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Preiczce

In September 1988 Applied Technology Council
{ATC) was awarded a coniract 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 fo develop a better understanding of
the impact of disruption of lifelines from
earthquakes and to assist ins 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, provides a
national overview of lifeline seismic
vulnerability and impact of disruption. 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 II, reported on in the ATC-25-1 Report,
provides a practical model methodology for the
detailed assessment of seismic vulnerability and
mmpact of disruption of water transmission and
distribution systems. Subsequent phases to
develop model methodologies for the seismic

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 research and engineering work was
performed by Charles Scawthorn, 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,
Gerard Pardoen {ATC Board Representative),
Michael Reichle, Anshel J. Schiff, I. Carl Stepp,
and Domenic Zigant. The affiliations 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
Kupussammy Thirumalai, prior Project Officers.

Christopher Rojahn
Executive Director
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Executive Summary

1. Infroduction

Lifeline 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
arg probably the most likely natural disaster that
wouid lead to major lifeline disruption. With the
advent of more and more advanced technology,
the United States has increasingly become
dependent on the reliable provision of lifeline-
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
carthquakes 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 spemfic contractual requirements of this
project and report are:

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

* Toidentify the most critical lifeliﬁes, 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

s

of disruption of water transmission and
distribution systems {ATC, 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. 8. -
earthquakes. The lifelines examined include
electric systems; water, gas, and oil pipelines;
highways and bridges; airports; railroads; ports;
and emergency service facilities. The
vuinerability 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.

Project Approach. As summarized in the
project technical-approach flow chart (Figure
13, four basic steps were followed to estimate

lifeline damage and subsequent economic

disruption for given earthquake scenarios.

1 Deveicpment of a national lifeline inventory
n:ﬂatabase

2. Development of seismic vulnerability
funetions for each lifeline
component/system,

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

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

Limitations and Constraints. During
development of this report and its supporting
data, severai probiems 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 regmnal transmission level were excluded
from consideration in this project because of the
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unavailability of inventory data or the need for
more in-depth studies.

Interaction eifects 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) 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 systemns), we believe the
estimates of losses presented in this report are,
in fact, quite conservative.

We also emphasize that this reportisa
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
evaluaie 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 nationa level. This in
turn required that the inventory be compiled
electronically in digital form and dictated that
inclusion of hifelines ai the transmission level, as
defined below, was of primary importance.

Initially, 2 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. Asa.
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 census requirements. With the
exception of oil and gas pipeline data provided
by the National Petraleum Council, the
inventory data generally date from about 1966,
unless [ater 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 arerial level, and neglects the
distribution or capillary system. For example, all
federal and state highways are inventoried
{Figure 2, 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 lacal facilities. Thus, a
disruption of a local activity could not be used to
identify the overall regional importance of the
iifeline. 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.

Inventncry ﬂvemew. The inventory data
(Chapter 2) have been compiled into an
electronic database, which generally consists of-
{i) digitized location and type of facility for
single-site lifeline facilities, and (i) 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., pumber or length of spans for
highway bridges} was unavailable from FEMAL

The inventory data include information for the
conterminous United States only. Lifeline data
for Alaska, Hawaii, and U. 8. territories, such as
Puerto Rico, have been excluded because
lifelines int these reglons would not be affected
by the scenario earthquakes (see Chapter 4)
considered in this study.
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The specific lifelines that have been inventoried
for the conterminous United States are:

Transportation

* Highways (489,892 km of mahwaj,r
(Figure 2} 144,785 bridges)

* Railroads (270,611 km of right-of-way)

* Airports (17,161 civil and general
: aviation alrporis)

* Parts (2,177 ports)

Energy

* Electric Power Transmission {4,551
substations; 441,981 km of transmission
lines}

* Gas and Liguid Fuel Transmmsmn
(77,109 km of crude oil pipelines; 85,461
- km of refined oil pipelines; 67,898 km 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 km of
agueduct; excludes aqueducts in Utah,
which were unavailable)

An important lifeling, telecommunication
systems, which would be severely impact by
earthquake-induced ground shaking, was
excluded because of the unavailability of data, as
are certain regional transmission network
facility types (e.g., railway terminals, bridges,
and tunnels; certain agueducts; major
freeway/highway bridges; fossil-fuel power
plants; and aqueduct pumping stations). In
addition, daia on nuclear reactors and dams are
excluded becauvse 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 resuki, 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, is estimated on the
basis of proxy by poputation {see Chapter 2.

PC-Compatible Electronic Database. Because
the data could also serve as a valuable
framework {or starting point) for researchers.
who wish to investigate lifelines at the regional
or local level, 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 Vulnerability Functions

The second step in the project was the
development of lifeline vulnerability functions,
which 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. Vulnerability functions
were developed for each lifeline inventoried, for
lifelines estimated by proxy, and for other
important lifelines not available for inclusion in
the inventory. The components of each
vulnerability function and how they were
developed are described in Chapter 3; the
functions themselves, too lengthy to include in
the main bedy of the report text, are provided in
Appendix B.

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

¢ General mfmmanon, which consists of
(1} a description of the structure and its
main components, (2} typical seismic
damage in qualitative terms, and (3}
sefsmically 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

ATC-25
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appifcabler (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
constriuction (degree of seismic -
. resistance), (2) default estimates of the
quality of construction for present
‘conditions and corresponding motion-

damage ctirves, (3) default estimates of

- thé quality of construction for upgraded
- conditions, and (4) restoration curves.

These functions reflect the general consensus

among practxcmg 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 signifi icant
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 specilic facility) that of
equivalent facilities in California NEHRP Map -
Area 7 (Figure 3). Three regions, representing

these differences in seismic design practlces, are .

defined for the Umted 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 Wyommg),
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

< All other parts of the United States, whlch
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 curves and restoration chrves--
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

" Evaluations 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. All
assumptions operative in ATC-13, such as
unlimited resources for repair and restaratlon,
also apply to these results. :

The motzon-damage curves developed under this
project define estimated lifeline direct damage
as & 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

~ portsfcargo handlmg equipment is provided in
Figure 4

The restamtz‘on curves developed for this project

define the fraction of initial capacity of the

lifeline (restored or remaining) as a function of
clapsed time since the earthquake. Again curves

~ are defined for each region. A sample set is
: provxded in Figures 5 and 6.

4, Seismic Hctzard '

Selsmic hazard, as used in thm study, is the
expectation of earthquake effects, It is usually
defined 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 - E

(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, arid is independent of the buildings or
other items of value that could be damaged

The techmcal approach for evaluatmg the

seismic hazard of lifeline 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 regions that
could be vsed 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.

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 {MMTI) Scale
(Wcod and Neumann, 1931), a commonly used
measure of seismic intensity (effects at a
particular location or site). The scale consists 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 V1 for poor siructures,

" and about MMI VIII for good structures, MMI
XI and XII are exiremely rare. The MMI scale is
subjective; it is dependent on personal
interpretations and is affecied, 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
reason was used in this study as the descriptor of
seismic hazard.

Residual capacity for portsicargo handfing equipment (all other areas).

Seismicity Overview of the United States. For
the purpose of characterizing seismicity in the
conterminous United States, several regions
may be identified {Algermissen, 1983):

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 excapt those on the
Pacific coast;

5. Northwestern Region, including
Washington and Cregon; and

6. California and Western Nevada.

ATC-25
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The historical record indicates that each region-
appears to have significant historic precedent .
for a damaging earthquake of potentially
catastrophlc dimensions. For purposes of
examining this potential, the earthquakes
indicated in Table 1 are representative events
for the investigation of IIfehne loss estimation
and dlsruptlon

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

Choice of a Model for Estimating the:

‘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
_followmg advantages for this study: (i)
verification via comparison with hlstoncal

events, (ii) incorporation of local soil effects 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.

Scenario Earthquakes. Based on the

- 1epresentative carthquakes identified in Table
1, which are considered representative of all
major regions 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 magmtudes
are reflective of the representative earthquake
for the region (as specified in Table 1). The
scenario events for Cape Ann, Charleston, and-

Table 1 Representatwe Earthquakes for
. Lifeline Loss Estimation .

~ _Region . Event -
. Northeastern - Cape-Ann, 1755

Southeastern Charleston, 1886 .

Central New Madrid, 1811-
- 1812

Westetrn Mountain
Puget Sound, 1949

_ Fort Tejon, 1857
Hayward, 1868 '

Northwestern
Southern California
Northern California

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.

~ perceived to be of it)w likelihood in the near
- future. '

The Evernden model was employed to generate
expected seismic intensity distribution in the

- conterminous United States for the eight

scenario events. Shown in Figure Bis an -
example intensity distribution for the New
Madrid magnitude-8.0 scenario event.

Table2 - __Scenario'Eardlqua'kes

Region : - _Event . Magnitude
Northeastern Cape Ann = - 7
Southeastern Charleston 7.5

Central New Madrid 7 and 8

Wé_satch F_fo_nt 7.5
PugetSound 7.5

Western Mountain
Northwestern

Hayward have magnitudes one-half unit higher Southern California Fort Tejon 8
than the representative event. These Morthern California Hayward 7.5
Cxxil o _ Exscutive Summary
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Figure 7 Predicted intensity map for New Madrid (Magnitude 8).
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5. Estimetes of Direct Damage

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 -

. V};lnérabiﬁty functions.

Tn 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 terms 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 as Jiquefaction. 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). -

The analysis approach to estimate direct damage |

considers both damage resulting from ground
shaking as well as damage resulting from
liguefaction. Damage due to other collateral
Joss 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
- levels were assigned to each 25-km grid cell in
‘the affected region, using the Everden MMI |
model, assigned magnitude, and assigned fauit
rupture location (from Chapter 4). Damage
states were then estimated for each affected

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-Specii’ic Lifelines. Direct damage to site-

-specific lifelines, i.¢., lifelines that consist of

individual sited or point facilities {(e.g., -

- hospitals), were estimated using the

methodology specified above. For airports, porté'
and harbors, medical care facilities (hospitals),

. and broadcast stations, the inventory data

summarized 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 certain established relationships
~ between population and number of facilities.

" For summary and comparative purposes, four
- damage states are considered in this study:-

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

+ Moderate damage (10-30% replacement
value}; -

. Heavy damége (30-60% replacement value);
- and o o

* Majorto desi.royed (60-100% replacement
value). ' B

‘The total number of affected facilities and the

percentage of facilities in each damage state are
summarized for each lifeline and scenario
carthquake (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. I

Ports and Harbors. Since ports and harbors are
located in the coastal regions, only those N
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 ¢xample, 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

xivy ' Exécutive“ Summary. -
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Table 3 Damage Percent for Ports and Harbors for Selected Scenario Earthquakes (Percent of
o Ports and Harbors in State)

CAPE ANN (M=7.0)
Massachuselis Connecticut Dafaware Rhoda Isfand  New Hampshire
34 22 g 22 g
$00% 0% ﬁ% - 86% 0%
0% 0% e % 0%
0% 0% 0% 0% 0%

0% 0% 0% 0% 0%

CHARLESTON (M=7.5)

South Carciina Morth Carolina  Gsorgia

Total Mumber 20 15 30
Light Damags
1-10 % A 0% 0% 0%
Moderate '
10-30% 6% . 0% 5%
Haawy . .
30-80 % 100%. 0% 3%
Major to Destructive
80-180.% 0% S 0% 0%
HAYWARD FORT TEJON PUGRET SOUND
" (M=7.5} ) {M=5.0) =75
Califormia California - Washingion
Total Number 125 125 rird
Light Damage
. 1-10% ’ 4% 0% 25%
Moderate i :
10-30:% ' 22% 3d% 28%
Heavy
| 30B0% 0% 9% 14%
Major to Destructive : i
B0-100 % 0% 0% 0%
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22 such facilities would be similarly affected in
Georgia, In Washington, 14% of the ports
(approximately 11) would be similarly affected.
Numerous ports and harbors in these states
would also sustain moderate damage (10 to -
30%), as would approximately 22 such facilities
in California for the Hayward magnitude-7.5
event. The primary cause of such damage, of
course, is poor ground. . S

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 estimated using the
methodology specified above. For pipelines
direct damage was estimated using an analytical
model that estimates the probability of breaks
occurring within given lengths of pipe subjected
to given carthquake shaking intensities (Khater
etal, 1989), S ‘

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. -

Railroad System. The railroﬁd system is a 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 estimates for the railroad system are
based on damage curves for track/roadbed and
exciude damage to related facility types not
included in the project inventory--railway
terminals, railway bridges and tunnels. -

The direct damage'dataf (Chapter 3, 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-t0-60 %). A-map
showing the distribution of damage to the
railroad system for the magnitude-8 New.
Madrid earthquake scenario is shown in Figure
-8 . ‘

Crude Oi 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 plotied 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 magnitude-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 5a and 5b. Estimated dollar
losses due to direct damage to local electric,
water, and highway distribution systems are
provided in Table 6. o

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 tolifeline. Estimates for

- electric systems, in particular; are believed to be

more sensitive to the lack of capacity

information than are the other lifelines,

By cbmbining 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

- scenario earthquakes as follows:.

Direct

Dollar Loss

Earthguake (in Billions, 1991%)
CapeAnn' . o 342
Charleston - - : $4.9
FortTejon  ~ $4.9
Hayward - -~  $46
New Madrid, M = 8.0 $11.8
NewMadrid, M=7.0" . $3.4
Puget Sound - $4.4
Wasatch Front S $5

i ~ Execufive Summary
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Figure 9 UmBme. 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 5a

Direct Damage Losses to Site-Specific Lifelines ($ Millions)

Execufive Summeary

Scenario Broadcast Fire
Earthguake Alrports Ports Hospitals Stations Stations
Cape Ann $91 $53 $490 $19 $6
Charleston 142 380 - 565 &8 9
Fort Tejon 148 170 1,431 Za 48
Hayward : 37 115 1,297 17 7
New Madrnid (M=8) 411 4] 1,297 91 13
New Madrid (M=7) - 145 G 396 34 3
Puget Sound 21 196 507 49 13
Wasatch Front 29 3 205 44 2
Table 5b Direct Damage Losses to Regional Network Lifelines ($ Millions)
Scenario _ Natura!l  Refined Crude
Earthquake Highways  Electric Raifroads Gas Qil oif Water
Cape Ann $382  $1,312 39 30 %0 %0 $0
Charleston 773 1,264 156 G O 0. 0
Fort Tejon 470 886 158 11 o 28 140
Hayward 208 1,310 115 ¥ g 8 91
Mew dadrid (M=5) 2,216 2,786 458 56 28 47 .0
Mew Madrid (M=7) 204 1,077 3108 19 9 1% Q
Fuget Sound 494 1,834 96 & 0 0 18
Wasatch Front 323 30 31 6 4] d] g
Table 6 Direct Damage Losses to Local Distribution Systems
Electric Water Highways
Event $ Biffion § Biffion $§ Billion
Cape Ann $0.89 $0.30 $0.60
Charleston 0.74 .31 0.50
Fort Tejon 0.91 0.23 0.23
- Hayward 0.90 0.20 0.25
New Madrid (M=58.0) 2.07 .88 1.40
Mew Madrid (M=7.0) 0.65 .28 0.44
Puget Sound 0.58 0.09 0.28
Wasatch Front 0.38 013 0.26
ATC-25 xxix



6. .  Estimation of Indirect Economic
Eftects C

 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
lifeline interruption in each economic sector.
This required a two-step process:

1. Develcpm@nt'of estimates of interruption of
lifelines as a result of direct damage Co

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

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). o -

For site-specific systems (i.., 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 consistof: - =~

* connectivity analyses, and - -

~* serviceability analyses.

. Connectivity analyses measure post-earthquake -

completeness, "connectedness,” or "cut-ness" of
tinks and nodes in a network. Connectivity
analyses igriore system capacities and seek only
to determine whether, or with what probability,
a path remains operational between given
sources and given destinations.

Sérﬁceabiiity 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‘comp'let'e 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 number of lanes).
‘Rather, for this project, a limited serviceability
" analysis has been performed, based on a set of
-simplifying assumptions.

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 of the number of
serviceable (Le., surviving) links and nodes to the

* original number of serviceable links and nodes,

for a given sourceldestination 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 situatiomn, is
provided in Figure 10. In this example, the initial
loss is nearly 100 percent of capacity, and full

X=X - : Executlive Summary .
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Figure 10

capacity is not restored until about day 200.
Georgia would also experience similariy 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 Losses. -
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 culiivation of the product. The United States
Bureau of Economic 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 presents the percent
reduction in value added for each sector
resulting from increasingly severe crude oil
lifeline interruptions. (Similar tables are shown

Residual capacity of South Carolina ports following Charleston evens (M=7.5}.

for all lifelines in Appendix D.) Values are
shown for each decile of lifeline interruption
and are assumed to pertain to monthly Gross.
National Product (GNP). ' :

Indirect Economic Loss Results. Indirect
econcmic 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
GNP data, are provided in Table 8. Total
indirect economic [osses resulting from damage
tolocal distribution systems are presented in
Table & We note that Table 8 contains total loss
amoines 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 by
all systems; and the best estimate is the square
root of the sum of the squares (SRSS) of losses

ATC-25
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Jpuwuing sannoexy

Dm D -

SZ-OLY

L Capécﬂy Loss-->

Livestock

Agr. Prod, .
AgServ For. Fish
Mining
Consliniction
Food Tobacco
Tektile Goods
Misc Text. Prod.
Lumber & Wood
10 Furniture

i1 Pulp & Paper

12 Print & Publish
13 Chemical Drugs
14 Patrol. Relining
15 Rubber & Plastic
16 Leather Prods.

17 Glass Stone Clay -

18 Prim. Metal Prod.
19 Fab. Metal Prod.
20 Mach. Exe. Elec,
21 Elec. & Electron
22 Transporl Eq.
23 Instrumanls

24 Misc, Manufact,

25 Transp & Whse.

26 Utilities

. 27 Wholesale Trade

28 Retail Trada
29 FIAE. )
a0 Pers./Prol, Sarv,
31 Eating Drinking
32 Aulo Serv.

33 Amuse & Rec. -
34 Health Ed. Soc.
35 Govi & Govt Ind.
36 Households

TOTAL

Percent Value-Added Lo

Table 7 st Due to Specified Percent Loss of Oil Supply
: Lifeline ' '
U.S. Econ, - , . - ‘ ‘
Value Added 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
{Percent) : : . : } ‘ ‘
0.45% 2.63% 7.89% 13.16% 18.42% 2368% 28.95% a4.21% 39.47% 44.74% 50.00%
1.06% 4.M% 1263% 21.05% 20 A7%, 37 89% - 46.92% 54.74% §3.16% 71.58% 60.00%
0.11% 4.21% 12.63% 21.05% 20.47% 37.89% 46.32% 54.74% 63.16% -  7158% 80.00%
3.89% 4.74% 14.21% 23.60% 33.16% 42.63% 52.11% 61.58% . 71.05%  B0.53% 90.00%
5.50% 4.74% 14.21% . 2368% 33.16% 42.63% 52.11% 61.56% 71.05% BO.53% 90.00%
2.41% C2.63% 7.89% 13.16% . 18.42% 23.68% 28.95% 34.21% 39.47% A4 74% 850.00%
. 0.37% 2.63% 7.89% 1216% - 1B.42% 23.68% 2B.95% 34.21% 3047% 44.74% £0.00%
0.73% 263% 7.80% 13.16% 18.42% 29 68% 20.95% 34.21% 39.47% 44.74% 50.00%
0.52% 263% 7.89% 13.16% 168.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
0.34% 2.63% 7.89% 13.16% 18.42% 23 B8% 28.95% 24.21% 39.47% 44.74% 50.00%
0.87% 2.63% . 7.89% 13.16% 18.42% 23.68% 28 95% 84.21% 39.47% 44 74% 50.00%
1.31% 263% . 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
1.40% 2.63% " 7.88% 13.46% 18.42% 23.68%. 28.95% 34.21% 30.47% 44.74% 50.00%
0.96% 5.26% 15.79% 26.32% 36.84% 47.37%. - 57B9% 68.42% 78.95% 89.47% 100.00%
1.08% 2.63% 789% - 13.16% - - 1B.42% 23.68% 28 05% 24.21% 39.47% 44.74% 50.00%
0.12% 2.63% 7.88% 13.15% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
0.62% 2.63% 7.89% 13.16% L 1g.42% | 2368% 28.95% 34.21% 39.47% 44.74% 50.00%
1.04% 4.74% 14.21% 23.68% 93.16% 42.63% 52.11% 61.58% 71.05% ' B0.53% 80.00%
1.64% 2.63% 7.89% 13.16% - 18.42% 23.66% 28.95% 34.21% 39.47% 44.74% 50.00%
1.56% 2.69% 7.89% - 13.16% 18.42% 23 .66% 28.95% 34.21% 39.47% 44.74% - 50.00%
2.52% 2.69% 7.89% “13.16% 18.42% 23.68% 28.95% 24.21% 39.47% 44.74% - 50.00%
2.62% 4.74% 14.21% 23.68% 33.16% 42 63% 52.11% 61.58% 71.05% 80.53% 90.00%
0.68% 2.63% " 7.89% 13.16% 16.42% 23.68% 26.95% - 34.21% 39.47% A4.74% 50.00%
0.69% 2.63% 7.89% 13.16% 18.42% 23.66% 20.95% 34.21% 29.47% 44.74% 50.00%
3.46% 4.74% 14.21% 23.568% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
- 5.89% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
5.69% 2563% " 7.89% 13.16% S AB.42% 23 66% 2895% 34.21% 39.47% 44.74% 50.00%
5.63% 4.74% 1421% . - 22.68% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
16.64% 3.16% 9.47% ° 15.79% 2211%  28.42% 34.74% 41.05% A7.37% 53.68% 60.00%
B.03% 3.46% 9.47% 15.79% 22.11% 28.42% 34.74% 41.05% 47.37% 53.68% 60.00%
2.12% 4.21% 12.63% 21.05% 29.47% 37.89% 46.32% 54.74% 63.16% 71.58% B0.00%
1.09% 474% . 14.21% 23.68% 33.16% 42.63% 52.91% 61.58% 71.05% 80.53% 80.00%
0.70% 4.74% S 14.21% 23.68% 33.16% 42,63% 52.11% 61.58% 71.05% 80.53% . 90.00%
6.30% 1.05% 3.16%. 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.85% 20.00%
11.79% 1.05% 3.16% 5.26% 7.27% 9.47% 11.58% 13.68% 15.79% 17.89% 20.00%
0.25% 2.63% - 7.89% 13.16% 18.42% - 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
100,00% 3.95% 9.74% 16.23% 22.72% - 20.21% 365.70% 42.19% 48.66% " 55.18% 61.67%
o Avg. Avg. Avg. - Avg. - Avg. Avg. Avg. Avg. Avg. ‘I;::tftl‘)ff
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" Figure 17 Damage to crude oil system following magnitude-8 New Madrid Event. Broken pipelines
are shown with solid diamonds. , _ o , :
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caused by each lifeline. We note also that the
SRSS procedure was used fo estimate total

- indirect economic losses resulting from damage
to local distribution networks (Table 9).

