting Documentation, was developed
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under a contract from FEMA Available
through theATCoffice. (137 pages)

Abstract: Included in this report are (1) a
review and evaluation of existing
procedures; (Z) a listing of allributes
considered ideal for a rapid visual
screening procedures; and (3) a technical
discussion of the recommended rapid
visual screening procedure that is
documented in the ATC-Z1 report.

ATe-2l-2: The report, Earthquake Damaged
Buildings: An Ovetview ofHeavy Debris and
Victim Extrication, was developed under a
contract from FEMA Available through thf
ATC office. (95 pages)

Abstract: Included in this report, a
companion volume to the ATC-Z1 and
ATC·Z1-1 reports, is state-of-the-art
information on (1) the identification of
those buildings that might collapse and
trap victims in debris or generate debris of
such a size that its handling would require
special or heavy lifting equipment; (Z)
guidance in identifying these types of
buildings, on the basis of their major
exterior features, and (3) the types and
life capacities of equipment required to
remove the heavy portion of the debris
that might result from the collapse of such
buildings.

ATe-22: The report" A Handbook for Seismic
Evaluation ofExisting Buildings (Preliminary),
was developed \lIlder a contract from FEMA
Available through the ATC office. (169 pages)

Abstract: This handbook provides
methodology for seismic evaluation of
existing buildings of different types and
occupancies in areas ofdifferent
seismicity throughout the United States.
The methodology, which has been field
tested in several programs nationwide,
utilizes4he information and procedures
developed fo.~ and documented in the
ATC-14 report. The handbook includes
checkl~ts, diagrams, and sketches
desigJ;l~d to assist the user.

ATC-22-l: The report, Seismic Evaluation of
Existing Buildings: Supporting Documentation,

was developed under a comract from FEMA
Available throughthe ATC office. (160 pages)

Abstract:tnekld.ed in this report, a
companion volume fe.- the ATC-2Z report,
are (1) a review and evaluation of existing
buildings seismic evaluation
methodologies; (Z) results from field tests
of the ATC-14 methodology; and (3)
summaries of 'evaluations ofATC-14
conducted by the National Center fer
Earthquake Engineering Research (Sta te
University of New York at Buffalo) and
the City of San Francisco.
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