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

Indirect

Loss

farthquake {in Bilfions, 19918}
Cape Ann ' $9.1
Charleston : $10.2
Fort Tejon $11.7
Hayward $11.1
News Madrid, M = 8.0 $1 4.6
New Madrid, M = 7.0 $4.9
- Puget Sound $6.1
Wasatch Front - $3.9

Bar charts showing the indirect losses caused by

transmission lines (upper bound data) by state

for each seenario earthquake were also
developed. An example plot for the magnitude-
& New Madrid scenario event is provided in
Figure 11. We note that estimates of indirect
economic [osses for each state are sensitive to
the assumed [ocation 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 of
direct damage in Missouri wonld have been
substantially larger).

The data provided in Figure 11 suggests
Mississippi and Arkansas would experience the
highest indirect losses due to the magnitude-8.0
New Madrid event. Similar plots for the other
scenario earthquakes (Chapter 6) indicate that:
Massachusetts would experienee 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, ameng all
systems, for most of the evenis. ‘
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Figure 11

ey Crude O 5SS Refined O
Blectric M Roirocd

Percent indirect economic loss by state {monthly GNP).resulting from damage to various

anumnee
i!:\'.':n'i'.’t

Highweay

lifelines, New Madrid event (M=8.0). Note that the refatively low losses for Missouri
reflect the assumed focation of the scenario earthquake source zone and the estimated

distribution of intensity (see Figure 7).
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7. Combined Economic Losses,
Deaths and Injuries

- Fluman Death and Injury. It is gencra]ly felt
that lifeline performance and continuity of
operation is vital to human survival in the
modern, urban, world. Most observers beheve
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 categonzed as fo]lows

1. Human death and i 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. Qur preliminary

assessment is that human death and injury due
to functional curtailment of lifelines can
generally be expected to be verylow. Thisisa
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 instaflations 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: _

» FElectricity. 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 1mported it
necessary. :

» 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 inschool gymnasia, national
guard armories, and so on.

s 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. :

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 froni the failure of a lifeline:
component--partial collapse of the Cypress

-structure, a double-decked highway viaduct in -

Qakland approximately 100 km from the
earthquake source zone.

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
substantia] life loss or injury include bridge

~ failure, railroad _derailmént, a_nd pipeline failure.

- Unfortunately, data necessary for estimating life

loss associated with these component faitures

" are not readily available, precluding

development of reliable casualty estimation
methodology and data for hfehne structures.’

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 Table 10. The total
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Table 10 Total Direct Plus Indirect Dollar Losses for Each Scenario Farthquake and
Lifeline (Billions of Dollars)

o

AIDIuIng sAnnaaxy

Meadical ‘ Naturaf Crida Hefined Broadoasting  Fire
Seenario Elactric Highiways Water Care © Poris Railroads Alrport Gas cil . of Slations  Stations Total
Caps Ann $11.24 §2.06 §o.o $0.49 $0.50 $0.03 $0.58 %000 $0.00 $0.00 $0.02 $0.01 f14.26
Charleslan $10.82 $2.08 $0.94. 057 $6.00 $0.18 $0.59 50.00 $0.,00 $0.00 . $0.07 $0.01 $15.11
Fort Tejon $9.66 $5.18 $6.27 $1.43 pa.6h $0.41 $1.57 $1.68 $4.38 $0.00 $0.03 $0.05 $16.58
Hayward 2.2 ha.sz $4.88 $1.20 $1.46 §0.228 50,44 $0.09 $0.00 $0.00 $0.02 $0.01 §15.66
New Madrid 8 AT $192.19 $2.68 $1.30 $0.00 $0.71 $1.22 $0.34 $0.46 $0.23 $0.08 $0.01 $26.27
New Madrid 7 $8.17 $4.12 $0.85  $0.40 $0.00 $0.15 $0.31 §o.18  $0.13 $0.16 $0.03 $0.00 $a.29
Puget Saund , $8.29 $1.95 $0.90 $0.51 ‘30,73 $0.21 $0.62 $0.24 $0.00 $0.00 $0.08 $0.01 $10.48
Whasatch Front $2.21 $3.85 $0.40 $0.20 $0.00 10.06 $0.11 $0.04 $0.00 $0.00 $0.04 $0.00 §5.41



iusses for each scenario earthquake areas
follows:

Direct Plus
o indirect Losses
- Earthquake

(in Billions, 19913)
Cape Ann. o . $13. 3
Charleston - o $15.1 -
Fort Tejon © . $166
Hayward - B . $15.7
New Madrid, M = 8.0 $26.4
New Madrid, M = 7.0 . $8.3
‘Puget Sound ' ' '$10.5 ‘
Wasatch Front - - $5.4

8. Hazard Mmga‘tion of Critical
Lifelines

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:

Rank Lifeline Event/Location
- L Electric System New Madrid
' (M=8.0)
Hayward

Cape Ann,
Charleston,
Fort Tejon
New Madrid
(M=8.0)

Fort Tejon

2. Highways

- Hayward,
- New Madrid
(M=7.0).

3. Water System* Fort Tejon

4. Ports Charleston

5. Crude Qil - Fort Tejon -
“*The ranking for the water system may be

underestimated because critical components such as -

pumping stations and dams WETe not mcluded in the
study.

Measures for Reducing Vulnerability of
Lifeline Systems. The seismic vulnerability of
lifeline systems, from the point of view of
fulfilling funetion, 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 formof:

* Strengthening a bu1ld1ng, bracing
equipment, or performing other. |
corrective retrofit measures to mitigate
shaking effects;

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

*  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 seisntic resistance.

2. Provision for system redundancy. 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 of system links
W1ll tend to increase system rehablhty

3. Oﬂeratlonal improvements. In thls 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. -

Of these measures, the most common are
component strengthemng/retrof’ it 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
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" 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.

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

1. Review existing 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 Appendix B and Chapter 10
(Relerences) of this report.

2. Conduct an investigation of the seismic
vulnerabilify and impact of distuption 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 vulnerabie lifelines,
components, and conditions {e.g., liquefaction
or landslide potential). Vulnerable components
include:

For eleciric systems:
* Substations
* Power stations

For water systems:

* Pumping stations

= Tanks and reservoirs

* Treatment plants

* Transmissions aqueducts

For highway systems
» Bridges

* Tunnels

*  Roadbeds

For water transportation systems:
¢ Portfcargo handling equipment
* Inland waterways

For gas and liquid fuels:
* Distribution storage tanks
* Transmission pipelines

» Compressor, metering and pressure
reduction stations

- 4. Conduct cost-benefit studies to determine the

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
exampie, replacement over the life cycle of the |
facility or component may be a reasonable
approach.

5. Implement the selected hazard reduction

measures.

9, Recommendations for 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 effarts. This list

is not meant to be all inclusive but rather an
overview of some of the more important issues
that should be pursued.

Lifeline Inventory. Organizations such as the
Federal Emergency Management Agency,
Department of Transportation, and American

~Saciety of Civil Engineers Technical Council of

Lifeline Earthquake Engineering are
encouraged to build on the work performed in
this project, develop standards for compiete
lifeline inventories, and coordinate the

‘acquisition of the needed additional and

updated data from various lifeline owners.

Lifeline Component Vulnerability. We
recommend a major effort to acquire daia 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 19589

Loma Prieta, California, earthquake, as well as
{from other damaging earthquakes.

Seismic Hazard Data. 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.
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Economic Analysis and Impacts Data and

Methodology. We recommend further research,

. especially in economic areas such as:

* Economic unpacts associated w1th
lifeline d;sruptlon -

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

. » FElasticities of demand, or substitution of
a lesser disrupted lifeline for a more
disrupted lifeline, -

= Inter-regional impacts, and

.+ So-called "benefits,” such as increased
. economic activity associated with repair,
or replacement of older equipment w1th
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 Introdu\c_tio(n

1.1 Background and Purpose

Lifeline 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 of more and more advanced technology,
the United States has increasingly become
dependent on the reliable provision of lifeline-
related commodities, such as electric power,
fuel, and water. A natural question is: What is
the potential for major distuption 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
t0 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 1.8, lifelines, and their associated
seismic 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 mode! methodology

for assessing the seismic vulnerability and impact -
of disruption of water transmission and
distribution systems {ATC, in preparation).

In this study, lifelines of critical importance at
the U.S. national level have been analyzed to
estimate overal] seismic vulnerability and to
identify those lifelines having the greatest
€conomic 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 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  Impeoriance of the Lifeline
Earthguaoze 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 distribution and service
lines, leading to numerous outbreaks of fire.

* Damage to fire stations, resulting in
inoperable apparatus and injured fire
fighters. The single worst example of this
was the fatal injury of San Francisco Fire
Chief Dennis Sullivan, effectively
“decapitating"” the fire department at the
worst possible moment. '

«  Worst of all, literally hundreds of breaks to

the water distribution system within San

ATC-25
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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 supp]y.

Followmg 1906 major earthquakes in the U.S.
and elsewhere continued to illustrate the prime
‘importance of lifelines in carthquakes. In the

- 1933 Long Beach Earthquake, for example,
numerous authorities at the time cited the
prompk shutdown of the municipally operated _
gas system with the prevention of major fires
{e.g., NBFU, 1933 Smothurst 1933; Binder, .
1952):

Instructions bad been issued and signs had
been posted near the control valves of the
gas and light public utility control stations to
the effect that, in the event of an
earthquake, these switches must be pulied
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).

. Broken gas services and devices caused 7 of

the 19 fires reported in Long Beach during

" the night of 10 March 1933. Prompt closing
of valves, 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).

- 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:

= Major damage to electrical substations, |
*including overturning of extra hlgh voltage
{EHV) transformers

e Literally hundreds of breaks in the water

distribution system;

. Major damage to a teiephone central
switching office, and loss of telephone
service due to thrs damage as well as '
saturation;’

* Near-collapse of a major dam,
*  Numerous breaks in the gas distribution

system, resulting in large burning gas flares
at several intersections; -

e Collaose of 1‘1’13]0[’ freeway OVeICrossings,

‘resulting in fatalities and ma]or d1srupt1or1 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 hosprtal

Since the 1971 San Fernando Earthquake '
significant research into lifelines has been
conducted, t00 extensive to summarize herein
(see the foIloWing references for major
compilations: Kubo and Jennings, 1976, ASCE-
TCLEE, 1977; Kubo and Shinozuka, 1981;
ASCE-TCLEE, 1981; Smith, 1981; Ariman,

'1983; Cooper, 1984; Scawthorn, 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
rmproved future lrfelme 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 1970s and 1980s, 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:
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
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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
Qakland. Lifeline damage and disruption were
one of the most significant features of this
earthguake, the most damaging to strike the

conterminous United States since 1906, One of

the world’s major bridges, the San Francisco-
Oakland Bay Bridge, was closed for a month due
to structural failure. Power was disrupted over a
widespread area, water systems failed in several
communities, and other lifeline problems
contributed to major disruptions.

1.3 Project Approach

This study is concerned with the sefsmic 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 valnerability
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, o
identify the most critical lifelines in terms of
their valnerability and impact on the national
economy, and to develop a prioritized series of
steps for reducing seismic risk fo 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 cconomic loss estimates for the
various scenario earthquakes.

1.4  Limiialions and Constraints

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, telecommunication systems,
nuclear and fossil-fuel power plants, dams,

and certain water, electric, and transportation
facility types at the regional transmission [evel
were excluded from consideration in this project
because of the unavailability of inventory data
or the need for more in-depth studies.

Interaction etfects 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) 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 mast lifelines was also a definite
limitation. In the aggregate, due primarily 1o 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 resulis, 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  Crganization of the Repurt

The organization and contents of this report
have been dictated in large part by the project
approach. Following this introduction is Chapter
2, which contains a description of the 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

ATC-25
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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 strategies, and discuss the potential
benefits of implementing such strategies.

- Chapter 9 provides brief remarks about

additionally needed rescarch 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
vuinerability assessment data too voluminous to
include in the main body of the report.

ATC-25.
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2 Naiion'al Lifeline Inveniory

2.1 Introduction

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
turn 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. At
the same time, the level of effort that could be
-devoted to this task was consirained by the
budpet availabie.

Initially, a number of government, wiility, trade
and professional organizations, and individuals
were contacted in an effort to identify
nationwide databases, especially electronic

- databases. In most cases, these organizations or
mdividuals reterred 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
Nationai Atlas (Gerlach, no date), performed by
the U.S. Geological Swrvey 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

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
Iocal 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
impartance of lifelines 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 inventory effort alone
is considerable.

The inventory data have been compiled into an
electronic database, which generally consists of
{i) digitized location and type of facility for
single-site lifeline facilities, and (if} 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 (¢.g., mumber or length of spans for
highway bridges} was unavailable from FEMA.

2.2 Naiional Lifeline Inventory Data--
QOverview '

The inventory data include information for the
conterminous United States oaly. 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:

compiled for networks at the bulk andfor Transportation

regional level, as opposed to lifelines at the = Highways

user-level (ie., distribution level) within an area. * Railroads

To use an analogy, the inventory contains only = Airports

the national arteria! level, and negiccts the * Ports and Harbors

distribution or capiffary system. For example, ail ‘
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Energy

» Electric Power Transmission

* Gas and Liquid Fuel Transmission
Pipelines '

" Emergency Service Facilities
» Emergency Broadcast Facilities
» Hospitals -

Walter 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
freeway/highway 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. S '

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 cefl, 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 of highway, 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 about ten to reduce the size of the
database to a manageable size for analysis (i.e.,
minor curvatures at-the 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. o

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

1. Measures of lifcline inventory, appropriate

to the lifeline. These are, for example:
* Milesof oil pipeline, by diameter;
. Number of electric substaiipns;
. » Miles of waler 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.
23 Transportation Data '

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. '

8 2! National Lileline Inventory
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alignment is indicated, but capacity (i.e., number
of lanes) is nok.

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

Federal and State Highway Bridges. Figure 2-2
shows 144,785 bridges, which have been
obtained from FEMA's database. Bridges
incladed are those for state and federal
higirways. Number of spans and structure types
were not available,

Raﬂmad System. Thls system shown in Figure
2-3 copsists of about 11,340 links (about 270,611
km}. The railroad system was provided by
FEMA in digitized form; only right-of-way was
indicated.

Ajrports. 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 prowded by FEMA, as
shown in Figure 2-3.

2.4  Energy and Fuel Data

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 contains 4,551
substations, and 27,372 kinks, including links
used to define path curvature between nodes
{about 441,981 km of transmission lines). The
number of circuits, and their voltage or capacity,
however, are not included in the database.
‘While the lack of capacity information has not
been a scrious 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 distribution networks at the local level
were not readily available in an electronic

format. It was assumed, therefore, that the
person-to-unit-length ratic 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 Liguid Fue] Transmission Pipelines.
The National Petroleam 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 km of pipelines.
The refined oil system consists of about 85,461
km of pipelines and natural gas system has about
67,898 km of pipelines. The database had beea
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 of these refineries have been digitized
from the National Atlas (Gerlach, no date).

2.5 Emergency Service Facility Dala

Emergency Broadcast Facilities. The locations
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 not available,

Police and Fire Stations. Detailed information
was 1ot available for these facilities. 'I'hey WETE
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
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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 (perhapsa
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 polit:e'station are few, except for
the largest cities. More than one police
station in & municipality appears to be a rehc

- 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 population, 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 devéloped is that there is
approximately cne police station per every
60,000 people

2.6 Water Supply Daia

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, of which 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. '

- 2.7 PC—CompaﬁbIe Elecironic

Daiabase

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

.22 2: National Lifeline Inventory -
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or local level, including applications unrelated to the Imaps On a COmputer screen. The disks

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

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. - Fife Name Contents
1. DEMO.EXE
2. HW.DEM (the highway network in x/y coordinates)
3.  HW.DAT  (the highway network in longitude/latitude coordinates) -
4, RAILR.DEM (the railroad network in xfy coordinates)
5.  RAILR.DAT " (the railroad network in longitude/latitude coordinates)
6. FLECTRIC.DEM _ (the electric network-in xfy coordinates)
7. ELECTRIC.DAT {the electric network in longitude/latitude coordinates)
8. CRUDE.DEM {the crude oil network in xfy coordinates)
9, CRUDE.DAT (the cr_ude'oii network in longitude/latitude coordinates)
10. REFINED.DEM (the refined oil network in x/y coordinates)
11.  REFINED.DAT (the refined oil network in longitude/latitude coordinates)
12. NGAS.DEM (the natural gas network in x/y coordinates)
13. NGAS.DAT (the natural gas network in longitude/latitude coordinates)
14,  BRIDGES.DEM (the bridges in x/y coordinates) ‘
15.  BRIDGES.DAT {the bridges in longitude/latitude coordinates)
16.  AIRPORTS.DEM {the airports in x/y coordinates)
17.  AIRPORTS.DAT (the airports in longitude/latitude coordinates)
18. PORTS.DEM (the ports in x/y coordinates)
19. PORTS.DAT {the ports in longitude/latitude coordinates)
20. BRDSTNS.DEM {the broadcast sta. in x/y coordinates)
21.  BRDSTNS.DAT (the broadcast sta. in longitude/latitude coordmates)
22, MEDCARE.DEM {the hospitals in x/y coordinates)
23. MEDCAREDAT . (the hospitals in longitudelatitude coordinates)
24.  WATER.DEM (the water system in x/y coordinates)
25.  WATER.DAT {the water system in longitude/latitude coordinates)

24 | : 2: National Lifeline Inventory ATC-25



3 Development of Lifeline Vulnerability

Functions

3.1 Intraduction

Wulnerability 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
proxy (see Chapter 2). The components of each
vulnerability function and how they were
developed are described 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
consisis of the following components:

*  General information, which consists of
(1} a description of the structure and its
main components, (2) fypical seisnic
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
consists of (1) a description of its basis in
terms of structure type and quality of
comstruction {degree of seismic
resistance), (2) default estimates of the
quality of construction for present
conditions, and corresponding motion-
damage curves, (3) defauit estimates of

* the quality of construction for upgraded
conditions, and (4) restoration 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 methedology utilized to
develop the quantitative relationships for each

vulnerability function (Direct Damage versus
Modifted Mercalii Intensity and Residual
Capacity versus Modified Mezcalli Intensity).
Example computations are provided. In
addition, a sample of a complete vulnerability
function (gereral information plus direct damage
information) is included as an fllustrative
example. -

3.2 Genetral Approach ior
Characterizing BEarthquake
Performonce

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 {Earthgquake Damage Evaluation Data
Jor 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 constructionin
California, as defined below, and may be
modified per procedures outlined in ATC-13,
which shifts the curves one-to-two intensity
units down: for Special construction, as defined
below (i.e., -1 or -2), and cne to two intensity
units up for Nonstandard construction, as
cdefined below {i.e., 41 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. Nonstanderd refers to facilities
that are more susceptible to earthquake damage
than those of Standard construction. QOlder
facilities designed prior to modern design code
seismic requirements or those facilities designed
after the infroduction of modern code seismic
requirements but without their benefit can be’
assumed to be Nomstandard. 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 refer 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
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Typical ATC-13 Damage Probability Matrix (ATC, 1985)

Table 3-1
' (Example for Liquid Storage Tanks, on ground)
Central
Damage ' Modified Mercalli Intensity
_Factor vi vt viit X X X Xil
0.00 94.0 2.5 0.4 wxs e b wak
0.50 6.0 92.9 30.6 2.1 kb Rk ek
5.00 *ohk 4.6 69.0 946 25.7 25 0.2
20.00 et wan rex 3.3 693 581" 27.4
45.00- g wwk o ARk EE% 5.0 391 69.4
80.00 - sk dokok ' *k ok Ao ok o 0.3 ' 3.0
100;@0 - o - kEE '*és‘* N ok ko *** ETT

=+*Very small probability |

facilities (i.e., a composite of oldernon-
seismically designed facilitics, more recent
facilities designed to the seismic requirements of
their day, and modern facilities designed to
current seismic requirements).

With regard to regional U.S. seismic design .
practice, the general consensus appears to be
that, with few cxceptions, 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 equalto -

(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-13), which we take 1o
be the only region of the United States with
a significant history of lifcline 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. T

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 XT) for the same intensity of ground
shaking. :

3.3 Moethod for Obtaining Lifeline

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: Develdpmt_ant of Lifeline Vulnerability Functions
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MML, herein termed restoration curves. All
assumptions operative in ATC-13, 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.

STEP 1

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

" DMG = exp(a) MMI® G

is performed on the damage data points in
Appendix G of ATC-13. 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-13. ' '

STEP2

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. o
Department of Commerce, (provided in Table
9.11 of ATC-13), 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: '

Tr = exp(c) DMGY ‘ (3.2)
where:
Tr = restoration time, in days :
DMG = Central Damage Factor (CDF).
for each damage state (DS)
c,d = régression coefficients

Regressions of the above form are performed
for each of the social function classes using the
data in ATC-13 on restoration times for 30%,
60%, and 100% restoration. o

Thus,

TR=03= SXP(Cl)'DMGg;
Tr=0.6 = exp(c2) DMG ~
Tr—1g = exp(c3) DMG

| Figure 3-3 shows the form of the regression

curves we obtained. : _ )
STEP 3

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: ' -

R=f+(g)(TR) - (3:3)
where: |

R = % restored | .

TR = restoration time, in days

fg = regression coefficients .

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. €., the

* probabilities of the corresponding damage. For

example,
Tr(30% R, MMI) =

N .. .
L (pjxexp(cl)x DMG(MMD) (3.4)
i=1
where TR(30% R, MMI)} is the restoration
time to 30% restoration for a given MM, p;j is
the probability that the damage = DMGy, 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.

28 _ 3: Development of Lifeline Vulnerability Functions -
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Similar calculations are also carried out for 60%
R and for 100% R.

Next, the weighted average of T (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 Exc:mplé Direct Damage and
Residual Capacity Computations

The following example illustrates the method of
obtaining (1) the direct damage curve, and (2)
the restoration curves, for the Ports/Cargo
Handling Equipment componert 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-13 Social
Function Classes: 28a (Ports) and 28b (Cargo
Handling Equipment), and of two Facility
Classes: 63 (Waterfront Structures) and 53
(Cranes), weighted by the factors indicated in
Table 3-2. '

STEP1

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

Facfﬁty Class  Regression Coefficient
Class factor - & b

63 0.6 -20.0847 8.0976
53 - 0.4 -18.2783  7.2508

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

Table 3-2 Weighting Factors Used to
Determine Percent of Social
Function and Facility Classes
Contributing to Ports/Cargo
Handling Equipment
Social Function Facility
Class  Factor Class  factor
28a 0.6 63 0.6
o 28b 04 53 0.4

Class 53 (Cranes). The values for the damage
are listed below, together with the ATC-13 data
(from ATC-13, Appendix G, weighted mean of
best estimate of damage factor):

MMI ~ DMG (ATC-13) Regr (DMC)

6 ‘0.004 0.005
7 0.014 0.015
8 0.055 0.041
9 0117 0.096
10 0.253 0.205
11 0.406 0.410

12 0.535 0:771

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 = e*IMMIPLx factor(1) +
X 2MMIP? x factor(2)
0.101x 0.6 + 0.096.x 0.4

0.099 for MMI = IX

- STEPZ-

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

" Regression Coefficients .
. Sociai ‘ Social

Funct_r’on 28a Function 28b

Restor-
ation % c d ¢ d

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 values fof the time to 30% restoration, for
the Social Function Class 28b are listed below,
together with the ATC-13 data from Table 9.11:
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Regression
DMG ATC-13 Values
0.005 0.2 0.1643
(.05 .23 2593
0.2 133 16.61
0.45 - A4 45.82
0.8 127.0 94,14
1.0 * 125.46
*No skatistics provided.

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

STEP3

Mean restoration times for each Facility Class

{FC) are obtained from Equation 3.4 as follows:

Mean Restoration time =

N
I Ips exp(c) DMG;]

i=1

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

For MMI = X, for example, mean restoration
iimes are computed as follows:

Tg=03 Ig=06 Ig=1.0

FC = 28a 79.73 93.20  211.23
FC = 28b 45.45 10766 177.27

Mean TR 66.02* 98.98 19765

*e.g., Mean Tp = 79.73x 0.6 + 45.45x 0.4
= 56.02

(Note: Pjis 1/N where N is the number of

intervals used to divide the lognormal

distribution of the damage; N=10{ in this

cxample and DMG is the corresponding

damage value for each interval, 1.)

The final restoration curve for MMI = X1 is the
best-fit straight line using Equation 3.3 through
the 3 points corresponding to restoration times
56.02, 98.98, and 197.65 days. In this case, the
regression equation is as follows:

R =0.026 + 0.005 (TR)

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

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

3.5 Sampile Lifeline Vulnerability
Funciion

Following is a sample of a complete lifeline
vuinerability 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. Genera

Description: In general, poris/cargo
handling equipment comprise buildings
(predominantly warehouses), waterfront
structures, cargo handling equipment, paved
apIons, CONVEYOTs, scales, tanks, silos,
pipelines, railroad terminals, and support
services. Building type varies, with steel
frame being a common construction type.
Waterfront structures include quay wails,
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
coacrete construction and often include
batter piles to resist lateral transverse loads.
Cargo handling equipment for loading and
unioading 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 carthquake-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 exeessive 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 of foundation soils. Past
earthquakes have caused substantial lateral
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“sliding, deformation, and tilting of quay walls
and sheet-pile bulkheads. Block-type quay
walls are vilnerable to earthquake-induced -
sliding between layers of blocks. 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

- oceur. 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 lateral 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

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.

. Direct Damage

Basis: Damage curves for ports/cargo
handling equipment in the seafwater
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.

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.

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:

MM!
Intensity
Shift
NEHRP Map Area  FC53  FC63
California 7 0 §
California 3-6 0] 0
Non-California 7 0 0
Puget Sound 5 0 0
All other areas +1 +1

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

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.
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Time-to-restoration: The time-to- combination of 60% ports and 40% cargo

restoration data assigned to Social Function handling facilities. By combining these data
(SF) 28a, ports, and SF 28b, cargo handling with the damage curves derived using the
equipment, were assumed to apply to all data for FC 53 and 63, the time-to-
portsfcargo handling equipment. Ports/cargo restoration curves shown in Figures 3-5 and
handling facilities were assumed to be a 3-6 were derived.

Port/Cargo Handling Equiprent

D=1AB: 63  B.5H
o 53  9.48
i
58
&
& D=58x
E
in
fm]

U1 VIl VI ' Ix 1
' Modified Mercalli Intensity {MMI)

Figure 3-4 Damage percent by intensity for ports/cargo handling equipment.
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: S ' Port/Cargo Handling Equlpment
R=168% ' —-78a A58 63 - B.58
. ' 28b . 8.48 53 - 9.48

MMy
MM i
My %

MHI a b

- b H.311 8.118
7 8.386  8.858
8- B.286 B.B22
9 B.248 8.813
19 6.168 8.807

414,,1*

GHy o
R=D0b%days + a

Residual Capacity ~
= |
[

R B —t+—— t—— : et
pAYS: 38 6@ 98 128 158 188 218 248 Z7@ 308 338 365
Elapsed Time in Days ' ‘

Residual capacity for ports/cargo handling equipment (NEHRP Map Area: California 3-5,

Figure 3-5
California 7, Non-California 7, and Puget Sound 5).
Port/Cargo Handling Equipment
R=188: 63  0.58
48 53 B.48
A1 a2 b
& 8.386 8.858
7 8.2B6 8,822
8 8.248 8.813
3 @.168 d.887
18 ©.825 6.88S
R= 58z 1 _ :
: R=0b*days +a-
B= 82 et
' pAYS: 33 68 98 128 158 18R 219 248 2Z78 ‘388 330 365
. Elapsed Time in Days )
Figu're 3-6 Residual capacity for. ports/cargo handling equipment (all other areas).
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4 Seismic Hazard

41 Inireduction

Seismic hazard, as used in this study, is the
expectaiion of earthquake effecis. It is usually
defined 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 mpture, ground failure, or other
phenomena resulfing from an earithquake.
Seismic hazard is a function of the size, ar
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

" se1smic hazard can be performed on a
deterministic (e.g., Evernden et al,, 1981} or
probabilistic {Cornell, 1968; McGuire, 1974;
Scawthorn et al,, 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 of seismic 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 effecis
(Coffman et al., 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 Ft. Tejon event, for
example, is not well documenied, when
compared with the documentation for the 1886
Charleston, South Carolina event (Dutton,
1887)}. Instrumental data from siations in the
Uniied States were not available until after 1887
{Poppe, 1579) when the first selsmograph
stations in the country were established at
Berkeley and Mt. Hamilton (Lick Observatory).

4.2 Magnitude and Intensity

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

best-known scale is that developed by C. F.
Richter {Richter, 1958); and relationships
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,
19807. The most recent widely used scaie is
moment magnitude, M., (Hanks and Kanimori,
1979). An increment in magnitude of one unit
{ie., from magpitude 5.0 to 6.0) represents an
increase of approximately 32 times the amount
of energy released. Unless otherwise noted,
earthquake magnitude as used in this study
refers to surface wave magnitude, M.

While magnitude describes the size of an
earthquake, intensity describes its effects at a
particular location or site. Intensity at a site is
governed by the magnitude of an earthquake,
the distance from the site to the earthquake
epiceater or ruphure 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
commoniy 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 {fotal damage). Structural
damage generally is initiated at about MMI VI
for poor structures, and about MMI VIII for
good styuctures. MMI X1 znd X1I 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 reason will be used in this
study, as the descriptor of seismic hazard.

4.3 Earthquake Hazards
Physical damage to structures and lifelines

during and after an earthquake can be produced
by ground shaking, fault rupture, landslides,
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Table 4-1  Modified Mercalli Intensity Scale

I

Not felt. Marginal and Iong—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 mator cars rock. Windows, dishes, doors rattle. Glasses clink. Crockery clashes. In the upper
range of IV wooden walls and frames creak. K - '

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

Felt by all. Many frighténed 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 rustle).

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. Changes in flow or temperature of springs and
wells. Cracks in wet ground and cn steep slopes. - '

General panic. Masonry D destroyed; masonry B seriously 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. In alluviated areas sand and mud ejected,

Most masonry and 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 fiat land. Rails bent

Rails bent greatly. Underground pipelines completely out of service. |
Damage nearly total. Large rock masses displaced. Lines of sight and level distorted. Objects thrown into

Richter, C.F., 1957, ‘Efementary Seismology, W. H. Freeman Co., 5an Francisco, Calif.

V.
V.
change rate.
Vi
Vil
VIH.
IX.
‘earthquake fountains, sand craters.
A
slightly.
Xl
XH.
the air.
- Source:
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

steel, concrete, etc.; designed to resist lateral forces.

Masonry B.  Good workmanship 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 hotizontal forces.

- Masonry D, Weak materials, such as adobe; pdor mortar; Jow standards of workmanship; weak horizontally.
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hquefaction, and earthquake-induced fire.
(rround shaking is the primary and best-known
hazard associated with earthquakes. It produces
scattered but widespread damage. Ground
shaking includes both hcsrm:-nta] and vertical
motions, can fast up io 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 9% of carthquake-
related damage to buildings.

Ground or fault mpture produces local
concentration of structural damage. A fawli 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 horizonial, 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 [aults.

Secondary seismic hazards are those related to
soil instabilities. Liguefaction is the sudden loss
of shear strength that can occur when saturated,
soils that lack eohesion (sands and silts) are
strongly and repetitively vibrated. Liguefaction
typicaily 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
o accurately determine if liquefaction may
occur at a location. It usually severely 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.

Settlerment or compaction of loose soils and
poorly consolidated alluvium can occur as a
resuit of strong seismic shaking, causing uniform
or differential setilement of building
foundations. Buildings supported on deep (pile)
foundations are more resistant 1o such
settlements. Substantial compaction can occur
in broad flat valley areas recently depleied of
sroundwater.

Landsiide is the downslope movement of masses
of earth under the force of gravity. Earthquakes

can trigger [andslides in areas that are already
landslide prone. Slope gradient is often a clue to
stability. Landslides are most common on slopes
of more than 159 and can generaily be
anticipated along the edges of mesas and on
slopes adjacent to drainage courses.

44  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. For the purpose of
characterizing seismicity in the conterminous
United States, several regions may be identified
{Algermissen, 1983), as shown in Figure 4-2:

1. Northeastern Rf:gion, which includes New
England, New York, and part of eastern
Canada;

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

3. Central Region, which consisis 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 Cregon; and

6. California and Western Nevada.

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

Mortheastern 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 Valiey in Canada {Algermissen, 1983).
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 4-2 Regfonal scheme used for the discussion of the seismicity of the conterminous United
States. '
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Figure 4-3 The seismicity of the northeastern region of the United States and fastern Canada for the
 period 1534-1959 (from Algermissen, 1983). The solid circles are principail

instrumentally determined epicenters, while the open circles represent eartgqUakes
located in using intensity data. The hachured and named areas represent concentrations -
of seismicity grouped together only for the purpose of discussion in the text. The dashed
line represents the strike of the New England (Kelvin} sea mount chain offshore. Onshore, . -
the fine 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 N and 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 Georpge, New York, to a
point at sea 200 miles cast of Cape Ann, an area
of about 300,000 square miles. '

Southeastern Region. The scismicity of this
region is shown in Fipure 4-4. With the
exception of the 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
cccurred on August 31, 1886, wiih their
epicenter about 15 miles northwest of
Charleston, South Carolina (32.9 N, 80.0 W). -
The fitst shock was at 21:51, the second about §
minutes later. An area with a radius of 800 milcs
was affected; the strongly shaken portion
extended to 1) miles. -

The bending of rails and lateral displacement of
tracks due to ground displacements were very
evident in the epicentral region, though not ai
Charleston. There were severe 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 culveris and other structures
demonstrated strong wertical 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 to the interior of
other continents, the central region of North
America, especially the Upper Mississippi
embayment, is one of relatively frequent small-
to-moderate size carthquakes 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 o distances of 250
kilometers, and chimneys destroyed to distances
of 400 kilometers, the sparse settlement of the
area prevenied grave damage. The extent and
severity of ground failure and topographic

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

The seismicity of this region is shown in Figure
4-7. Earthguakes 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 arca.
Since the 1811-1812 seguence, nine events of
estimated magnitude greater tham S£ have
occurred through 1980, only one of which is
estimated to have been greater than magnitude
6.0 {my, 6.2, 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 northeast-striking zone
that extends about 60 miles from near Marked
Tree, Arkansas (approximately 40 miles
northwest of Memphis), to near Caruthersville,
Missouri; a north-northwest-striking zone from
southeast of Ridgely, Tennessee, to west of New
Madrid; and another northeast-striking zone
extending from west of New Madrid to near
Charleston, Missouri. The frst zone is less
active, but earthguakes along it have relatively
kigher 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 attenuation through [rictional
damping, or dissipation of earthquake energy
with distance, is less in the eastern and central
United States than in the west, sarthquakes in
this area have the potential or producing strong
ground shaking over comparatively wide areas.
The soseismal map of the December 16, 1811,
New Madrid earthquake (MNuttli, 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 oceurring
“‘anywhere from the northern to southern end of
the seismic zone."

Western Mountain Region. Important
earthquake activity in this region has occurred in
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Figure 4-4
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Figure 4-5
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a) Broad map, based on detaited map
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Figure 4-6 fsoseismal map of the 1886 Charleston, South Carolina, Earthquake from Bollinger,
1977). : :
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Figure 4-7

Seisrnicity of the Central Region, 1871-1976. The data are taken principally from
Algermissen (1983) with minor changes and additions. The stars represent earthquakes
with maximum MMIs of IX or greater; triangles represent earthquakes with maximum
intensities of VI-VIIl; squares represent earfhquakes with maximum intensities of VWL
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Figure 4-8 isoseisral map of the December 16, 1811, earthquake (from Nuttli, 1979). The Arabic-
- numbers give the Modified Mercalli intensities at each data point.
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Figure 4-9
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the Yelowstone Park-Hebpen Lake avea, in
weestern Monkama, i the wicinity of the: Ttabh.
Tdabw border, and speradically along the:
Wesatch Fromt, as stwown in Figore 4-2, Major
earivgnaloes. mmmmmﬂl i Helema, Mlmm.am,. i
1925 (Ml 6.T), at Hebgen Lake, Montans, i
1959 {MLS 7.1} amd at Borai Pham]lk:,. ]I[m:'lmllhm . 163

(M 7.3).

Probably the monsst sErious sk iy U Weswm
Mivuntain Flegion, however, exists along the
Wasatch Front region of nortl-central Utah.
This area is domimaied by the Wasatch Faalt, a
220-mille-lnmg, meeth-south- teending sone

estending from @mennmnﬂwm Tiktat, i thie sowth, to

Malad City, ekt im the moeth, and diiretctly
threatening the: Salt Lake City area. In this

zome, young mowntain blocks bave been mp]lluriﬂ;"mmﬂ |

iy fiorm the prominent west-Facime scarp (e
Wisatch Frong), which fovms the eastern
hmmumdbaw of the Salt Lake and Ultak valleys.
Incloded im this zone i the aclive East ﬂ:ﬁﬂhm
Famlt System locatzd i the: eastern side of
Cache Valley, Amother velatend Fault aystieny of

imterest is the: Mansel Walley Fault Zone, located

north; of the Great: Salt Lake near the hordet
with Idabo. It has been the most active: falt fin,
the state: for larger-size evenls iIthmmm and
Sk, 197G, :

Histoeic: recouds of éﬂm‘ﬁhquhﬁ‘ 'mn:tjiwitj,‘ﬁ".iﬂm Uialy
date: back to 1853, shoetly after the: region was

settled permanemtly, Sivce that time, oswer 1,000

fielt events hive oeourred o 4 fegular basis, The
earliest event, regorded thiat has been eetimated
 toy hawe: & magnitude of 6.0 or greaten was the
Blear Lake Valley Earthuuake in 1884
(estimated magnitude 6.1). The 1909 event in

Hanwel Valley was assigned & nuasimanm mtesmmmw .

of VIIT amedl & mmgmmdlc of 6.0l and resulied i
wianes bedng sent oser the railway causeway At
the north end of the Great Salt Lake and
winidionws. being hrolen as G away 2s Salt Lake:
ity The: larpest eartbomale: to date: in Utah,
thee 19534 Hansel Valley event (Mg 6.6 semerely
damaged brick buddings: iv Kosmo, produced 2-
foot searps in the ground surface, greatly altered
groumdwater fow patierns, amd caused :
nomstructural damage: to buildings in Sal Labe: .
Cltye. It occwrred in a sparsely popalated area,
otheraise great da miEge could bave rmwlmmﬂll

 Historic earthguake damage to the: Utalm Mau]ﬂ]llmw
avea has thos Car been dive o o earthguakes
witth, magnitudes of approsimately 5.0 or kess,

ik, imavamums intemsiiies of abost MMM Y or
legs., Tlammage: hzs been mostly limited toeracked
wetlls. amdl ehimneys, and brokes wrimgdowws, Sinee.
1964, thers: has Ihn:ne:mw:njw Ltttz otadblle;
carthequake activicg in the Utalh Walley.
Hmmmmwzr, reseanch s showm that mamy large

- seismic events (magnitudes 6.5 to 7.5 have
takem plave alomy the: Wasatch Fromt during ILl'im
' w&ﬂ 1, Mﬂ)ﬁ[ﬁlﬂl Wzsmam. f Sy e m]ﬂz‘ ﬂlﬁﬁﬂ]\"}l

Mnmmﬁ]]hwwmwm mﬁgmum Tlhlﬂ mummmmmj,p of
Wiashimigion amidl Clrepon is stiown in Figure
410 Nellovsit ot eantligu: sl siectiviy s

- awcursed i the vicinity of Puget Sound.

Al s few geologially recent: faults

thenghut 1o e, potientially active: have been
“lmcated. in westerm znd central Whshingioo, no
- historic sedmie activity has been assneizted with,

ttoesemn. stz mooet recooded sedsmi activity in
Washingtom ke been apiribobed bo i
subvdwrticn of the: offshoee Tugo diz Pocs constal
pltiz: benzait the Nmmuh\ Ammmam n:mnrmtlmﬁnm.aﬂ\
plate.

Swibvhueiom somes oomur @ iocatioms wihere,
under the: influemce of textonic plite movement,
ome: piece of this earth’s coust iz fhesed beneath
anoter. Subduction zones have beemn associmbed
witlh very laege eartguakes: including the 1985
Vel ¢S (0 BN el ISHG4E Aulloa (ML, 8.3
evenis. Sobdweiom zomes ane frequesntly
asgrieiated with wolkamie setivity as wedl as
carthouakies, The presence:of the: vedcamically
active Cascade panpe suppoots the evidenee: Bor
i ackive: Joan de Foca subdaeticmn zoome.
Fuurt bz wlpgpw:)imnim, r eviciemee: inchdes the:
otz oo e Cliymopic peminsolz, which
&ppﬂ"ﬂm iy ]humvm hmw ﬂ'mmmmamﬂl Hmrw db:lmm 'sm,mqpuznil

Wmmnﬂh\ MIEFMWMI ]p]lhmthr:

ﬂmmﬂﬂ-ﬂiﬂhﬂlﬂ: gmd]hmgm i mationm mdicates that
great carthouakes, with magnitudes in eavess of
Rl naowe: ovceusrred o thee: o, dies Fuca
sruuthelietiom mome: at: lzast eight times in de last
S0 yeavs. Thiz last sochy event i thowgh to
Hugreey oecwrred abowt SO0 years ago. Ewidence for

st 3mearthguals inchides geolngically recent

sutromenged mawsi Tamds s fossil forests: alomg
ithues Wasihing iom crastline. It it believed that
portioms of the: Washingion cosst whmlﬁlmﬂﬂ by as
pmuchy & fﬂ fewet i that, ewent. :

T wﬂbﬂhm]mm iy U oresaat; emﬁdﬂm@waﬂknm desicribed
albewe, extiensive bul move moderate: semicity
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Figure 4-70  Seismicity of Oregon and Washington, 1859-1975. The star represents an earthquake with
maximum Modified Mercalli intensity of IX; triangles represent earthquakes with maxitnurm
intensities of VI-VII; and small squares represent earthquakes with maximum intensities of
V-V (Algermissen, 7983}
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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. A Mg 7.1 event in 1949,
located near Olympia, caused extensive damage

. in Seattle, Tacoma, and Olympia. A-1965 (Mg

6.5) event, centered near the Seaitle-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
VIL :

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 VIL 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 dxsplacements in this reglon

“'While this area is the: most seismically active
- region of the conterminous United States, only

three events with magnitudes greater than Mg -
8.0 have occurred in historical times. Twoof
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 (Mg 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
enoimous 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 isoseismal maps for these events are

“shown in Figure 4-13. In addition to these two

great earthquakes, 2 number of large,
potentially damaging earthquakes have occurred

- on the San Andreas Fault, including events in

1838, 1865, and, most recently, the October 17,
1989, Loma 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 al., 1990).

. The third of the great historic California

earthquakes is the 1872 Owens Valley event,
resulting from approximately 150 kilometers of

faulting. The arca 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
castern 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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ngure 4-71

Seismicity of Western Nevada and Cafifornia, 1817-1976 (Afgermissen, 1983). Stars
represent earthquakes with Modified Mercalli intensities of X or greater, triangles
represent shocks with maximunt intensities of VII-VIlT; and small Squares represent shocks
with maximum intensities of V. :
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- Figure 4-12
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ngure 4-13
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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 Mg 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 Mg
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
Andreas/Hayward events in 1838/1836 and
1865/1868. A large earthquake on this fault is of
potentially catastrophic proportions
(Steinbrugge et al., 1987).

Similar to the Hayward Fault situation in the
San Francisco Bay Area, the Los Angeles region
is thredtened 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 (M; 6.3)
on the Newport-Inglewood Fault (NBFU, 1933;
Binder, 1952), the 1971 San Fernando event
(Mj 6.4, San Fernando Fault), and the 1987
Whittier (Mg 5.9) event. '

Other significant events in California have
included the 1940 El Centro (Mg 7.1), the 1952
- Kern County (Mg 7.7), and the 1983 Coalinga
(Mg 6.5) events. '

45 Regional Representative
Earthgudkes
" Based on the foregoing review of conterminous

U.S. regional seismicity, cach region appears to
“have significant historic precedent for a

damaging earthquake of potentiaily catastrophic

dimensions. For purposes of examining this
potential, the earthquakes indicated in Table 4-
2 are representative events for the investigation
of lifeline loss estimation and disruiption.

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

Table 4-2 Representative Earthquakes for-
Lifeline Loss Estimation
_Region ' . _Event ‘
Northeaster.n - Cape Ann, 1755
Southeastern - Charleston, 1886
Central _' _  New Madrid, 1811- .

1812
© Wasatch Front, no date
© Puget Sound, 1949
Fort Tejon, 1857
- Hayward, 1868

Western Mountain-
MNorthwestern
Southern California

MNorthern California

earthquake expected in cach area, Review of

Algermissen et al. (1982) indicates general

agreement. ' :

4.6  Estimation of Seismic Intensities
and Choice of Scenario
Barthquakes for this Project

Choice of a Model. In ofder_ to'es_timate the

" seismic hazard (i.c., 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).

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
deterministic events. Both models 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-form
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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this study is not the investigation of seismic
hazards in the conterminous United States, or
comparison of these two models, but rather the
performance of selected lifelines; and {if) 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).

Use of the Evernden Model. Attenuation of
ground motion away from the epicenter has
been estimated by employing Evernden’s model
{Evernden et al,, 1981). The model contains
several parameters whose evaluations are based
on empirical data. Only three factors in the
mode] 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 regions. Its value is
about 1.75 in coastal California, 1.5 in easiern
California and the Mountain States, 1.25 in the
area of the Gulf and Atlantic Coastal plains
including the Mississippi Embayment, and 1.0 in-
the rest of the eastern United States. Rupture
length and energy released are related by an
empirical relation, which leads to the
observation that all major earthquakes of the
Eastern United States have fault lengths of 10-
to-40 kilometers maximum. With the local
attenuvation factor and rupture length
established, peak intensity at the epicenter
serves to establish the depth of focus.

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

As noted by Evernden et al. (1981), digitization
at this resolution generally results in saturated
poor ground 1ot constituting the dominant
ground condition in any particular grid element.
Therefore, the resulting intensities 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-kalometer digitization captures poar ground
conditions in certain important locations,
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
intensities.

Table 4-3 - Geologic and Ground Cendition
Units, Conterminous United States
{per Evernden et al., 1981)
Cround
Condition  Relative
Linits of Geologic Map Unit Intensity
Sedimentary rocks
Quaternary A 0.00
Upper Tertiary B -1.00
Lower Tertfary C -1.50
Cretaceous _ D -2.00
Jurassic and Triassic E -2.25
Upcﬁner Paleozaic F -2.50
Middle Paleczoic G -2.75
Lower Paleczoic H -2.75
Younger Precambrian ! -2.75
Clder Precambrian 1 -3.00
Waolcanic rocks
Quaternary and Tertiary
volcanic rocks K -3.00
Intrusive rocks . : .
All ages L -3.00

Table 4-3 indicates the ground condition unit
and relative intensity that correspond to the
geologic units of the geologic map. Figure 4-14
shows the conterminous United States mapped
in terms of these seismic units.

Scenario Earthquakes. Based on the
earthquakes discussed above, representative of
all major regions of the conterminous United
States, eight scenario events 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
carthquake 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 representative event.
These 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 percerved high likelibood 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
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Figure 414 Map of conterminous United States showing ground condition units from Evernden et al.
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Table 4-4 Scenario Earthquakes

Region Fvent Magnitude
MNortheastern Cape Ann 7
Southeastern Charleston 7.5
Central Mew Madrid 7and 8
Western Mountain  \Wasatch Front 7.5
Morthwestern Puget Sound 7.5
Southern California Fort Tejon 8
Morthern 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

perceived to be of low likelihood in the near
future.

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

The intensity patterns for these events are seen
ta be basically circular, centered at the
carthquake’s epicenter. Deviations from the
circular shape are due to local geologic
conditions. Compatison of estimated intensities
with historic event isoseismals indicates general
agreement, though historical events are in some
cases smaller than the scenario cvent. '
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Figure 4-15  Predicted intensity map for Cape Ann {Magnitude 7).
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Predicted intensity map for Charleston (Magnitude 7.5).
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Figure 4-17  Predicted intensity map for New Madrid (Magnitude 8).
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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 &).
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5 Estimates of Direct Damage

5.1 Introduction

The analysis of seismic vuinerability 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 and (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 Generdal Andlytical Approach for
Estimating Direct Damage

- The earthquake survival of lifelines depends on
their seismic performance characterisiics, As
described in Chapter 3 and summarized in
Appendix B, the seismic performance of lifeline
components as been characterized in this study
using 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 previcus 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 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
levels 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
lifeline component (node or link) in each grid
cell, using the motion-damage curves provided
in Appendix B. As described in the following
sections, the procedure for utilizing the motion-
damage curves varied slightly by facility type,
depending on whether the lifeline was a site
specific facilify, 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, the probability of ground
failure in each grid cell was calculated on the
basis of the soil condition and associated
liguefaction 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{GFL)x 5
(for surface facilities) (5.1}
and

ATC-25
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DMG(PG) = DMG(S)x p(GFD)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, o

noncumulatively, from
- Table 8.4 (ATC-13) for a
given shaking intensity

After damages due to ground shaking and '

liquefaction were established for each facility in

each affected grid cell, the total direct damage
for each facility was calculated. As suggested in
ATC-13, 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) - (33)

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-13 (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-13 project may -
question application of their opinions to cases

where lifeline damage does not occur uniformly

within a grid cell or MMI zone. In the ATC-13
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-13, p. 175). This
approach probably. led ATC-13 experts to
provide an adequate picture of lifeline damage-
in many cases. For f:xample damage to pipelines
in southern San Fernando Valley as a result of
the 1971 earthquake was primarily due to
ground shaking, and was geographlcally
distributed in a way that it is reasonable to speak
of average damage within a givéen MMI zone.
Damage to pipelines in northern San Fernando

Valley was more closely spaced and more 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. ln
this case, also, it is reasonable to speak of

average damage. Thus, damage due to ground

distortion can, at least in some cases, 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 within the MMI zones .
considered. The conditions that shaped ATC-13
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-13 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 to 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 MMI
zones or 23-km grid cells. In instances where '
trunk and transmission lines are sparse in a

MMI zone or grid cell, application of ATC- 13
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 foregomg dlscussmn is based on intuition,

not on rigorous ‘analytical modeling. However, if
thls discussion is valid, the effect of applymg

48 ,4 . 5: Estimertes of Direct Damage.
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ATC-13 statistics in this study may result in.
overestimates of damage. '

5.3 Direct Damage Estimates for Site-
Specific Lifelines

Direct damage to site-specific lifelines, i.e.,
lifelines that consist of individual sited or point
facilities {e.g., hospitals), were estimaied using
the methodology specified above. For airporis,
ports and harbors, medical care facilities
(hospitals}, and broadcast stations, the inventory
data summarized in Chapter 2 were used to
define the number and distribution of facilities.
For fire and police stations, locations were
assumed 0 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
of facilities. .

For summary and comparative purposes, four
damage states are considered in this sindy:

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

* Moderate damage (10-30% replacement
valuel},

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

» Major to destroyed (60-100% 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.

331 Airports

Pirect damage summaries for civil and general
aviation airports for the various scenario
earthquakes (Tables 5-1a and 5-1b) indicate that
damage to terminals is expected to be
particularly high in the magnitude-8.0 New

Madrid and Puget Sound earthguake scenarios.

For exampie, for the New Madrid magnitude-8.0
event, 13% of the airports in Arkansas (23 in
total}, 6% of the airports in Missouri (25in
total}, and 2% in Tennessee (4 in total) 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 aicport
terminals, with 12% or approximately 43
airports expected to sustain damage in this same
range {60 to 100%). In the case of the Cape
Ann and Charleston events, direct damage to
terminals is also significant. Direct 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 airports
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-motion atienuation
with distance, and lack of seismically resistant
design canstruction features.

5.3.2 Ports and Harbors

Since ports and harbors are located in the
coastal regions, only those scenario carthquakes
atfecting these regions will negatively impact
this facility type. As indicated i Table 5-2, 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 Carclina can be
expected to sustain heavy damage (30 to 60%),

- and 73%, or approximately 22 such facilities

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

5.3.3  Medical Care Facilities

Direct damage summaries for medical care
facilities (hospitals) for the various scenario
earthquakes (Table 5-3) suggest thai 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 in total) and 13% of
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Table 5-1a  Damage Percent for Air Trahspbrtatibn Terminals for Each Scenario
Earthquake (Percent of Airports in State) '

NEW MADRID (M=8.0) - CHARLESTON (M=7.5)

' - Minois Missouri -~ Arkansas - Tennessee Kentucky Mississippi . South Carolina  North Carolina ~ Georgia
. Total Number 547 428 177 : 198 149 193 147 309 343
. Light Damage. : ‘ : . ' ' . : : - o
1-10 % . ’ 11% . 5% 17% 18% 26% 64% - 33% - T 28%
Moderate o . : : ‘ : . ) ‘ . o
10-30 % : < 1% ) 0% 21% . 13% : 3% 19% ) 20% 1% : 1% .
Heavy , ' : : .
30-60.% % 0% 5% 0% 0% _ 0% 0% - 0% 0%
Major to Destructive ‘ : :
60-100 % 0% 6% . 13% . 2% 0% 0% - o 4% 0% 2%
CAPE ANN (M=7.0) " WASATCH FRONT (M=7.5)-
' Massachusells Connecticut  Delaware  Rhode Island New Harnpshire ' Utah
Total Number 149 R 5 37 55 &3 _ 107
Light Damage ) - ' . -
“1-16 % T7% 57% B5% ' 55% 56% . : 15%
Moderate _ : : ' :
10-30 % : < i% 0% 0% . 0% 0% 23%
Heavy '
. 3080 % . 0% 0% 0% 0% 0% 0%
Major to Destructive : . o ) ) :
‘60-100 % : © 4% 0% 0% 0% 0% o 0%
HAYWARD . - FORT TEJON PUGET SOUND :
{M=7.5) (M=8.0) {M=7.5) NEW MADRID (M=7.0}
California California  Washington Hinois Missouri Arkansas Tennessee Kentucky Mississippi
Total Number 869 869 364 © 547 425 177 196 - 149 . 183
Light Damage : i . : . ’ ‘
1-10 % 9% C12% . . 15% < 1% < 1% 31% 19% 7% 32%
Moderate ' - o ' ' :
10-30 % ' - - 2% 14% 8% ' 0% 2% 12% <1% . e - 0%
Heavy . . .
. 30-60% . 0% <1% 8% % 0% 0% . 0% Q% 0%
Major to Destructive : ’ i ! :
1% 2% 0% - 0%

60-100 % ' 0% 0% 12% 0% 3% '
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Table 5-1b  Damage Percent for Air Transportation Runways for Each Scenario Earthquake
(Percent of Airports in State)

NEW MADRID (M=8.0) CHARLESTON (M=7.5)
Winols Missouri Arkansas Tennessez  Kentucky Mississippl South Caroling  North Caroling Georgla
Total Number 547 426 177 186 149 153 - 147 309 a4a
Light Damage ‘
110 % < 1% =< 1% 20% 3% < 1% 17% 2% 1% 1%
Maderate :
10-30 % 0% 5% 15% 1% 0% 0% 8% 0% 2%
Heavy : ‘
30-60 % 0% 1% 0% 2% 0% 0% 1% 0% 0%
Major 1o Destrustive ' '
60-100 % 0% 6% 0% 0% 0% 0% 0% 0% 0%
CAPE ANN {M=7.0) WASATCH FRONT (M=7.5}
Massachusetts Connectioct  Delaware Fhade Island New Hampshire Utah
Total Number 149 118 a7 55 63 ) 107
Light Damage )
1-10 % = 1% 0% - 0% 0% 0% 59%
Moderate
10-30 % A% 0% 0% 0% 0% 0%
Heavy )
30-80 % 0% 0% 0% 0% 0% 0%
Major to Dostructive
80-100 % 0% 0% 0% 0% 0% 0%
HAYWARD FORT TEJON PUGET SQUND o
{M=7.5) (M=8.0) (M=7.5) NEW MADRID (M=7.0)
California Callforria Washington IMinois Missouri Arhansas Tennassee Kentucky Mississippl
Total Number 869 864 aé4 547 425 177 196 149 193
Light Damage '
1-10% 4% 7% 6% 0% 2% 12% . < 1% 0% 2%
Moderate )
10-30 % 2% 14% 16% 0% 3% 1% = 2% 0% 0%
Heavy . ‘
J0-60 % 0% < 1% 0% 0% 0% 0% 0% 0% 0%
Maijor to Destructive ' '
60-100 % 0% 0% 0% 0% 0% 0% 0% 0% 0%
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Table 5-2 = Damage Percent for Ports for Selected Scenario Earthquakes (Percent of Ports

in State) :
CHARLESTON (M=7.5) : S CAPE ANN (M=7.0)
o ‘ South Carofina North Carolina  Georgia Massachusetts  Connecticut Dolaware - Rhoda island  New Hampshire
Tatal Number 20 18 .30 34 : 22 10 22 g
. Light Damage :

1-10% 0% ‘ 0% 10% 100% 0% 0% 86% 0%
Moderate . ‘ :
. 10-30% : 0% 0% 0% . 0% ) 0% - 0% ‘ 0% 0%
Heavy : : ‘

3I0-60 % - 100% 0% . 73% ) % 0% . 0% 0% 0%
Majar to Destructive ' oo i

60-100% 0% 0% 0% 0% 0% 0% 0% 0%

HAYWARD FORT TEJON PUGET SOUND
(M=7.5) (M=8.0) (M=7.5}
~ California California ~ Washington
Total Number 125 _ 125 77

Light Damage

1-10 % . 4% 0% 25%
Moderate - :

10-30 % 22% 4% 26%
Heavy

- 30-60 % 0% 0% 4%
Major to Destructive

60-100 % - 0% 0% 0%
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Table 5-3 Damage Percent for Medical Care Facilities for Each Scenario Farthquake
(Percent of Facilities in State)
NEW MADRID (M=8.0) CHARLESTON (M=7.5)
Bouth North
Minots Missouri Arkansas Tannosses Kentucky Indiana Misslssippi Caroling Carollna Gaorgla
Total Number 249 171 a9 167 125 102 187 ar 161 207

Light Damage

1-10 % 22% 6% 16% 18% 20% T B2% 30% 15% 32%
Maderate :

10:30 % 0% 0% 20% 14% < 1% Q% 17% 7% 2% 1%
Heavy

30-60 % 0% - 0% 3% 0% 0% 0% 0% 10% 0% 0%
Major te Destructive ;

80-100 % 0% 3% 7% < 1% 0% 0% 0% 3% 0% 1%

CAPE ANN (M=7.0)

Massachusetts Copnecticut  Delaware  Rhoda lsfand New Hampshire
Total Number 167 66 13 22 40

Light Damage

1+10 % 90% 50% 46% BE% 48%
Moderate .

10-30 % 0% 0% 0% 0% 0%
Heavy

30"60 % Dn/n 0% 0"!”0 ouf{i 00/0
Major to Destructive

B0-100 % 2% 0% 0% 0% 0%

HAYWARD FORT TESON PUGET BOUND
(M=7.5) (M=8.0) (M=7.5)
California California  Washington
Total Number 478 478 102

Light Damage

1-10% 12% 16% 7%
Moderate

10-80% 16% 20% 18%
Heavy

30-60 % 9% 10% 5%
Major to Destructive

60-100 % 0% 0% 10%

Utah
53

17%
§51%
0%

0%

WASATCH FRONT (M=7.5)



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-t0-60%) 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
159% 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 - -
affectt_:d, and for the Puget Sound event, 149%
(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.

54  Direct Damage Estimcrtes 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
nodes and 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 al., 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 Pg of having at least one break in a
line with length L is given by

‘ , N
Pg(L, MMI(x)) = 1- TPy(ly, MML)  (5.4)
. k=1

where
P(lx, MMIy) = exp(-d x k) k=1,..N (5.5)

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

74 , 5: Estimertes of Direct Damage
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Table 5-4 Damage Percent for Fire Stations for Each Scenario Earthquake (Percent of
Stations in State)
NEW MADRID {M=8.01) CHARLESTON (M=7.5)
_ South North
_ Wirress Missourf Arkansas Tennassee Kentucky Mississippi Carolina Carolina Georgia
Total Number 923 41 145 378 285 201 278 570 490
Light Damage ‘
1-10 % A% 2% 15% 18% B% 14% 18% 2% 14%
Modarate
10-80 % 2% 1% 15% 5% 0% 10% : 1% 0% 1%
Heavy
30-80 % 0% 2% 9% 0% 0% 0% 13% 0% 1%
Major to Destructive
60-100 % 0% < 1% 0% < 1% b 0% 0% 0% 0%
HAYWAHD FORT TEJON PUGET SOUND NEW MADRID
(M=7.5) (M=8.0) (M=7.5) {M=7.00)
Galifornia  Callifornia Washington Missouri Arkansas Tennasses Kenlhueky Mississiopi
Total Number 2230 © 2230 a&1 410 185 378 285 200
Light Damage
1-10 % 7% 15%, 3% 0% 15% 10% < 1% 5%
Muaderate
10-30 % 3% 27% 18% 1% B% 0% 0% 0%
Heavy .
30-60 % 0% 0% 16% 1% 0% = 1% 0% 0%
Major to Destructive
60-100 % 0% < 1% 0% 0% 0% 0% 0% 0%
CAPE ANN WASATCH FRONT
(M=7.0) (M=7.5}
Rhode
Massachusotts fslane Utah
tha! Number 450 64 140
Light Damage
1-10% 57% 5% 51%
Moderata
10-30% 0% 0% 1%
Heavy
A0-50 % 2% 0% 0%
Major to Destructive :
60-100 % 0% O% 0%
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Table 5-5

" Rhode -
! 'Massachusetts Isfand Utah
Total Number . 118 18 34
. Light Pamage , -
C 110 % 26% 5% 22%
Moderate : ]
10-30 % 0% 0% 10%
Heavy . .
30-60 % 2% 0% 0%
Major to Dastructive
60-100 % 0% 0% - 0%

(M=7.5) - (M=7.5) (M=8.0) .

{M=7.5)

Damage Percent for Police Stations for Each Scenario Earthquake (Percent of

CHARLESTON (M=7.5)

South Carolina  North Carolina  Georgia
70 182 126
16% 2% 13%
1% 0% 1%
12% 0% 1%
0% 0% -

NEW MADRID (M=7.0)

Stations in Sfate)
" NEW MADRID (M=8.0)
) Hlinois - M’ssodri " Arkansas - Tennessee Ken!ucky Mississippi
- Total Number 232 102 48 .98 74 52
Light Damage . g
1-10% 4% 2% 14% 10% 5% 13%
- Moderate _ _
10-30 % 2% 1% 10% 5% 0% 9%
Heavy .
30-60% ‘0% 2% -B% 0% 0% - - 0%
- Major to Destructive i ‘
60-100 % - 0% <1% 0% <1% 0% 0%
. WASATCH FORT PUGET
S A FRONT  HAYWARD TEJON  SOUND
CAPE ANN {M=7.0) "~

California - California  Washington Missouri - Arkansas Tonnessee  Kentucky Mississippi

580 - 580 o4 102 48 98 74 52
6% 14% 3% 0% 14% 9% <% 5%
2% 8% 16% 1% 7% 0% 0% 0%
0% 0% % 1% 0% 1% 0% 0% -
0% <1 % Oofo 0% Ouﬁa Oo/u Gafn

0%

0%
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Table 5-6 Damage Percent for Broadcast Stations for Each Scenario Earthquake (Percent
of Stations in State)

NEW MADRID (M=8.0) CHARLESTON (M=7.5)
: Sotth Nerth
Minois Missourf Arkansas Tennassea Kantueky' indiana Mississipp! Carolina Carolina Georgia
Total Number £00 524 456 587 474 407 416 ary 697 eo4
Light Damage ‘ -
1-10 % 8% 6% 16% 6% 16% LA 51% 15% 1 7% 23%
Moderate .
10-30 % . = 1% 0% 14% 20% 7% 0% 18% 24% 4% ' 16%
Heavy
30-60 % 0% 0% 12% 4% < 1% 0% 12% 5% 1% 1%
Major to Desiructive
60-100 % 0% 4% 5% 1% 1% 0% 0% 18% 0% 2%
CAPE ANN (M=7.0) WASATCH FRONT M=2.5)
Massachugotte  Coppectict  Delaware  Bhode /sland New Hampshire Utah
Light Damage ‘
1-10 % 238% 50% T4% 70% 40% 10%
Moderate
10-30 % 36% . 0% % 26% 0% 27%
Heavy ’
30-80 % 0% 0% 0% 0% 0% 5%
Major to Destructive ‘
60-100 % 1% 0% 0% 0% 0% _— 0%
HAYWARD FORT TEJON PUGET SOUND NEW MADRID
(M7.5) , (M=8.0) (M=7.5) (M=7.0)
California California  Washington Hinois Missauri Arkansas Tennassee Kentucky Mississippi
Total Number 1,838 1,638 g7z 600 524 458 587 474 416
Light Damage
1-10 % 4% 16% 2% 0% 1% 18% 18% 6% 16%
Maderate
10-80 % B% 4% 8% < 1% 0% 15% 1M1% . 2% 3%
Heavy .
30-60 % 1% 4% 5% 0% 1% 4% = 1% 1% 0%
Major to Destructive
60-100 % 0% < 1% 9% 0% 2% 0% 1% 0% 0%



Table 5-7
Light
Damage
Cape Ann ‘ o
Charleston o - 890 -
Fort Tejon - 640
Hayward | o 988
New Madrid (M=8.0) - 3,000
New Madrid (M=7.0) 1,198
Puget Sound ' 340
Wasatch Front | _ 770

Total System Length = 270,611 km

' .Damage to Railroad Systém (Length of Roadbed, Km)

' : Major to
Moderate Heavy Destructive
10-30% 30-60%  60-100%

0. 63 0
85 - 980 0
340 825 47
47 445. 140
670 1,780 485
0 640 o

0o 650

300 ‘ 0

passes; 1 and MMIj are the length of the
lifeline element and the Modified Mercalli
Intensity, respectively, within grid cell k; and A
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.

541 Railroad Sys}:em

The railroad system is’'a 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
(km) of damaged railroad right-of-way within
each.damage state. The damage estimates are
based on damage curves for track/roadbed and
* exciude damage to 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 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, rcspccuvely, sustaining .
heavy damage (30- -t0-60 %). Maps showing the
distribution of damage to the railroad system for
cach of the 8 events are prowded in Figures 5-1

to 5-8.

542 HighWay System .

The highway system is also a highly redundant .
system, consisting of freeways/highways 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 freeways/highways,
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
freeways/highways 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
freeways/highways as it is for bridges. For

78 _ ~ 5: Estimates of Direct Damage
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Figure 5-2, Um_ammm to railroad system following Charleston event (M=7.5).
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Table 5-8 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 '1.82 g
Charleskon 2,182 999 O 0
Fort Tejon 2,174 1,557 o 0
Hayward 1,567 476 0 0
New Madrid (M=8.0) 4,967 2753 (3] 0
Mew hadrid (M=7.0) 1,800 720 5] 0
Puget Sound 'r 665 769 o 0
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 that direct
damage will range from 30-i0-100 % for various
locations affected by the Charleston, New
Madrid (magnitude-8.0}, Puget Sound, and
Wasatch Front events. Bridges in Utah appear
to be at the greatest risk, with 25 percent of the
bridges (approximately 287 bridges} expected to
sustain damage in the 3(-to-100 % range.
Eighteen percent of the bridges in Arkansas
(approximately 423, 16 % in Washington
{approxzimately 305), and eleven percent in
Tennessee (approximately 407) would sustain
similar levels of damage. The difference in
expecied performance between highways and
bridges results from the difference in damage
curves for these two struciure types.

54.3  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 not 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 (ransmissions lines and
percent of substations, respectively, in each
damage state. Maps provided in Figures 5-17
through 3-24 show plois of damage to

transmission lines for the eight scenario
earthquakes. '

Damage data for transmission lines {Table 5-10
and Figures 5-17 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 km, respectively, would snstain damage
ranging from 10-t0-30 %. :

Direct damage data for transmission substations,
summarized in Table 5-11, indicate that this
facility type would be severely impacted in all
scenario events. The impacts are most severe in
the Puget Sound, 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-t0-100 % range.

5.44 Water System

Direct damege to those water transmission
systems for which inventory data are available
are summarized in Tables 5-12 and 5-13. These
estimates are based on damage curves for
aqueducts and exclude damage to pumping
stations and dams, which are not included in the
project inventory. The data indicate that 38 and
20 km of the agueduct system {Table 3-12),
respectively, would sustain moderate to heavy
damage (10-to-60 %) in the Fort Tejon and

ATC-25
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Table 5-9 Damage Percent for Highway Bndges for Each Scenario Earthquake (Percent
of Bndges in State)

NEW MADRID (M=8.0) - S | CHARLESTON (M-7.5)
. : : : South North ‘
) fitinois Missouri - Arkansas Tennessce Kentucky Indiana Mississippi Carofina . Carofina - Georgia
Total Number . 4,674 4,496 ) 2353 ’ 3,658 2797 3326 3,096 2134 3,120 4,193
Light Damage :
1-10 % 10% | 8% 16% - 8% 186% 2% 56% 15% 9% 17%
Moderate .
10-30 % 1% 0% 12% R 9% 3% 0% "16% . 15% . 1% ] ’ 17%
Heavy : ‘ ' o :
30-60 % : 0% 0% 5% 4% - 0% © 0% 0% 8% < 1% < 1%
Major to Destructive ‘ o : -
60-100% - < 1% 0% 13% % 3% - 0% . 8% 1% 1% 2%
CAPE ANN (M=7.0) : . WASATCH FRONT {M=7.5)
: Massachusetts Connecticut  Delaware Rhode Island New Hampshire Utah
Total Number 2,013 1,878 297 283 1,020 1,149
Light Damage : :
1-10% 46% 45% 21% 76% 53% : 7%
Moderate- .
10-30 % 8% 0% 0% 15% 1% _ 1%
Heawvy '
30-60 % 0% 0% 0% 0% 0% _ 10%
Major 1o Destructive . '
60-100 % 0% 0% 0% S 0% 0% 5%
HAYWARD : FORT TEJON PUGET SOUND
(M=7.5) - (M=8.0) (M=7.5)
California California ~ Washingten
Total Number 7,948 7,948 1,908
Light Damage :
1410 % 4% 22% B%
Moderate
© 10-30 % 2% <1% 12%
Heavy .
30-60 % 0% 0% 3%

Major to Destructive
B80-100 % 0% 0% 13% -
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Figure 514 Damage to ?.W:Em? foflowing New Madrid event (M=7.0).
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Damage fo Electric Transmission Lines {Length of Line, Km)

- Table 5-10
tight _ Major to
) ' Damage Moderate Heavy Destructive
Event 1-10% 10-30%. 30-60% 60-100%
Cape Ann : 275 g o 0
Charleston | 4,840 27 o 0
Fort Tejon 6,645 - 1,370 a a
Hayward 6,320 ') O QO
New Madrid (M=8.0) . 6,840 a00 0 0
New Madrid {M=7.0) ’ 2,610 0 0 g
Puget Sound . 3,860 0 3] 0
Wasatch Front ‘ 1,370 0 0 O

Total System Length = 441,981 km

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

545 Crude Oil System

Direct damage to the crude ol system,
estimated using damage curves for iransmission
pipelines and the special probabilistic model for
pipelines described above, are plotied 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 evenis
and the Fort Tejon earthquake. Figures 5-27
through 5-29 show pipeline section(s) damaged
due to the magnitude-8.0 New Madrid, Fort

. Tejon, and magnitude-7.0 New Madrid events.

5.4.6  Refined Oil System

Direct damage to the refined oil system,
estimated vsing damage curves for transmission
pipelines and refineries and the special
probabilistic model for pipelines described
above, are plotied 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 barrel/day) would sustain light damage
{1-t0-10 %) due the Hayward event, and two
major refineries with capacities of 420,000 and
100,000 barrels/day, respectively, wouid sustain

light damage due to the Fort Tejon and Puget

‘Sound evernts,

347 Natural Gas System

As in the case of crude and refined oil plpehnes,
direct damage to the natural gas system was
estimated using damage curves for transmission
pipelines and the special probabilistic model for
pipelines described above. Damage to this
facility type, plotted in Figures 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 natural gas pipelines is estimated to
be zero. Broken pipelines shown {Figures 5-32
through 5-37) are node-to-node sections having
one or more links estimated as damaged with a
probab:ht_y of 60% or greater.

5.5 Dollar Loss Resulting from Direct
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
collected for various facility sizes and regions,
which were then weighted to account for the
estimated distribution of facility sizes in the

national database.

ATC-25
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Table 5-11  Damage Percent for Electric Transmlssmn Substations for Each Scenario
' Earlhquake (Percent of Substations in State)

.. NEW MADRID (M=8.0) S ' ' _ . CHARLESTON (M=7.5)
o R o South . ' North ‘
' Hinols Missouri -~ Arkansas Tennessee Kentucky Indiana Mississippi Carolina ‘Carolina Gaorgia.
Total Number -~ = 108 ) 95 . 124 7o . 68 . . 88 _ - 83 100 76 88 -
Light Damage : _ , e ; ‘ C o :
1-10%. o - 0% Q% 0% . D% - 0% " 0% - 0% ) 0% - . 0% C 0%
Maoderate . _ ' ' ‘ g coe ‘ ' - -
10-30% - o 14% 8% 22% 16% ; 24% 2% B83% 43% 20% 33%
Heavy ‘ Co oL ' ‘ g
30-60.% o . 0% 0% 10% 8% - % . 0% - 8% 14% ‘ 0% 3%
Major to Destructive ' R - _ s : : - : ' ' o
§0-100 % B 0% - 8% 29% 6% 1% 0% - : 10%° ' 16% 1% 2%
. CAPE ANN (M=7.0) I WASATCH FRONT(M=7.5)
Massachusetls  Conneclicut - ‘De[awafe Rhode Istand New Hampshire © - o Utah
Total Number 153 69 3. 2z . - 22 i 10
Light Damage . : . : .
1-10 % 0% S % 0% - 0% 0% . 0% -
Moderate ) o o
10-30 % ‘ - 82% 42% - 33%- o 100% - 0 46% : o 30%
Heavy - . .
30-60 % L 0% 0% 0% 0% 0% 20%
Major to Destructive ' : .
60-100 % o 5% - 0% S 0% 0% 0% S 10%
HAYWARD FORT TEJON PUGET SOUND S _ NEW MADRID
(M7.5) M=8.0) (M=7.5) (M=7.0)
" California California. Washington . - llinois Missouri Arkansas ~ Tennessee Kentucky Mississippi
Total Number 205. . 205 . 1585 - 108 - 95 © 124 0 68 93
Light Damage ' o : . : _
1-10 % ‘ ’ 8% 1% 0% . 0% . 0% 0% 0% 0% . 0%
Moderate . ] h . '
10-30 % . 13% 6% A2% - 0% - 2% 21% - 16% . 16% 14%
Heavy o : ) ’ S : .
'30-60 % ) 14% < i% 3% - 0% ) 0% 16% 0% 0% 2%

Major to Destructive : : : .
60-100 % 13% . 12% . 43% 0% 6% 6% - ] 3% 0% - 0%
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Damage to electric power transmission lines folfowing Cape Ann event (M=7.0).
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Figure 5-20
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Figure 5-21 = Damage to electric power transmission lines following New Madrid event (M=8.0).
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Figure 5-23  Damage to electric power transmission lines following Puget Sound event (M=7.5).
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Figure 5-24  Damage to electric power transmission lines following Wasatch Front event (M =7.5). .
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Table 5-12  Damage to Water Aqueduct System (Length of Aqueduct; Km)

Majorto

- ' " Dla_fvf;tge ~ Moderate - Heaﬁfy Destructive

Event | 1-10% 10-30% = 30-60% 60-100% .
Fort Tejon ' 350 36 2 0
~ Hayward '- 240 20 | 1 0
Puget _Sound o 60 0 o 0 0

 Table 5-13 Cost Estimates for Lifeline Components -

Cost Estimate*

System ‘ - Component
Railway . Tracks/Roadbeds _ -$500,000/mile**
Highway Conventional highway bridge $1,200,600 _
_ - Freeway/Highway $1,400,000/mile**
Local Roads $300,000/mile**
Air Transportation Terminals $4,000,000 :
' Runways/Taxiways , $1,000,000/runway
Sea/Water Transportation - Ports/Cargo Handling Eq_uipment $20,000,000 '
Electric - Distribution Lines $150,000/mile**
Transmission Lines $500,000/mile**
Transmission Substatiqns $400/person***
Water Supply Transmission Aqueducts $5,0{_)0,000fmile**
Natural Gas Transmission Aqueducts $300,000/mile™*
Petroleum Fuels Transmission Pipelines $300,000f’mile**
Emergency Service - Medical Care Facilities * $35,000,000
- - (assumes 85,000 square o :
foot average size) :
Fire Stations ' '$400,600
© (assumes 5,000 square ,
foot average size)
Police Stations $1,000,000
(assumes 11,000 square -
' foot average size) '
*1991 Dollars - :
**1 ' mile = 1.609 km.
***in service area
108 5: Estimates of Direct Damage - ATC-25



figure 5-27 . Damage to crude oif system following Fort Tejon event (M=8.0). Broken pipelines are
shown with solid diamonds.
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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 3-
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 cutves 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. :

The estimates provided in Tables 5-14 and 5-15
are based on the available inventory data and
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 of U. S. dollars) for the eight
scenario earthquakes as follows: S

Direct
‘ _ : Dollar Loss
Earthquake (in Billions, 1991%)
Cape Ann ' %42
Charleston S $4.9
Fort Tejon - $4.9
‘Hayward $4.6
New Madrid, M = 8.0 - $11.8°
- New Madrid, M = 7.0 © $3.4
Puget Sound : $4.4
Wasat(_:h Front ‘ $1.5

56 -Compdr‘!son 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 are difficult. Several studies have

‘examined the effect of earthquékes on lifelines

for various regions, including:

+ . Barthquake Vulnerability An.alysis 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 al., 1982),

» 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 al,, 1990). '

Compared fo 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.

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 in dn
Earthquake Vulnerability Analysis of the
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

120 5: Estimattes of Direct Damage
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Table 5-14 Direct Damage Losses ($ Millions)

+

Fire  Broadeasting Medical Natural  Refined  Crude

eBom( 19811 JO Sepowsy 1S

Izt

Scenario Highways Electric Stations  Station ~ Care Ports Afrports  Railroads Gas Qi Ot Water Total
Cape Ann $382 $1,312 $6 $19 5450 $53 501 $9 o 0 $0 § 2,362
Charfeston 5773 $1,264 - %9 568 $565 $380 $142 $156 $0 0 $o § %9858
Fott Tejon $470 $E86 $4a $24 31,431 $170 $148 $158 $11 50 bea 3140 3817
Hayward 208 $1,310 $7 17 81,207 $115 §a7 $115 36 30 $0 501 8,203
New Madrid 8 52,218 $2,786 313 391 31,297 30 $411 5458 $56 $28 $a7 $ %7408
New Madid 7 5204 $1,077 $3 534 $396 $0 5145 $108 $19 $9 519 L 2,013
Pupet Sound $496 $1,804 513 $49 $607 3196 3210 $a6 $6 $0 %0 $18  3des
Wasatch Front $323 $90 544 3208 $0 %29 $31 48 $0 50 $ 730

$2



Table 5-15  Direct Lasses 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

Highways

" Hectric  Water -
$ Billion $ Billion $ Billion
- $089  $030 $0.60
0.74 031 - 0.50
0.91 0.23 023
0.90 - 020 025
207 0.88 1.40
0.65 0.28 " 0.44
058" - 0.09 0.28

038 . 013 026

structural damage. The Citadel researchers :
studied direct damage to lifelines, aswell asto. -
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 damage for
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 of the Evernden Model
produced 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

e detailed map, and using that as the MMI value

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.., higher) ground shaking
estimates by generally more severe damage

+ estimates.

Estimated Lifeline Damage. Both studies
evaluated direct damage to a nimber 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 facilitics in the three
counties, in which 14% of the entire state
- population lives. They estimated a 43%
prabable 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 of Direct Damage
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destructive damage {damage between 60%
and 100%}). These figures represent an
average gross dollar damage of 10%. Note
that this 109 figure reflects damage to all
health care facilities in South Carolina. [t is
to be expected that stalewide average
damage should be significantly less than
damage within the epicentral region, which
The Citadel’s 21% figure reflects.

Aifrports. The Citadel rescarchers
inventoried 5 facilities in the three counties.
They estimated functionality for operational
pavements such as runways and taxiways,
and for key operational vertical structures
such as confrol towers and terminals. For
runways and taxiways, The Citadel
researchers estimated 30% functionality
within 1 day, 60% functionality within 3
days, and full fanctionality within 8 days. For
vertical structures, The Citadel researchers
estimated 60% functionality within 2 days,
and full functionality within 2-1/2 weeks.
The current study inventoried 147 facilities
in South Carolina, It estimated 59%
functionality of Scuth 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, inding 49 facilities would
sustain light damage, 29 facilities would
sustain moderate damage, and 9 facilities
would sustain major damage.

Fire Stations. The Citadel researchers
inventored 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 Stations. The Citadel researchers
-inventoried 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

Railread. The Citadel researchers
inventoried 196 miles of track in the three
counties. They estimated 1 mile of track
would sustain 1% damage or less, 145 miles
would sustain 1-to-10% damage, and 50
miles of track would sustain 1)-t0-30%
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 109}, 52 miles would sustain
moderate damage (10-t0-30%), and 600
miles would sustain heavy damage (30-to-
60%). These figures represent an average
damage of 20% to South Carolina railroad
track following a Charleston event. {This is a
simple measure of track damage and should
not be confused with residual capacity

. Bigures, which follow on network analyses

(see Chapter 6)). This difference may be
explained by the significant damage to
railroad track cutside the three counties.

Electric Transmission Substations. The
Citadel researchers estimated 20% of
substations in the three county area would
sustain light damage, 70% of substations
would sustain moderate damage, and 10% of
substations would sustain 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 209%. The present
study inventoried 100 substations in South
Carolina, and estimated 43% sustain
moderate damage (10-to-309), 14% susisin

~ heavy damage (30-t0-60%), and 16% sustain

major damage {60-t0-100%). These figures
represent an average 28% damage to South
Carolina transmission substations following
a Charleston event. The present study
cstimated 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 present study

ATC-25
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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 (sce '

: Chapter 6).)

¢ Bridges. The Citadel researchers

inventoried 3 major bridges and 216
conventional bndges 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 1/5th 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 ina -

. three-county 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 | Estimcit‘es of Indirect Economic Losses

6.1° Iniroduciion

- Earthquakes produce boih 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
effecis that these disrupiions have on the ability
of otherwise undamaged enterprises to conduct
business may be guite 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 {Cochrane, 1975; Rose, in
ASCE-TCLEE, 1981; Scawthorn and Lofting, -
19847, :

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

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

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

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

6.2 General Analytical Approcch for
Esiimating 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 seismaic 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
curves are used directly whereas for extended
regional networks, special analysis procedures
are used. These procedures consist of: - -

*  connectivity analyseé, and
. éendceahiﬂity analyses.

Connectivity analyses measure post-carthquake
completeness, "connectedness,” or "cut-ness” of
links and nodes in a network. Connectivity
analyses ignore system capacities and seek only
to determine whether, or with what probability,
& 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
carthquake effects, was beyond the seope 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 number of lanes).
Rather, for this project, a limited serviceability
analysis has been performed, based on a set of
simplifying assumptions.

The fundamental assumption has been that, on
average, all links and nodes. of a lifeline have
equal capacities, so that residual capacity has

ATC-25
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serviceable (i.e., surviving) links and nodes to the
original number of serviceable 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, agd 30 of
these are determined to be unserviceable at:
some point in time following a major
carthquake, then the air transport lifeline

residual capacity is determlned to be 70% of the

initial capacity.

This assumption does not consider sevoral
important factors, including:

1. Al nodes or links do not have the SAme
capacities;

2. Links and nodes contrlbutmg 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

3. Significant elast1c1ty in capamty is gonerall},r
available for most llfellnes o

Factors 2 and 3 tend to offset each other. =
‘Further, factor 1 is probably acceptab]e for the

purposes of this project, which aims to describe E

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 Capacﬁy Anc:lysis o! Site~
Specitic 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 (i.e., size or capacity information
‘was not avallable) 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. -

' Usmg the curves prowded in Appendlx 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 typo in the reglon usmg the folliowmg :
equatlon

NN 3
E (G Ry /T G (6.1)
=1 i=1

where R.C; is the residual capacity at time step j,

Gy the capacity of facility i, and R is the
restoration of facility i at time step J. If all

facilities have the same capacity, Equation 6. 1

becomes

N :
RG= 3 lR-i/N | - (62)
T =

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

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 Airf:rorts

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 €mergency .
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

Y
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Example 6.1

- This example illustrates the residual capacity calculation algorithm for point source systems, using
health care centers in Illinois as an example.

Assume that Hllinois, located in “all other areas’ of the NEHRP Map, has four health care centers. A
scenario earthquake is estimated to result in shaking intensities at the four Jocations of MMI=5, 6, 7,
and 8, respectively. Assume that no liquefaction hazard exists at the four sites. Estimate residual .
capacity at O days, 7,14, 21, 28 , and 196 days (the latter being the point of full restoration), -

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

Health Care

ST 8 1,
2
o
a8
E R= SBx -
‘é ‘!ﬁ:ﬁ. R=b#*days + 5
2
x

R= Bx ,

DAYS: 38 &8 59 128 158 189 218 248 Z?E Saﬁ 328 385
, Elapsed Time in Days
This figure indicates residual capacities as follows:

Elapsed time (days)
14 |

MM 0 7 78 196
Faciliiy 7 5 100% 100%  100%  100% - 100%  100%
Facilty2 6  12%  21%  31%  41%  51%  100%
Faciliy3 7 0% 5%  10%  15%  20%  100%
Facllty4 8 0% 0% 0% 3% 6%  100%
Average 28%  32%  35%  40%  44%  100%

The last row in the table provides the residual capacity of the example heaith care centers in lincis,
assuming that all facilities have the same capacity {i.e., per equation 6.4).

figure 6-1:  Analysis example illustrating residual capacity calcufation afgorithm for point source
sysiems : '
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by staging cargo off-site, and apron space
restrictions can be worked around through
scheduling and staging alrcraft at other
alrports)

Average remdual 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. Resuits for each state are plotted
in Appendix C for each scenario earthquake -
(Figures C-1 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,

C-1
6.3.2 Port.s" |

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 prcwded 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 200. 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-29)

6.3.3 - Medical Care Cenrers_

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 capamty One of 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 the Puget

respectively (Figures C-7, C-10, C-15, C—17 and _
18).

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-81. One of the worst case situations,

which occurs in South 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. Resuits are presented in Appendix C,
Figures C-82 to C-101, for all states affected by.
the scenario events. These plots indicaie 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 elght scenarios
and affected states.

64  Residual Cdpacity Analysis of
Extended Regiondl 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
operatlons
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S5

0 21 42 63 34 105 126 1"4?’ 168 189 21{} 231 252 2?3 294
Elapsed Time in Days

Figure 6-2 Residual capacity of Arkansas air fransportation following New Madrid event (M=8.0).

100

Restoration %
i
2

O 21 42 83 84 105 126 147 188 189 210
Efapsed Time in Days

Figure 6-3 Residual capacity of South Camffna ports following Charleston event (M=7.5).
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Figure 6-4 . - _ReszHuaI capacity ofAfkansas medical care centers foilowing New Madrid event (M =8.0).
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 Figure 6-5
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Resfdual capaciiy of South Carolina fire staiions following Charleston e'vem (M=7.5).
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Figure 6-6 Residual capacity of Mississippi police stations following New Madrid event (M=8.0).

Restoration %

35 - T T T T T T T T T i T T T : 0
0 14 28 42 56 70 84 98§ 112 126 140 154 188 182 196
Elapsed Time in Days '

Figure 6-7 Residual capacity of South Carolina broadcast stations following Charleston event
{M=7.5).
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1. Maximum damage for e\fery 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, semceablhty analyses were.
performed to determine residual capacity of
the network as a whole, considering both
damaged and undamaged links and nodes.

The networks are assumed to consist of sets of
nodes and sets of links connectmg 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). ,

Follomng is a flow chart showing the sequence
of operations

Damage State of the
System att=0
:
Connechvrty Analysis
Updatethe| | Residual Ceoac G
Network _ Analysis
t=1t+Deltat

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 Y1 and Y2, there is either a link (i- -

i) or (j-i) between node i € Y1 and node j £ Y2,
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

Semceability Analyses. Residual capamtxes
between sources and destinations were
estimated using the minimum-cut-maximum-

- -flow theorem (Ford and Fulkerson, 1962; 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 (Y1,Y2), where Ylisa

subset of nodes of the network and Y2 is its

complement (i.e., the remaining subset of -
nodes). A cut (Y1,Y2) is a set of links (i-j) with
either thenodeie Yl andjeY2orjeY1and

-1 e Y2. Therefore, a cut is a set of links the

removal of which will disconnect the network. A
cut separating the source, S, and the destination,
D,isacut (Y1,Y2)withS €Yl and D eY2.

The capacity of a cut (Y1,Y?2), denoted by
C(Y1,Y2),is Ccj; withie Y1 and j £ Y2, where
¢jj is the capacity of the link (i-j). Note that in
defining a cut, we count all the arcs that are

-between the set Y1 and the set Y2, but in

calculating its capacity we count only the
capacity of links from Y1 to Y2, but not the one’

‘way links from Y2 to Y1. i.e. C(Y1,Y2) not . -

equal C(Y2,Y1). 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 Y1 defined above
consists of nodes S and 2, while the set Y2

- consists of nodes 1 and D. The cut shown in
~ Figure 6-8 is a minimum cut and has the
. capacity C(Y1,Y2)= cg1 +cpp=2+4= 6, which -
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Flow nebwork to llusirate
MU -cU Ao ﬂow
Theorem.

Figure 6-8

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

The maximum flow is a linear programmlng
prc-blem w1th the ob]cctwe function

Q= IXy 63
and the constraints
Xjj-Xjx =-Qifj=S$
 —0ifj<>SorD  {64)
= Qifj=D, |
and
0 < Xj5 < g3 for all i,j {6.3)

where Q is the out flow value and Xj; is the flow
- in Jink {i-). Equation 6.4 expresses mnservatlun
of flow at every node, and Equation 6.5 states -
that the link flow Xq is always bounded by link

capacity '31]

To apply the maximuom 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 Mlinois, California, Seatile, 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

highway and railroad systems, sources are .
defined to be the outer nodes of all links that
intersect with the smallest boundary around the
epicentral area, such that ail 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 center of the

‘ hnks) For damaged links, restoration of each

link is estimated at each time step using the
apprﬂpnate restoration curve and the maxlmum
intensity along the link.

The residual capacity at a given destination at
any time step, t, is defined to be the ratio
betwean the maximum available flow at the
destination for the damaged system, Q, to the
maximum available flow at the destination for
the undamaged system, (3, i.e..

RC. =QyQy (6.6)

where O and Qf, can be calculated using the
min-max theorem discussed above, and R.C. is
the residual capacity. :

Example Calenlations. Two examples are
provided {Figs 6-9 and 6-10) that demonstrate
residual capacity calculations for pipeline
networks {Example 6.2} and for nﬂn-plpellme
networks (Example 6.3).

Software Employed. The calculations of damage
state, connectivity, and residual capacity were
performed using a proprietary computer
program, LLEQFE {(LifeLine EarthQuake
Engineering). LLEQFE 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-specific
seismic intensities; (3) to perform connectivity
analyses; and (4} to estimate residual capacities
of lifeline components. Its capabilitics include
the following -compnnenﬁsffumctions: B '

+ Database. Database capacity can
accommodate most major lifeline systems at
the transmission level on the national scale,
including: transportation, watcr, 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, of natural gas). : _ B o

Consider the following crude oil pipeline network:

25 km 25 km -
g — -
2 pipe #4 D=14" - 4 (Destination)

‘MMI= 09 MMI=8.0

pipe #1-. D=8" . -
o ' pipe #3 D=10"

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, |1, experiencing MMI = 8 has an expected mean break rate, %1, of 0.036 breaks/km. The 25
km length of pipe, |7, experiencing MMI = 9 shaking has an expected mean break rate, %5, of 0.179
breaks/km. The progability of having at least one break in this pipe is given by equation 5.4, which is

2
1- 1 Py _
=1 .
1 - (expl- X1 x 1)) xexpl- Ao xlo)
1 - (exp(-0.036 x 25) x exp(-0.179x 25)) -
0.99 -

P

nn

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 Q at the destination (i.e., node 4) is
164 (the maximum flow at node 4 equals the capacity of link number 1, i. e. 64, plus the capacity of
link number 3, i.e. 100). Since the probability of failure of pipe number 4 is greater than 60%, this
pipe will assumed to be closed untii it will be fully restored. For the damaged system, at the first time -
step (i. e., t=0 days) pipe 4 will be closed and the maximum flow Q at node 4 is the capacity of the
‘temaining system, which is 100. The residual capacity at time step t=0 can be estimated using
Equation 6.6 and is given by Q4/Q, = 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: Anafysfs'examp!e iflustrating residual capa'cigy céfcu!ation for crude oif pipeline network.
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Example 6.3

This example illustrates the damage and residual capacity calculation for non-p J} line network systems
| fe.g., railroad or highway system). Consider the following highway network (nodes dencted by circles, |

links by boxes): @
“m N

Destination .
Boundary

v""" ’\\
o
__...-—-"" gl

~ Source Bou ndary

The network lies in the "All Other Areas" portion of the NEHRP map; the intensity distribution for a
given scenario earthquake is given below. Assume liquefaction does not occur and that Links 2 and 9
contain bridges. If a bridge experiences damage of 15% or more, it is assumed closed until 100%
restored. Characterize restorafion at various time intervals.

Link Mumber
1 2 3 4 5 6 F 8 9 10
length, km 5 5 5 5 5 3 5 3 5 5

M| 3 b 5 7 8 7 5 8 7 4

' Procedure. Usmg the damage curves provided in Appendix B for highwaysffreeways damage to the
highway system Is estimated as follows:

Link Number ‘
1 2 3 4 5 & 7 B g 10
Damage, % 0 0] 1] 1 3 1 0 3 1 a

| Using the damage curves for conventional Eridges, "other" areas (Appendix B}, 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 © are closed
until 100% restored, while bridges in Link 2 are not. Restoration of the network links are estimated

| from the restoration curves for conventional bridges, “all other areas” (Appendix By as follows (see
following page): - :

Figure 6-10:  Analysis example iflustrating the residual capacity calculation for highway networks.
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* - Damage Staie. 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 Analysis. 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 of the system
in simulated damage states consistent with
site sefsmicity and statistical analysis of
residual capacities available in these damage
states. It can provide fragility curves to
estimate 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 thé 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.
643" 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 estimated 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
mmllar

6.4.4 Water System
Residual capacities of the water system (Figures

C-167 to C-169) were estimated using the
minimum-cut-maximum-flow 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 destinatjon and the Colorado
River Aqueduct (1056 hm), California
Aqueduct South Coast (692 hm™), 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).

6.45 Crude 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.

136 - &: Estimates of Indirect Economic Losses

ATC-25



Residual Capacity %
jo))
<

6 8 fo 12 14 18
Elapsed Time in Days ‘

-
E =Y

Figure 6-11  Residual capacity of San Francisco Bay area railroad system faﬂawing Hayward event
(M=7.5).
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Figure 6-12  Restdual ‘capa'cily of epicentral region highways following New Madrid event (M=5.0).
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. Figure 6-13 Résidqal capacity of Mississippi electric systent. fo!fafving New Madrid event (M=8.0).

100

" 704

Restoration %

‘30 — - .ll T T T T -
0 . 10 . 20 a0 . 40 50 . 6D 70

_ Elapéed Time in Days
* Figure 6-14° Residual capacity of epicénrraf region water system following Fort Tejoﬁ- event (M=8.0).
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Figure 6-15
Fort Tejon event (M=8.0).

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
MNorthern California is initially reduced to less
than 10 percent, and full restoration of capacity
is not achieved uniil 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 Ol 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-cui-maximum-flow theorem discused
above. Links with probability of failure greater
than or equal to 60% were assumed closed until
100% restored. The residval capacities are
shown in Figures C-174 and £-175. Residual
capacity plots for the two New Madrid events
considered are similar. The plot for the New
Madrid magnitude-8.0 event is provided in
Figure 6-16.

Residual capacity of crude oil delivery system from Texas to Northern Cafxﬁamw following

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 Hiinois,
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 capacity for 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
California from Texas, as a result of the Fort
Tejon event, are similar.

648  Distribution Systems

Residual capacities of the electric, water, and
highway distribution systems were estimated
using the time-to-restore curves provided in

ATC-25
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Appendix B. Distribution systems were assumed
to be lumped at the center of the 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.

65  General Analylical Approach tor
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 lisied
below.

6.5.1 General Assumpfions

1. Duration. 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
elemenis 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 Functionality. The quantity under
examination here is lifeline functionality as
oppased to lifeline capacity. For example,
assume the water supply lifeline sustains a
loss of 20 percent of its 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 waier
supply and transmission facilities remain
intact, but damage to the distribution system
cuts off water to 20 percent of the industries
served, the functionality loss is 20 percent.

4. Distributicn of Incidence of Interruption.
- Lifeline interruptions are assumed to be

prioritized as follows:

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

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

" understated.

Functional Relationships. Each industrial
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 [ifelinefsector
pair. The effect of less-than-total failure of
the lifeline was estimated using the
following assumptions:

= The first 5% interruption could be
absorbed without economic [oss

* Subsequent losses would result in
proportionate economic losses. Thus as
lifeline capacity falis from 95 to 0%, the
economic impact is assumed to increase
linearly from zero to the maximum
effect for each sectorflifeline pair.

* The product 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.

. 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
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~ the sector. This assumption may
unrealistically underestimate 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 hfelme capac:lty

6. 5 2 Data Sources and Methodo!ogy

Va_]ue Added Data. Economic activity w1thi11
" 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 States Bureau of Economic Analysis
publishes annual data for value added for each

industrial sector. For simplicity, data from the 59.

sectors were collapsed into 36 sectors. Data for
1983 were the latest available (published by
BEA, 1989), and were used in this study.

As a first apprmnmatlon data on the nattonal

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

Table 6-1. For comparison, comparable data for '

the local San Francisco Bay Area economy
(which comprises Santa Clara County and parts
of Alameda County) are shown on the same
table.

- Lifeline Iinpnrtance Factors. The ecenomic
impact of each lifeline was estimatedby

modifying estimates from ATC 13 (ATC, 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
differerice 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

maximutn 1mpact estimates by sector and hfeime
are shown in Table 6-2.

Reduction in Value Added Due to Lifeline
Interruption. Table 6-3 presents the percent

teduction in value added for each sector

resulting from increasingly severe crude oil -

_ lifeline interruptions. (Similar tables are shown

for all lifelines i Appendix 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 i in

 value added when the lifeline experiences 5%
- interruption (for a 3% 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 Appendix D. These value
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
uninterrupted value-added for each decile. In-
the case of oil supply and the livestock sector,
the residual valued-added after 109 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

penod of time.

-Further Rel'inements. As noted at the oetset,

this brief study constitutes a first approximation
of the 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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Table 6-1 Relative Importance of Industry Sections--U). S, and Santa Clara County,

California
Santa Clara :
& Part Alameda LS, Econ 1.5, Econ. LS. Econ,
‘ Value Added Value Added Valug Added Valua Added
Sector {Mil $1988) (Mil $1983) : Pct. of Tot, Pct. of Tot.,
1 Livastock : 4 0.01% : 15,227 . 0.45%
2 Agr. Prod, . 78 0,18% 85,567 1.06%
3 AgServ For, Fish . 115 0.20% 2,705 0.41%
4  Mining oz 0.16% 180,577 3.85%
5  Constructon 1.973 3.39% 185,326 5.52%
& Food Tobacco 593 1,085 ' 80,810 241%
7 Textile Goods 10 0.02% 12515 : : 0.87%
8 Misc Text, Prod, 11 0,02%, 24,397 0.73%
.9 Lumber & Wood 50 0.09% 17,319 0.529%
10 Furniture . 80 0.10% 11,378 0.24%
11 Pulp & Papor 153 0.26% 29,253 0.87%
12 Print & Publish 413 0.71% 44,053 1.31%
12 Chemical & Drugs 492 ’ 0.84% 47,144 1.40%
14 Petrol, Relining a 0.01% 32,332 0.96%
15  Rubber & Plastic 127 0.20% 84,570 1.08%
16 Leather Prods, ‘ 1 0.00% 4,119 C0.12%
17 Ghass Stone Clay 199 : 0.34% 20,758 , 0.62%
18 Ptim. Metal Prod a5 0,16% 34'951 1.04%,
19 Fab. Matal Pred, - 538 0.92% 55,094 1.64%
20 Mach, Exe. Elec, ‘ 5,789 9,95% 52,984 1.86%
21  Elec, & Electron ' 5,603 ‘ 9.63% 84,697 2.52%
22 Transport Eq. 924 1.59% 87,942 2.62%
23 Instruments 1,416 2.43% 22,807 0.68%
24 Misc. Manufact. 113 0.19% 23,080 0.69%
25 Transp & Whse, 533 0.92% 116,193 3.46%
26 Utilities 1,173 2.02% 197,676 - . 5,89%
27~ Wholesale Trade 4,024 6.94% 189,178 5.63%
28 Hotail Trade 2.567 4.41% 189,178 5.63%
20 ' FLRE. (Finance, Insurance, Real Fstate) 10,250 o 17.62% 658,851 16.64%
30 Pers./Prof Serv, B, 758 15,05% 269,683 8.03%
41  Eating Drinking 1,566 267% .27 212%
32 Auto Sery, 1,187 : 1.95% 36,761 1.08%
33 Amuse & Rec, 223 0.36% _ 25,386 0.70%
34 Heaith Ed, Sos, 4,650 7.00% 211,504 6.30%
35 Govt & Govt Ind, 3,870 6.65% 395 936 11.79%
36  Households 574 0.99% 8,442 0.25%
Inventory & Leak 0,00% 39,135
TOTAL 58,174 100.00% 3,397,151 100.00%
Sources: Santa Clara: Dames & Moore, 1987. Regional Economics Of Water Supply Shortages in the South Bay Contractors' Service

Area U.S.: U.B. Dept. of GComm. Bureau of Econ, Analysis, 1889 Suvey of Current Business. Input Output Aceounts of the
U.8. Econamy, 1983 Collapsed from 99 to 36 sectars, :
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Livestock
Agr. Prod.

AgServ For. Fish

Mining
Gonstruction
Food Tobaceco -
Textile Goods

-Misc Text..Prod..

tumber & Wood
Fuimitura -

‘Pulp & Paper

Print & Publish
Chemical & Drugs
Petrel. Refining
Rubber & Plastic
Leather Prods.
Glass Stone Clay
Prim. Metal Prod.
Fab. Metal Prod.
Mach. Exc, Elec.
Elec. & Electron
Transport Eq.-
Instruments
Misc. Manufact,
Transp & Whse.
Utilities
Wholesale Trade
Retail Trade
F.LRE.
Pers./Prof Serv.
Eating Drinking
Auto Serv.
Amuse & Rec.
Health Ed. Sec.
Govt & Gowt Ind.
Households

TOTAL

Importance Weights of Various lifeline Systems on Economic Sectors

0.561

0.62

Table 6-2
' (Modified ATC-13 Table 9.8 (ATC, 1985))
. _ - Natural ' . Air - Water
Water Waste Eiactric Gas on  Highway Railways  Transportation Transporiation Phona
0.45 0.20 - 050 0.10 0.50 0.50 © 040 0.10 0.40 0.20
0.70 0.50 0.50 0.30 0.80 0.80 0.40 0.10 0.40 0.20
0.45 0.580 © 0.50 0.30 0.80 0.80 0.40 0.10 .40 - 0,20
0.15 0.10 0.80 0.10 0580 035 0.35 0.10 0.20 . 0.10
0.50 0.20 0.40 0.00 0.90 040 - 0.05 0.00 . 0.20 - Q1o
0.70 0.70 0.90 0.25 - 0.50 0.80° 020 - - 0.20 0,20 0.15
0.70 070 - 1.00 0.20 .50 o 078 0.20 .0.20 0.20 0.15
0.70 - 0.70 1.00 C .20 0.50 - 075 0.20 0.20 0.20 015
050 0.50 1.00 0.20 " 050 0.80 0.40 - D20 0.20 0.15
-0.50 0.50 1.00 0.20 050 0.75 0.20 - 0,20 0.20 0.15
0.60 0.80 1.00 Q.40 0.50 (.80 0.45 C 010 0.30 0.10
0.30 0.30 - 1.00 0.20 -. 050 0.75 0.20 0.20 0.20 015
‘0.80 0.80 0.90 0.80 0.50 0.80 0.20 0.20 0.20 015
0.50 0.50 ~1.00 0.50 1.00 0.80 0.40 © 0.00 0.80 -0.10
0.50 -0.50 1.00 0.80 0.50 0.75 0.20 © 0.20 0.20 0,15
0.50 0.50 1.00 - D20 - 0.50 075 0.20 0,20 0.20 0.15
0.50 050 . 1.00 0.50 --0,50 0.75 .20 0.20 0.20 0.15
0.90 0.80 0.90 050 -0.90 :0.80 - 0.50 - 0.10 0.20 0.15
- 0.80 0.80 1.00 0.50 0.50 0.80 0.45 0.10 0.30 0.10
0.60 0:80 1.00 0.50 0.50 0.80 0.45 0.20 0.30 .10
0.90 0.90 1.00 0.50 050 0.75 0.20 . 0.30 020 - 0.15
0.80 ‘0,80 1.00 - 0.50 ‘0.90 0.80 0.45 0.30 0.20. C.10
0.80 0.60 1.00 . 075 0.50 - 0.80 0.05 0.40 0,10 0.30
0.60 0.60 1.00 6.50 -0.50 . 0,75 0.20 0.20 0.20 0.15
- 020 0.10 0.30 0.00 0.90 ~. 080 0.30 0,30 ©0.30 0.20
.0.40 -0.24 0.80 0.40 - 0.50 0.40 - 0.00 -0.00 0.00 0.30
0.20 6.10 0.0 “0.10 0.50 0.70 0.15 0.20 - 0,20 0.50
0.20 0.20 0.80 0,20 0.90 0.55 " 0.20 0.20 .0.00 0.50
0.20 0.20 0.80 0.20 0.60 - ‘0.45 0,10 0.20 0.00. - 0.60
0.20 - 020 0.90 0.20 0.80 0.45 0.10. - 0.20 0,00 0.40
0.8¢ . 0.80 .. 0.80 0.40 0.80 0.50 0.05 0.40 0.00 C . 0.40
0.10 - 0.20 0.50 0.05 0.90 0.85 0.00 0.00 0.00 0.40
0.80 . 0.80 0.80 0.40 090 0.50 0.05 0.40 0.00 0.40
0.40 0.80 0.80 0.20 0.20 0.55 0.05 0.10 0.00 0.15
0.25 0.20 - 0.60 -0.20 0.20 030 0:10 - 0.20 0.00 . Q20
0.40 0.75 .. . 0.80 0.35 0.50 040 0.00 0.00 0.00 0.20
0.51 0.86 0.32 067 0.22 0.18 0.19 0.22
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LA Capacity Loss--o

Livestock

Agr. Prod,
AgServ For, Fish
Mining
Construction

'Food Tabaceo

Teklite Goods
Mise Text. Prod,
Lumber & Wood
Furniture

Pulp & Paper
Print & Publish
Chemical Drugs
Peatrol. Refining
Rubber & Plastic
| eather Prods.
Gtass Sione Clay
Prien, Metal Prod,
Fab. Metal Prod,
Mach. Exc, Elec,
Elec. & Electron
Transport Eq.
Instruments
Misc. Manufact.
Transp & Whae,
Utilities
Wholesale Trade
Retail Trade
F.ILRE,

Pers /Frof. Serv.
Eating Drinking
Auto Sery,
Amuse & Hec,
Health Ed. Soc.
Giovt & Govt Ind,
Househalds

TOTAL .

-Table 6-3
Lifeline
=3 1.
Lb'{aluf :gclied 0% 20% 30% 40% 50% &% 70% oo Q0% 100%
(Percani)
0.45% 2.63% 7.85% 13,16% 18.42% 23.68% 28.95% 84 21% 3947% 44, 74% §0.,00%
1.06% 4.21% 12.63% 21.05% 29.47% a7.80% . 46.32% 54,74% 63.16% 71.58% B0.00%
0.11% £.21% 12.63% 21.06% 20.47% 37.89% 46.32% 54,74% 83.16% 71.58% B0.00%
3.89% 4.74% 14.21% 23.68% 33.16% 42 .63% 52.11% 61.58% 71.06% B0.53% 80.00%
552% 4.74% 14.21% 23.68% 33.16% 42.69% 52.11% 61.58% 71.05% BDA53:.Q 40.00% ‘
241% 2,63% 7.80% 13.16% 18.42% 23.608% 28.95% 34.21% 23.47% 44.7_‘4& £0.00%
037% 2.63% 7.89% 13.16% 18.42% 23.60% 26.95% 34.21% 39.47% 44.74% 50.00%
0.73% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 3.21% 39.47% 44.74% 50.00%
0.52% 2.63% 7.89% 13.16% 18.42% 23.68% 28,95% 34.21% 3947% 44.74% 50.0036
0.34% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 39.47% A44.74% 50,00%
0.87% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
1.31% 2.63% 7.09% 13.16% 18.42%, 23,60% 28.95% 34.21% 39.47% 44.74% 50.00%
1.40% 2.63% 7.89% 13,16% 18.42% £3.68% 28.95% 34.21% 38.47% 44, 74% ~ 50.00%
0.96% 5,26% 16,79% 26.02% - 86.84% 47.37% 57.89% 68.42% 78.95% B8R A47% 100.00%
1.03% 2.63% 7.85% 13,16% 18.42% 23.60% . 28.95% A.21% 39.47% 44 74% 50.00%
0.12% 2.63% 7.88% 13.16% 18.42% 23.68% 28,95% a4.21% 39.47% 44.74% 50.00%
0.62% 2.63% 7.89% 13,16% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
1.04% 4.74% 14.21% 23 68% 33.16% 42.63% 5211% 61.68% 71.05% 80.53% 90.002’:.
1.64% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 44.21% 39.47% A44.74% 50.00%
1.56% 2.63%, 7.89% 13.16% 18.42% | 23.68% 28.95% 84.21% 39.47% 44.74% 50.00%
2.52% 2.63% 7.85% 13.16% 18.42% 23.60% 28.95% M.21% 3047% 44,74% 50.00%
2.62% 4.74% 14.21% 23.68% 32.16% 42.69% 52.11% 61.58% 71.05% BO.G3% 90.00%
0.68% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 89.47% 44.74% 50.00%
0.69% 2.63% 7.80% ' 13.16% 18.42% 23.60% 28,95% M21% 38.47% 44.74% 50.00%
3.46% 4.74% 14.21% 28.658% 33.16% 42.59% 52.11% 61.58% 71.05% 80.63% 90.00%
5.89% 2.82% 7.89% 13.18% 18.42% 23.868% 28.95% 84.21% 39.47% 44.74% £0.00%
5.63% 2.61% 7.89% 13.16% 18.42% 23.60% £28.95% 34.21% 39.47% 44.74% 50.00%
5.63% 4.74% 14.21% 20.68% 42.16% 42.60% 52.11% 61.58% 71.06% 80.53% 90.00%
16.64% 3.16% 9.47% 15.79% 22.11% 28.42% 34.74% 41.05% 47.37% 52.68% £0.00%
8.03% 3.16% 9.47% 15.79% 22.11% 28.42% 34.74% 41,06% 47.37% 53.68% £0,00%
2.12% 4.21% 12.63% 21.058% 29.47% - 37.89% 46.92% 54.74% 63.16% 71.58% §0.00%
1.08% 4.74% 14.21% 23.68% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
0.70% 4.74% 14.21% 28.68% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
6.30% 1.05% 3.16% 5.26% 1.87% 9.47% 11.58% 13.668% 156.79% 17.89% 20.00%
11.79% 1.06% 3.16% 5.26% 7.37% 9.47% 11.68% 13.68% 16.79% 17.89% 20),00%
0.25% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 89.47% 44.74% 50.00%
100.00% 3.25% 9.74% 16.23% 22.72% 29.21% 35.70% 42.19% 48.68% 55.18% 6167% .
Avg. Avg, Avg. Avp. Avg, Avg. Avg. Avg. Avg. R}?I\)T

Percent Value-Added Lost Due to Specified Percent Loss of Oil Supply
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Table 6-4 ﬁesidual ‘Value-Added After Loss of Capacity'of Oi'l Su.p‘ply Lifeline

0% 10% 20% 30% 40% 80% 60% 70%  80% 90% 100%
. 0.45% 0.44% 042% 0.39% 0.37% 0.35% 0.32% 0.30% - 0.27% 0.25% . 0.23%
1.06% 1.01% 0.93% 0.84% 0.75% 0.66% 0.57% 0.48% 0.39% 0.30% 0.21%
0.11% 0.11% 0.10% 0.00% | 0.08% 0.07% 0.06% - 0.05% 0.04% £0.03% 0.02%
3.89% C370% 32.34% 2.97% 2.60% 2.23% 1.86% 1.49% 1.13% 0.76% 0.39%
5.52% 5.26% 4.73% 4.21% 3.69% 3.17% 2.64% 2.12% 1.60% ' 1.07% . 0.55%
241% 2.34% 2.22% . 2.09% 1.96% 1.84% 1.71% 1.58% 1.46% 1.33% 1.20%
0.97% 0.36% 0.34% 0.32% 0.30% 0.28% .0.26% 0.25% 0.23% 0.21% . 0.19%
0.73% 0.71% - 0.67% 0.63% 0.59% 0.55% 0.52% 0.45% 0.44% 0.40% 0.36%
052% 0.50% 1 0.48% 0.45% 0.42% 0.39% 0.37% 0,34% 031% 0.29% 0.26%
0.34% 0.33% 0.31% 0.29% 0.28% 0.26% 0.24% 0.22% 0.21% 0.19% 0.17%
0.87% 0.85% 0.80% 0.76% 0.71% 0.66% 0.62% 0.57% 0.53% 0.48% 0.44%
1.31% 1.28% 1.21% 1.14% 1.07% 1.00% 0.93% 0.86% 0.79%. 0.72% 0.66%
1.40% 1.97% 1.29% 1.20% 1.15% 1.07% 1.00% " 0.92% 0.85% - 0.78% 0.70%
096% 0.91% 0.81% 0.71% 0.61% 0.51% 0.41% © 0.30% - 0.20% 0.10% 0.00%
1.03% 1.00% 0.95% . 0.89% 0.84% 0.79% 0.73% . 0.68% 0.62% 057% 0.51%
0.12% 0.12% 0.11% . 0.11% 0.10% 0.09% 0.09% 0.08% 0.07% 0.07% 0.06%
0.62% 0.60% 0.57% 0.54% 0.50% 0.47% 0.44% 0.41% 0.37% 0.34% 0.31%
1.04% 0.99% 0.89% 0.79% 0.70% 0.80% 0.50% 0.40% 0.30% . 0.20% 0.10%
1.64% 1.60% 1.51% 1.42% 1.34% 1.26% 1.17% 1.08% 0.99% 0.91% 0.82%
1.56% 1.52% 1.44% 1.35% 1.27% 1.19% 1.11% 1.03% © 0.94% 0.86% -0.78%
252% 2.46% 2.32% 2.19% 2.06% 1.92% 1.79% 1.66% 1.53% 1.39% 1.26%
262%. 2.49% 2.25% 2.00% 1.75% 1.50% 1.25% 1.01% 0.76% 0.51%. - 0.26%
0.68% 0.66% 0.63% 0.59% 0.55% 0.52% 0.48% 0.45% 0.41% 10.38% 0.94%
0.69% 0.67% 0.63% 0.60% 0.56% 0.52% 0.49% 0.45% 0.42% 0.38% 0.24%
3.46% 3.30%. 297% 2.64% 2.31% 1.99% 1.66% 1.33% 1.00% 0.67% 0.35%
5.89% 5.73% 5.42% 5.11% 4.80% 44%% 4.18% 3.87% 3.56% 3.25% 2.94%
563% 5.49% 5.19% 4.89% 4.60% 4.30% . 4.00% L AT71% 341% 3.11% 2.82%
| 5.63% 537% . 4.83% 4.30% 2.77% 3.23% 2.70% 2.16% 1.63% 1.10% 0.56% -
16.64% 16.12% 15.07% - 14.01% 12.96% 11.91% 10.86% 9.81% 8.76% 7.71% 6.66%
8.03% 7.78%. 7.27% 6.76% 6.26% 5.75% " 5.24% 4.73% 4.23% 3.72% . 3.21%
2.12% 2.03% 1.85% 167% 1.50% 1.32% 1.14% 0.96% 0.78% 0.60% . 0.42%
1.09% 1.04% 0.94% 0.84% 0.73% 0.62% 0.52% 0.42% 0.32% 021% . . 0.11%
0.70% 0.66% 0.60% 0.53% 0.47% 0.40% 0.33% 0.27% 0.20% 0.14% 0.07%
6.30% 6.23% 6.10% 5.97% '5.83% 5.70% 557% 5.44% 5.30% 517% 5.04%
11.79%. 11.67% 11.42% 11.17% 10.92% 10.67% 10.43% 10.18% 9.93% 9.68% 9.43%
0.25% 024% . 0.23%. 0.22% 0.21% 0.19% 0.18% 0.17% 0.15% 0.14% 1 0.13%
100.00% 06.94% 90.83% 84.71% 78.60% - 72.46% 66.37% 60.25% 54.14% " 48.02% . 41.91%
100% 97% 91% 85% C 79% 72% 66% 60% . B4% 48% . 42%
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Figure 6-18  Residual Value Added as a function of crude off fifeline 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: * 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 investipated and
modified as appropriate. Some
industries may require uninterrupted use
of lifelines in order to operate; they may
be unable to operate under certain
impacts weighted by the local conditions of reduced lifeline capacity.
-importance of each of the industrial The linearity assumption ignores these
- sectors. A - possible threshold effects. Furthermore,
many or all industries might respond
non-linearly to interruptions. Smaller
percentage interruptions might cause a

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

* 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 of county or multiple-
county areas. Such a localized model
would more accurately reflect the

*  Maximum Economic Impacts. The
estimates of the maximum impacts of

lifeline disruptions were modified from
the ATC-13 data, based on the judgment
of the authors. These estimates could be

less than proportional impact on value
added as lower valued functions or
product line are cut first, or as other

ATC-25
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factors of production are substituted for -

the damaged lifeline. At high percent
interruptions, the résporise might be
more than proportional, as vital
functions cannot be maintained. Further
research into industry response to
scarcity might suggest a convex rather
than linear response function.

. Intermdustgg Effects. The scarcity of -
productive factors other than lifelines
could have major impacts on a reglonal
economy. These interactions were -
ignored in the present study, thus
understating impacts of lifeline
interruptions. As noted in Scawthorn
and Lofting (1984), input-output
economic models could be used to solve
for these interactions. Building such a
model would be difficuli because the
impacts caused by lifeline dlsrupttons

" and the non-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 Estimates

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-Added Lost 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,
Econonuc Value Added for that sector.

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

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

N1 N2 N3 _ -
IEL= £ I .5 (A)(B)(C) (D) (67
i=1 j=1 k=1 . S

where: IEL = Indirect Economic Loss
“ N1 = 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
o permonth
B = percent U. S. Economy Value
Added .
C = percent of U. S. population
affected
D = monthly Gross National
Product

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 cstimating 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 mterruptton 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 ,

148 6: Estimates of Indirect Economic Losses
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- Example 6.4

For the pipeline network described in Example
6.2 and using the residual capacity results
determined there, determine indirect economic
losses to the livestock sector for the first month.

Precedure. immediately following the earthquake,
| this network experiences a 39% loss of -
functionality. Ten days later the [oss of
functionality is 6%. 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
i Table 6-3, which pertains to average loss of
functionality {or one month, the Value Added lost
for a 7% loss in functionaliey for the live stock
sector of the economy s 1.8%, i.e, 0.7 of 2.63%
- corresponding to 10% lass of oil supply lifeline for
- ane month. To determine the economic losses in
dollars, this percentage would first need to be
multiplied by the percent L. 5. Economy Value
Added for the livestock sector {0.45%) and then
prorated by the percent of the national
population affected. Actual economic losses in
this ecanomic 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

Figure 6-19. Analysis Example lilustrating
Economic Lass Caleulation for

Crude Qi Pipeline Network.

scenario earthquake and resulting fifeline
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.

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
ndirect 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 cansed by
the singular lifeline system causing the greatest
loss; the upper bound is the sum of losses caused

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 6-13in a least squares {SRSS) fashion, we

estimate the total indirect economic losses for
the eight scenario earthquakes as follows:

Indirect

‘ _ Loss
Earthguake {in Bifffons, 1991%;
Cape Ann $9.1.
Charleston _ $10.2
Fort Tejon , $11.7
Hayward o 3114
New Madrid, M = 8.0 3148
New Madrid, M = 7.0 . $49
Puget Spumd' $6.1
Wasatch Front - $3.9

Bar charts showing the indirect losses caused by
transmission lines (upper bound data) by state
{or 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 zong for large-magnitude events (e.g,,
had the assumed source zone for the magnitude-
8 New Madrid event been [ocated further north,
estimates of direct damage in Missouri would
have been substantially larger). Estimates of
direct damage (Chapter 6) are similarly affected.

The data provided in Figures 6-21 through 628
suggest that Massachusetts would experience
the highest indirect losses due to the Cape Ann
event with the electric system contributing the
highest portion; Mississippi and Arkansas would
experience the highest indirect losses due tothe
magnitude-8.0 New Madrid event; and South
Carolina, Utah, Washington, Northern and
Southern California would experience the
highest indirect losses due to ilie Charleston,
Utah, Seattie, Hayward, and Fort Tejon events,
respectively. The electric system contributes the
highest indirect losses, among all systems, for
most of the events. -

ATC-25
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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. e : o '

100+
ST
90
2 80
.
]
| 70
g ‘
g} .
@ 604
50
40 - 1 A T N T
0 20 40 .60 80 100 . 120 140
S Elapsed Time in Days '
STEP 1: . Estimate the 'avéragé loss for each month, which is as follows:
' Month - Percent Loss
1 45%
2 25%
3 10%
4 5% |
STEP 2: From Table D-2, Percent Valus-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 the livestock sector, this calculation is as follows: S
(23.68+18.42)/2 + (13.16+7.89)/2 + 263 + 2'.63/2 =

21:05 + 10.53 + 2.63 + 1.32 = 35.53%

Figure 6-20.  Analysis Example lllustrating Economic Loss Caleulation 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 Percent-Value-Added lost (for all
economic sectors): B : . -

{1} {2 (3)

{5 LUitah
Economy Value- Product
Value- Added of

Economic Added Lost {Txe2)

Sector {(percent) (percent} {percent)

1 Livestock 0.45 35.53 . 0.16 -
2 Agr Prod. 1.06 35.53 ' .38
3 AgSew. For. Fish 0.11 35.53 0.04
4  Mining 3.89 63.95 249
5  Construction 5.52 2B.47 1.57
6 Food Tobacco 2.4 63.95 1.54
7 Textile Coods 037 71.05 - 0,26
8 Misc. Text. Prod. 0.73 71.05 0.52
9  Lumber & Wood j 0.52 71.05. 0.37
10 Furniture 0.34 71.05 _ 0.24
11 Pulp & Paper 0.87 71.05 0.62
12 Print & Publish 1.31 71.05 0.93
13 Chemical & Drugs 1.40 63.95 0.90
14  Petrol. Refining : 0.98 71.05 0.68
15 Rubber & Plastic 1.03 71.05 0.73
16 Leather Prods. : 0.12 71.05 0.09
17  Glass Stone Clay 0.62 71.05 .44
18 Prim. Metal Prod. 1.04 63.95 0.67
19 Fab. Metal Prod. 1.64° . 71.05 1.17
20 Mach. Exc. Elec. 1.56 71.05 1.11
21 Elec. & Eléctron 2.52 . 71.05 1.79
22 Transport Eq. 2.62 71.05 1.86
23 instruments 0.68 71.05 . .48
24 Misc. Manufact. 0.69 7105 0.49
25 Transp & Whse. 3.46 21.32 0.74
26 Utilities 5.89 56.84 3.35

27 Wholesale Trade 5.63 63.95 3607
2B Retail Trade 5.63 63.95 360
29 F.LE.E. 16.64 63.95 10.64
30 Pers./Prof. Serv. 8.03 63.95 5.14
31 Eating Drinking 212 56.84 1.21
32 Auto Serv, 1.09 B3.95 0.70
33 Amuse & Rec. 0.70 5684 : Q.40
34 Health Ed. Soc. _ 6.30 56.84 3.58
35 Govt & Govt Ind. 11.79 4263 503
36 Households 0.25 . 56.84 0.14
Total _ . 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/ULS. population) {(L1.S. GNF)/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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Livestock
Agr. Prod.

~ AgServ For. Fish

Mining -
Construction
Food Tobasco
Textile Goods
Misc Text. Prod.
Lumber & Woad

~ Furniture

Pulg & Paper
Print & Publish
Chemical & Drugs
Petrol. Refining

" Rubber & Plastic

Leather Prods.

Glass Stone Clay -

Prim. Metal Prod.
Fab, Matal Prod.
Mach. Exc, Elec,
Elec. & Eiectron

Transport Eq.

_Instruments
- Misc. Manufact.

Transp & Whse.,
Liilities

Wholesale Trade

Retail Trade
FIRE.
Pers./Prof Serv.
Eating Drinking
Auto Serv.
Amuse & Rec.
Health Ed, Soc.
Govt & Govt Ind.
Households .

" Table 6-5 Indlrect Economic Loss due to Damage to the Air Transportatlon Lifeline
(Percent Monthly GNP) .
. . o CHARLESTON
_ . NEW MADRID (M=8.0) -(M=7.5)
U.5. Econ. : o ; South : S
Value Added Arkansas Tennessee Kentucky - Mississippi Carolina Georgia Massachuselts = Utah

{Percent) . : ' ' :
0.45% . 4.74% 1.58% 0.37% . 3.42% 211% 1.05% 2.95%
1.06% 4.74% . 1.58% 0.37% 3.42% 2.11% 1.08% 2.95%
0.11% 474% ~~ 1.58% 0.37% 3.42% 211% 1.05% 2.95%
3.80% 4.74% 1.58% 0.37% 3.42% 211% - 1.05% 295%
5.52% 0.00% 0.00% - 0.00% 0.00% 0.00% 0.00% 0.00%
2.41% 9.47% 3.16% 0.74% 6.84% 4.21% 211% £89% -
0.37% 947% - 3.16% 0.74% 6.84% 421% = 211% 5.89%
0.73% 2.47%: 3.16% 0.74% 6.84% 4.21% 2.11% 5.89%
0.52% 9.47% 3.16%  0.74% 6.84% 421% 211% = 5.89%
0.34% 9.47% 3.16% 0.74% - 884% 421% 211%  5.89%
0.87% 4.74% 1.68% 0.37% = 342% 2:11% 1.05% - 2.95%
1.31% 9.47% 3.16% D74% . .6.84% 4.21% - 2.11% 5.89%
1.40% $:.47% 3.16% 0.74% 6.84% 4.21% 211% 588%
0.96% 000% | 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.03% 9.47% 3.16% 0.74% ‘6.84% 4.21% 211% - 589%

" 0.12% 9.47% 3.16% = 0.74% 6.84% 4.21% 211% | 589%
0.62% 947% - 3.16% 0.74% . 6.84% 4.21% 211% - 5.89%

C1.04% 0 4.74% - 1.58% 0.37%  8.42%. 211% 1.05% 2.95%
1.64% A.74% 1.88% - 0.37% a3.42% 211%™ 1.05% 2.95%
1.56% 9.47%. 3.16% 0.74% 5.84% 4.21% 2.11% 5.80%
252% . 14.21% 4.74%  1.11%  10.26% 6.32% 3.16% 8.84%
2.62% 14.21% 4.74% 1.11% 10.26% 8.32% 3.16% 8.84%
0.68% 18.95%- 6.32% 1.47% 13.68% 8.42% 4.21% 11.79%
069% - 9.47% 3.16% 0.74% 6.84% 421% 2.11% 5.89%
3.48% 14.21% 4.74% 1.11% 10.26% 6.32% B.16% ° BB4%
5.89% 0.00%  0.00% 0.00% - 0.00% 0.00% 0.60% 0.00%
5.63% 9.47% 3.16% 0.74% 6.84% 4.21% 211% 5.89%

5.63% 9.47% 3.18% © 0.74% 6.84% 421%  211% 5.89%

16.64% " 9.47% 3.16% 0.74% 6.84% - 4.21% 2.11% 5.80%
B.03% 9.47% 3.16% 0.74%: 6.84% 4.21% 211% '5.89%
212% 18.95% 6.32% 1,47% 13.68% 8.42% 4.21% 11.79%
1.00% G.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.70% 18.95% 6.32% 1.47% 13.68% 8.42% 4.21% 11.79%
8.30% - 4.74% 1.68% 0.37% 3.42% 211% 1.05% 2.95%

11.79% 9.47% 3.16% 0.74% - 6.84% - 421%  211% 5.80%
0.25% 0.00% - 0.00% 000%  0.00% -

FORT

CAPE ANN WASATCH HAYWARD TEJON

. D.O00%

0.00%

0.00%

1.70%

1.79%

1.79%
“1.79%
0.00%

3.58%

. 858%
3.88%

3.68%

. ~3.58%
- 1.7%%

3.58%
3.58%
0.00%
3.68%
3.58%
3.88%
1.79%

1.79%.

3.58%
5.37%
5.37%
7.16%
3.58%

. 8.87%

0.00%
3.58%
3.58%
3.58%
3.58%
7.16%
0.00%
7.16%
1.79%
3.5B8%

 0.00%

PUGET  NEW MADRID
SOUND -

{M=7.0)

'California California  Washington Arkansas

0. 53%
0.53%
0.53%
0.53%

. 0.00%

1.05%
-1.08%
1.05%
1.05%
1.05%
0.83%

" 1.05%

1.05%
0.00%
1.05%
1.05%
1.05%
0.53%
0.53%
1.05%
1.58%
1.58%
2.11%

1.05% .

1.58%
0.00%
1.05%
1.05%
1.05%
1.05%
211%
0.00%
211%
0.53%
1.05%

| 0.00%

1.79%

1.79%
1.79%
1.79%

0.00%
. 3.68%

'358%
3.568%
3.68%

.358%

1.79%
3.58%
3.68%
0.00%

a.58%

3.58%
3.58%

1.79%

1.79%
358%
5.37%

- 5.37%

7.16%
3.56%
537%
0.00%
3.58%
3.58%

3.58%

3.58%
7.16%
0.00%
7.16%
1.79%
3.58%
0.00%

3.16%
3.16%

3.16%

3.16%

0.00%
6.32%

- 6.32%
6.32%

6.32%
6.32%
3.18%
6.22%
6.32%
0.00%
6.32%
6.32%
6.32%
316%
3.16%
6.32%
9.47%
9.47%
12.63%
6.22%
9.47%
0.00%
6.32%
6.32%
6.32%
6.32%
12.63%

0.00% .

12.63%
3.16%
6.32%

. 0.00%

211%
2.11%
211%
211%
0.00%
4.21%
4.21%
4.21%
4.21%
4.21%
2.11% -
4.21%
4.21%
0.00%
4.21%
4.21%
4.21%
2.11%

Ca21%

4.21%
6.32%
6.32%
8.42%
4.21%
6.32%
0.00%
4.21%
4.21%
4.21%

- 4.21%

8.42%
0.00%

- 8.42%

211%
4.21%
0.00%
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Luraber & Weod
Furniture

Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol. Refining
Rubber & Plastic
Leather Prads,
Glass Stone Clay
Prim. Matal Prod,
Feb, Metal Prod,
Mach. Exe, Elee,
Elsc. & Eleciron
Transport g,
Instruments
Misc, Manufact,
Transp & Whse.
Utiliies
Wheolesale Trade
Retail Trade
FLR.E,
Pers./Prof Serv,
Eating Drinking
Auta Sery,
Amuse & Rec.
Health Ed. Soc,
Govt & Govt ind,
Househalds

Table 6-6 indirect Economic Loss due to Damage to the Water Transportation
Lifeline (Percent Monthly GNP) :
CHARLESTON CAPE ANN HAYWARD FORT TEJON  PUGET SOUND
U8, Eeon, South North _ - Rhofe Naw . o
Value Added  Caroling Carolina ~ Georgls  Massachussetts  Island Hampshira California California Washington
(Percent}
0.45%, 141.05% 5.47% 103,16% 14.74% 12.63% 1.58% 11.58% 21.05% 27.87%
1.06% 141.05% 5.47% 103.16% 14.74% 12.63% 1.58% 11.58% 21.06% 27.97%
0.11% 141.05% 5,47% 103.16% 14.74% 12.63% 1.58% - 11.58% 21.,05% 27.97%
3,89% 70.53% 2.74% 51.58% 7.37% 6.32% 0.79% 5.79% 10.53% 18.68%
5,62% 70.63% 2.74% 51.68% 7.37% 6.32% 0.79% 5.70% 10.53% 13.68%
2.41% 70.53% 2,74% 61.50% 7.37% 6.32% 0.79% 5.79% 10,634%, 13.68%
0.37% 70.53% 2.74% 51.58% 7.37% 6.92% 0.79% 5.79% 10.53% 18.68%
0,73% 70.53% 2.74% 51.58% 7.97% 6.32% 0.79%. 5.79% 10.53% 18.68%
0.52% 70.53% 2.74% 51.58% 7.37% 6.329% 0.79% 5.79% 10.58% 18.68%
.34% 70.53% 2.74% §1.68% 7.37% 6.32% 0.79% 5.79% 10,53% 13.68%
0.87% 105,79% 4.11% 77.37% 11.05% 8.47% 1.18% 8.68% 15.76% 20,53%
1.81% 70.58% 2.74% G1.68% 7.97% 6.32% 0.79% 5,79% 10.63% 13.68%
1.40% 70.53% 2.74% 51.58% 1.837% 6.32% 0.79% 5,79% 10.68% 13.68%
0.96% 262, 11% 10.95% 206.32% 25,47% 26.26% 3.16% 23.16% 42.11% 54.74%
1.08% 70.563% 2.74% 51.50% 7.37% 6.32% 0.79% §.79% 10.53% 13.68%
0.12% 70,58% 2.74% 51,68% 7.37% 6.,32% 0.79% §,79% 10.53% 18.68%
0.62% 70.58% 2.74% 61.58% 7.37% 6.32% 0.79% 5.79% 10.53% 14.68%
1.04% 70.53% B2.74% 51.58% 7.87% 6.82% 0.79% 5.79% 10,53% 13,68%
1.64% 108,79% 4.11% 77.97% 11.06% 9.47% 1.18% 8.68% 15.70% 20,53%
1.66% 108,79% 4.11% T7.37% 11.05% 9.47% 1.168% 8.68% 16.79% 20.58%
2.50% 70.50% 2,74% 51.68% 7.37% 6.32% 0.79% 5.79% 10.53% 18.68%
2.62% 1086,70% 4.11% 77.37% 11.05% 9.47% 1.18% 8.68% 15.79% 20,53%
0.66% a5.269% 1.87% 25.79% 3,68% A.16% 0.39% 2.89% 5.26% 6.84%
0.69% 70.58% 2.74% §1.58% 7.37% 6.32% 0.79% 5.70% 10.63% 13.68%
3.46% 105,79% 4.11% 77.87% 11.05% 8.47% 1.18% 8.68% 15,79% 20.53%
5.89% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
5.9, 70.53% 2.74% 51.58% 7.37% 6.32% 0.79% 5.79% 10.53% 13.68%
5.63% 0.00% 0,004 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
16.64% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
B.04% 0.00% 0.00% 0,00% 0.00% 0,00% 0.00% 0,00% 0.00% 0.00%
2.12% 0.00% 0.00% 0.00% 0,00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.09% . 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0,00% 0.00%
0,70% 0.00% 0.00% 0,00% 0.00% 0.00% . 0.00% 0.00% 0.00% 0.00%
6.30% 0.00% 0.00% 0,00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
11.79% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.25% 0.00% 0,00% 0.00% 0,00% 0.00% 0.00% 0.00% 0.00%

0.00%
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Livestock

_Agr. Prod.

AgServ For. Fish
Mining
Construction
Food Tobacco
Textile Goods

-Miso Test. Prod.

Lumber & Wood
Furniture

Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol, Refining

~Aubber & Plastic '
Leather Prads.

Glass Stone Clay

" Prim. Metal Prod.
- Fab. Metal Prod.

Mach. Exe. Elec.
Elac. & Electron
Transport Eq.
Instruments -
Misc. Manufact.
Transp & Whse.
Utilities
Wholesale Trade
Retail Trada
F.LR.E.
Pers./Prof Setv.
Eating Drinking
Auto Serv.
Amuse & Rec.
Health Ed. Soc.
Govt & Gavt Ind.
Househalds

Yable 6-7

- Indirect Economlc Loss due to Damage to the Oll System (Percent
~ Monthly GNP)
CARUDE QIL REFINED OIL
. New Madnd ' Fort Tejon . . New Madric
. U.S. Econ. (M=8.0) " (M=7. 0) (M=8.0) - (M<8.0} .,  (M=8.0) (M=7.0)
Value Added . South . Norith . : .

_ - {Percent} ‘Chicago ‘Chicago - Calffornia California Chicago . Chicago
0.45% - ., 2.63% 0.66% 7.89% 8.95% 1.32% 0.92%
1.06 - . " 421% 1.05% 12.63% 14.32% 2.11% 1.47%

C0.11% - A4.21% 1.08% 12.63% 14.32% 211% 1.47%
3.89% . 4.74% 1.18% 14.21% 16.11% 2.37% 1.66%

- .852% . 4.74% 1.18% 14.21% 16.11% 2.37%: 1.86% .
2.41% o 2B3% 0.66% 7.89% 8.95%. 1.32% 0.92%
0.837% 2.63% " 0.66% 7.89% 8.95% 1.32% 0.92%
0.73% . . 263% 0.66% 7.89% - B.95% 1.32% 0.92%

052% - 2.63% 0.66% 7.89% 8.95% 1.32% 0.92%
1 0.34% - 2B3% 0.66% 7.89% B8.95% 1.32% 0.92%
0.87% 2.63% 0.66% 7.89% 8.95% 1.32% - 0.92%
1.31% - 2.63% 0.66% - 7.89% 8.95% 1.32% 0.92%
1.40% - 263% - D.66% 7.889% B8.95% 1.32% 0.92%
0.96% S B.28% 1.32% 15.79% 17.89% 263% 1.84%
1.08% ’ 2.63% 0.66% 7.89% - 8.95% 1.32% 0.92%
0.12% ) 283% - 0.66% 7.89% 8.85% 1.32% 0.92%
0.62% | 2.63% 0.668% 7.88% 8.95% 1.38% 0.92%

1.04% - - A% 1.1B% 14.21% 16.11% 2.37%

1.64% L. 263% 0.66% 7.88% 8.95% 1.32% 0.92%
- 1.66% - 2.63% - 0.66% 7.88% 8.95% 1.32% 0.92%
C252% ... . 283% 0.66% 7.89% 8.95% 1.32% 0.92%
2.62% 4.74% 1.18% 14.21% 16.11% 2.37% 1.66%
0.68% 283% 0.66% 7.89% 8.95% 1.32% 0.92%
0.69% 2.63% 0.66% 7.88% 8.95% 1.32% 0.892%
- B3.46% . 4.74% 1.18% 14.21% 16.11% - 2.37% 1.66%
589% . - BE3% . 0.66% 7.89% 8.95% - 1.32% 0.92%
5.63% T 263% " 066% 7.89% 8.95% 1.32% 0.92%
563% - 4,74% 1.18% - 14.21% S 16.11% 2.37% 1.66%
16.64% - 3.16% 0.79% 9.47% 10.74% 1.08% 1.11%
" B.O3% 3.16% 0.79% 9.47% 10.74% 1.58% 1.11%
212% . 421% 1.05% 12.63% 14.32% 2.11% 1.47%
1.09% oL 4.74% 1.18% 14.21% 16.11% 2.37% 1.66%
0.70% 4.74% - 1.18% 14.21% 16.11% 2.37% 1.66%
6.30% - 1.05% 0.26% 3.16% 3.58% 0.53% 0.37%
11.79% 1.05% 0.26% 3.16% 3.58% 0.53% 0.837%
- 7.89% - B.O5% 1.32% 0.92%

:0.26% 2.63%

0.86%

166%
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1 Livestock

2 Agr, Prod,

3 AgServ For, Fish
4 Mining

§ Construction

6 Food Tobaceo

7 Textile Goods

8 Misc Taxt, Prod.
9 Lumhber & Wood
10 Furniture

11 Pulp & Paper

12 Print & Publish
12 Chemical & Drugs
14 Petrol, Refining
15 Aubber & Plastic
16 Leather Prods.
17 Glass Stone Clay
18 Prim. Metal Prod,
19 Fab, Matal Prod.
20 Mach. Exc. Elec.
21 Elec, & Elsctron
22 Transport Eq.

23 [nstruments

24 Mise, Manufact,
25 Transp & Whse.
26 Utilitles

27 Wholosale Trade
2B Hetail Trada
29FRIR.E,

30 Pars./Prof Serv.
31 Ealing Drinking
32 Auta Serv,

33 Amuse & Rec,
34 Health Ed, Soc,
35 Govt & Govt Ind,
36 Housoholds

Table 6-8 Indirect Economic Loss due to Damage to the Natural Gas System
(Percent Monthly GNP) '
NEW MADRID (M=8.0)  WASATCH HAYWARD FORT TEJON NEW MADRID (M=7.0)
U8, Econ. Toxas Lowislana Texas to Texas Texas Toxas Taxas Louisiana
Value Addad to lo North {o {o fo to Io
(Percant)  Chicago Northeast Uitah Carolina Washington California Seatile Chicago Northeast
0.45% 0.26% 0.53% 0,74% 2.11% 0.37% 2.11% 2.11% 0.21% 0.26%
1.06% 0.79% 1.58% 221% 6.32% 1.11% 6.32% 6.32% 0.62% 0.79%
0.11% 0.79% 1.58% 2.81% 6.32% 1.11% 6.82% 6.32% 0.63% 0.79%
3.80% 0.26% 0.50% 0.74% 2.11% 0.87% 211% 2.11% 0.21% 0.26%
5.52% 0.00% 0.00% 0,00% 0.00% 0.00% 0,00% 0.00% 0.00% 0.00%
2.41% 0.66% 1.82% 1.84% §.26% 0.92% 5,26% 5.26% 0.53% 0.66%
0.837% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.58%
0.78% 0.53% 1.06% 147% 4.21% 0.74% 4.21% 4.21% 0.42% 0.63%
0.52% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
0.34% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
0.87% - 1.06% 211% 2.95% 8.42% 1.47% 8.42% B.42% 0.84% 1.06%
1.31% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42%, 0.53%
1.40% 2.87% 4.74% 6.63% 18.95% 3,02% 18.95% 18.95% 1.89% 2.37%
0.96% 1.92% 2.68% 8.68% 10.53% 1.84% 10.58% 10.53% 1.06% 1.82%
1.03% 1.32% 2.63% 3.68% 10,68% 1.84% 10.53% 10.58% 1.05% 1.32%
0.12% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.63%
0.62% 1.32% 2.63% 3.68% 10.53% 1.84% 10.63% 10.53% 1.05% 1.32%
1.04% 1.82% 2.69% 8.68% 10.52% 1.84% 10.59% 10.68% 1.05% 1.82%
1.684% 1.89% 2.63% 3.66% 10.53% 1.84% 10.59% 10.53% 1.05% 1.92%
1.56% 1.32% 2.63% - 3.68% 10.59% 1.84% 10.68% 10.53% 1.06% 1.82%
2.52% 1.32% 2,63% 3.68% 10.53% 1.84% 10.53% 10.53% 1.05% 1.92%
2.62% 1.32% 2.69% 2.68% 10.53% 1.84% 10.53% 10.63% . 1.05% 1.32%
0.68% 1.97% 3.95% 5.53% 16.79% 2.76% 15.79% 15,79% 1.66% 1.97%
0.69% 1.82% 2.63% 8.68% 10.53% 1.84% 10.53% 10,59%, 1.05% 1.32%
8.46% 0.00% 0.00% 0.00% 0.00% | 0.00% 0.00% 0.00% 0.00% 0.00%
5.80% 1,05% 211% 2,95% 8,42% 1.47% 8,42% 8.42% 0.84% 1.06%
563% 0.26% 0.68% 0.74% 211% 0.97% 2.11% 2.1% 0.21% 0.26%
5.69% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.62%
16.64% 0.53% 1.06% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
8.03% 0.53% 1.06% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
2.12% 1.06% 2% 2.95% 8.42% 1.47% B42% B.42% 0.84% 1.05%
1.08% 0.183% 0.26% 0.37% 1.05% 0.18% 1.05% 1.05% 0.11% 0.18%
0.70% 1.05% 2.11% 2.95% 8.42% 1.47% 8.42% 8.42% 0.84% 1.05%
6.30% 0.53% 1.05% 1.47% 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
1.79% 0.53% 1.05% 1.47% - 4.21% 0.74% 4.21% 4.21% 0.42% 0.53%
0.25% 0.829% 1.84% 2.58% . 1.28% 7.87% 7.37% 0.74% 0.92%

7.37%
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Livestock
Agr. Prod.

-AgServ For. Fish

Mining
Construction
Food Tobacto
Textile Goods
Misc Text. Prod.
Lumber & Wood
Fumniture

" Pulp & Paper -

Print & Publish
Chemical & Drugs
Petrol. Refining
Rubber & Plastic
Leather Prods.

Glass Stone Clay -

Prim, Metal Prod.
Fab. Metal Prod,
Mach. Exc. Elec.
Eiec. & Electron
Transport Eq.
Instruments
Misc. Manufact.
Transp & Whse.
Utilities
Wholesale Trade
Retail Trade
F.I.R.E.
Pers./Prof Serv.
Eating Drinking
Auto Serv,
Amuse & Rec.
Health Ed. Soc.
Govt & Govt Ind.
Households

Table 6-9 Indirect Economic Loss due to Damage to the Rallroad l.lfelme (Percent
Monthly GNP)
U.8. Econ. — ‘

Value Addad {M=8.0) : . _ : o M7-.0)
{Parcent) New Madrid - Charfeston ~ Cape Ann Utah Hayward Fort Tejon Seaattle . New Madnd
0.45% '4.21% '7.56% 7.58% 3.37% 5.47% 7.58% 7.58% 337%
1.06% - 4,21% 7.58% 7.58% 3.37% 5.47% 7.56% 7.68% 3.37%
0.11% 4.21% 7.58% 7.58% 2.37% - 547%  7.58% 7.68% 337%
3.80% 3.68% | 6.63% 6.63% : 2.95% 4.7%% 6.63% 6.63% 2.95%
5.52% 0.53% 0.95% 0.85% 0.42% 0.68% 0.95% - 0.95% - 0.42%
2.41% 2.11% 3.70% a.79% 1.66% 2.74% 3.79% 3.79% 1.68%
0.37% 241% . . 3.70% 3,79% 1.68% 2.74% 3.79% 3.79% 1.88%-
0.73% 211% . 3.79% 3.79% 1.668% 2.74% - BTI% 2.79% . 1.68%
0.52% - 4.21% 7.58% 7.58% 3.37% 547% 7.58% 7.56% 3.37%
© 0.34% 2.11% 2.79% 3.79% 1.68% 274% . - 3.79% - 8.7% 1.68%
- 0.87%. 4.74% 8.53% B8.53% 3.79% 6.16% 8.53% B8.53% 3.79%
1.31% 2.11% 3.70% 3.79% 1.66% 2.74% 3.79% 3.79% 1.68%
1.40% 211% 3.79% 8.79% 1.68% | 2.74%  3.79% 3.79% - 1.68%
0.96% 4.21% 7.58% 7.56% 3.37% 5.47% 7.58% 7.58% 337%.
1.03% 2.11% 3.79% . 378% 1.68% 2.74% 3.79% 3.79% 1.68%

0.12% 2.11% 3.79% 3.79% 1.68% C2.74% 3.79% 3.79% 1.68% -
. 0.62% 211% 3.79% 3.79% 1.68% . 2.74% 3.79% 3.79% 1.68% -
1.04% 5.26% 9.47% 9.47% . 4.21% 6.64% 9.47% 9.47% 4.21%
1.64% 4.74% 8.53% 8.53% 379% 6.16% 8.53% 8.53% 3.79%
1.56% AT74% 8.53% 8.53% 3.79% 6.16% 8.53% 853% 3.79%
2.52% 2.11% 3.79% 3.79% 1.68% 2.74% 3.79% 3.79% 1.68%
2.62% 4.74% 8.53% 8.53% 379% 6.16% 8.53% 8.53% - 3.79%
- 0.68% 0.53% 0.95% 0.95% 0.42% 0.68% 0.95% 0.95% 0.42%
0.69% 211% 9.79% 3.79% 1.68% 2.74% 3.79% 3.79% 1.68%
3.46% 3.16% - 5.68% 5.68% . 2.53% 4.11% 5.68% 5.68% . 253%
5.89% 0.00% . 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
5.63% 1.58% 2.84% 2.84% 1.26% . 2.05% 2.84% 2.84% 1.26%
5,63% . 2.11% 3,79% 3.79% 1.68% 2.74% 3.79% 3.7% 1.68%
16.64% 1.05% 1.89% - 1.89% 0.84% 1.97% - 1.89% - 1.89% 0.84%
' 8.03% 1.05% 1.80% - 1.89% 0.84% 1.37% 1.89% 1.89% - 0.84%
2.12% © 0.53% 0.95% 0.95% 0.42% 0.68% 0.95% 0.95% 0.42%
1.09% 0.00% 0.00% 0.00% 0.00% - 0.00% 0.00% - 0.00% 0.00%
0.70% 0.53% - 0.95% 0.95% 0.42% 0.68% 0.95% 0.95% 0.42%
6.30% 0.53% 0.95% 0.95% 0.42% 0.68% 0.95% 0.85% 0.42%
11.79% 1.05% 1.89% 1.89% 0.84% 1.37% 1.88% 1.89% 0.84%
0.25% - 0.00% 0.00% 0.00% 0.00% - '0.00% 0.00% 0.00% 0.00%
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Livestock

Agr. Pred, -
AgServ For, Fish
Mining
Construction
Food Tobacoo
Texlile Goods
Mise Text. Prod,
Lumber & Wood
Furniture

Pulp & Paper
Print & Publish
Chemigal & Drugs
Petrol. Refining
Rubber & Plastic
Leather Prods,
Gilass Stone Clay
Prim. Metal Prod,
Fab, Mataf Prod.
Mach. Exc. Elec,
Elec. & Efectron
Transport Eq.
Instruments

- Mise. Manufact,

Transp & Whse.
Utiliies
Wholasaie Trada
Retaill Trade
F.L.R.E.
Pers./Prof Serv.
Eating Drinking
Auto Serv,
Amuse & Rec,
Health Ed. Sac.
Govt & Govt Ind.
Housshalds

Table 6-10  Indirect Economic Loss due to Damage to the Electric System (Percent
- Monthly GNP)
NEW MADRID (M=8.0) CHARLESTON . CAPE ANN
U5, Econ. ' Soulfy North S

Va;g:a Add;?d Minois Missouri  Arkansas Tennessoo Ken:uchy Mississippi - Carolina - - Carofina Gaorgia Massachusetts Gonnacticut Delaware

ercant, ' . ' ' o :
0.45% 3.95% 6.58%  32.89% 13.16% 13.16% 44.74% . 46.05% 7.89% 18.42% A4, 74% 15.79% 10,63%
1.066% 3.95% 6.58%  32.89% 13.16%  13.16% 44.74%  46.05% 7.89% 1B.42% 44.74% 15.79% 10.53%
0.11% 3.95% 6,58%  32.80% 13.16% 13.16% 44.74% 46.05% 7.85% 18.42% a4.74% 15.79% 10.53%
3.689% 711% 11.84%  59.21% 23.6B%  283.68% 80.53% B2.89% 14.21% 33.16% B0.53% . 28.42% 18.95%
B.52% 3.16% 5.26% 26.32% 10.53% 10.53% 35.79% 36.84% 6.32% 14.74% 35.79% 12.63% 8.42%
2.41% 711% 11.84%  B9.21% 2368%  23.68% 80.53% 82.89% 14.21% 33.16% 80.53% 28.42% 18.95%
0.37% 7.89% 13.16%  65.79% 26.32%  26.32% 89.47% 92.11% 15.79% a6.84% 88.47% 31.56% 21.05%
0.73% 7.89% 13.16%  65.70% 26,32%  26.32% 89.47% 22.11% 15.79% - 36.84% 89.47% 31.58% 21.05%
0.52% 7.89% 13.16%  §5.79% 26.32% 28.32% B0.47% 92.11% 15.79% 36.84% 80.47% 31.58% 21.05%
0.34% 7.89% 13.16% 65.79% 26.32%  26.32% 89.47% 92.11% 16.79% 36.84% BO4T% 31.58% 21.05%
0.B7% 7.89% 13,16% 65.79% 20.32%  26.32% 89.47% . 9211% 15.79% 36.84% 88.47% 31.58% 21.068%
1.31% 7.89% 13.16%  €5.79% 2632%  26.32% 89.47% 92.11% 15.79% 36.84% B89.47% a1.58% 21.058%
1.40% 711% 11.84%  59.21% 2368%  P20.68% B0.53% B2.89% 14.21% 33.16% 8063%. 28.42% 18.95%
0.96% 7.89%  13.16%  B5.79% 26.32%  26.32% BO.47% 92.11% 15.79% 36.84% 89.47% 31.58% 21.05%
1.03% 7.80%. 13.16%  65.79% 26.32%  26.32% 89.47% 92.11% 15.79% 36.84% B89.47% 31.58% 21.05%
0.12% 7.89% 13.16%  65.79% 2638%  26.32% 89.47% 92.11% 15.79% 36.84% B9.47% 31.658% 21.05%
0.62% 7.89% 13.16%  65.79% 2632%  26.32% 89.47% g2.11% - 15.79% 36.84% ‘BO.47% 31.58% 21.05%
1.04% 7.11% 11.84%  B9.21% 23.68%  28.68% 80.53% B2.89% 14.21% 33.16% 80.53% 28.42% 18.95%
1.64% 7.89% 13.16%  65.79% 26.32% - PE.A2% 89.47% 02.11% 15.79% 36.84% 89.47% a1.58% 21.08%
1.56% 7.89% 13.16%  65.76% 26.32%  28.32% B9.47% 92. 1% 16.79% 36.84% 89.47% - 31.58% 21.05%
2.52% 789% 13.16%  &5.79% 2532% . 2632%  89.47% 92.11% 15.79% 36.84% 89.47% 81.58% 21.05%
2.62% 7.80% . 13.16% . 65.79% 26.32%  26.32% 89.47% 82.11% 15.79%  36.84% 8947% - 3158% °  21.05%
0.68% 7.89%. 13.16%  65.79% 26.32%  26.32% 89.47% 92.11% - 16.79% 26.84% B89.47% 31.58% 21.06%
0.68% 789%  13.16% 65.79% 26.32% PRAXY%  AD.47% 92 11% 1B.79% 36.84% B9.47% 31.58%  21.05%
8,46% 2.37% 3.85%  19.74% 7.89% 7.89% 26.84% 27.63% 4.74% - 11.05% 26.84% 9.47% 6.32%
5.89% 632%  1053% - B263% 21.05%  21.08%  71.58% 73.68% 12.63% 20.47% 71.58% 25.26% 16.84%
5.69% 7% 11.84%  59.21% - 23.68% 2368%  80.51% 82.89% 14.21% 833.16%  80.53% = 2B48% 1B.95%
5.63% 7A1% . 11.84%  59.21% 2368% - 23.68% 80.53% B2.89% 14.21% 33.16% 80.53% 2842% . . 18.95%
16.64% 711% 11.84%  E3.21% 23.68%  23.68% 80.53% 82.89% 14.21% 33.16% 80.53% 2842% = 1B.95%
B.03% 7.11% 11.84% 59.21% ° 2368% P3.6B%  B0.53% 82 89% 14.21% 33.16% B0.53% 2B.42% 18.95%
212% 6.32% 10529  5263% 21.05%  21.05% 71.58% 73.68% 12.63% 29.47% 71.58%  2526% 16.84%
1.00% T.11% 11.84% 59.21% 2368%  23.68% BO.53% ~  B82.89% 14.21% 33.16% 80.53% 28,423 18.95%
0.70% 6.32% 10.53%  52.63% 21.05% - 21.05% 71.58% 73.68% 12.63% 29.47% 71.58% 25.26% 16.84%
6.30% 6.32% 10,53%  52.63% 21.08%  21.05% 71.58% 73.68% 12.63% 28.47% 71.58% 25.26% 16.84%
11.78% 4.74% 7.89%  30.47% 15.79% 15.79% 53.68% 55.26% © 9.47% 22.11% 53.68% - 18.05% 12.63%
0.25% 6,32% 10.59% 52.63% 21.06% | 71.68% C12.63% 28.47% 71.58% 25,269 16.84%

21.05% -

?‘S.BB%
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Livestock

Agr. Prod. ‘
AgServ For. Fish
Mining =~

- Gonstruction
" Food Tobaceo

Textile Goads
Misc Text. Prod.
Lumber & Wood
Furniture™ -
Pulp & Paper
Print & Publich

. Chemical & Drugs
Petrol. Refining

Rubber & Plastic
Leather Prods.
Glass Stone Glay.
Prim.- Metal Prod.
Fab. Metal Pred.
Mach. Exc. Elec.
Elec. & Electron

Transport Eq.

Instruments
Misc. Manufact.
Transp & Whse.
Utiliies '

Wholesale Trade

Retail Trade
F.l.RE.
Pers./Prof Serv,
Ealing Drinking

32 Auto Serv.
33 Amuse & Rec.

34
35

. .36

Health Ed. Soc.

Govt & Govtind.

Households

Tabie 6-10 Indlrect Economic Loss due to Damage to the Electrlc System (Percent
Monthlyr GNP) (Contmued) '
_ CAPE ANN WASATCH " . CALIFORNIA "PUGET SOUND NEW MADRID {M=7.0)
U8, Econ, . ; ~ - :
Value Added . - Rhode S : C T o
{Percent) .. Island ~ New Hampshire ~ Utah  Hayward - Fort Tejon  Washington ~  Arkansas  Tennsssee = Kentucky Mississipgi -
0.45% 42.11% 14.47% 35.53% 23.68% 13.16% . . 47.37% 23.668% . 7.89% ' 395% 3.95%
1.06% 4211%  14.47% 35.53% 23.68% 13.16% 4737% - 2368% 7.89% 3.95% 3.95%
0.11% 4211% . 14.47% 35,53% . 23.68% 13.96% . 4737%% 23 68% 789% . .3.95% . 8.95%-
3.89% . 75.79% 26.05% - 63.85% 4263% - D368% .. B5.2%6% 4263% - 14215 - 7.11% 7.11%
552% = 33.68% 11.58% 2842% ~ ~ 1885%  10.53% 37R9% 1895% < B32% . 8.16% 3.16%
2.41% 75.79% 26.05% £3.95% | 4263% - 2368% - 85.26% 42.63% S1421% . T11% 7.11%
0.37% 84.21% - 2895% - 71.05% 47.37% - 2632% - 94.74% 47.37% 15.79% 7.89% 7.89% - .
S 073% ¢ B421% . 28.95% - - 71.05% 47.37% 28.92% - 94.74% 47.37% - 15.79% 7.89% . 7.89%
S052% - 84M% 28.95% 71.05% 47.97% 26.32% 94 74% 47.37% 15.79% 7.89%. 7.89%
. 0.34% - 84.21% 28.95% - 71.05% 47.87% . 2632% . 94.74% 47.37% 15.79% © . 7.89% 7.89%
0.87% 84.21% 28.95% 71.05% 47.97% .- 2632% . 9474% - 47.37% 15.79% 7.89% 789%
1.31% 84.21% “2BO5% - -71.05% 47.37% -26.32% 94.74% - 47.37% 15.79%  7.89% 7.69%
1.40%. 75.79% 26.05% . 6G395% 42 63% 23.66% 85.26% - - 4263% 14.21% S 71% 7.11%
0.96% B421% .~ 28.95% - 71.05% 47.397% 26.32% 04.74% 47.37% 15.79% 7.89% 7.89%
1.08% 84.21% 2895% . 71.05% 47.37% 26.82% 94.74% 4737% . 1579% 7.89% 7.89%
0.12% 84.21% 28.95% 71.05% - AT-37% 26.32% 94.74% . 47.37% - 15.79% 7.89% 7.89%
082%  84.21% 2895% - - 71.05% 47.37% 26.32% 94 74% 47.37% 15.79% 7.89% 7.89%
1.04% - 75.79% 26.05% - 63.95% | 42.63% 2368% . 85.26% 42.65% 14.21% . 711% 7.11%
1.64% . 84.21% 2895% - 7105% 47.37% 26.329% . 94.74% A7.37% 15.79% 7.89% - 7.89%
. 1.56% - 84.21% 2B.95% . 71.05% 47.37% 26.32% 04.74% 47.37% 15.79% 7.89% 7.89%
2.52% 84.21% 2B95% - 71.05% 47.37%. 26.32% 04.74% A47.37% 15.79% 7.89% 7.89%
2.62% 84.21% 28.95% 71.05% 47 37% 26.32% - 94.74% A7.37% 15.70% 7.80% 7.89%
0.68% 24.21% 28.95% . 71.05% 47.37% 26.32% - 94.74% 47.37% 15.79% 789% 7.89%
0.69% 84.21% 2B.95% 71.05% 47.37% . 26.32% 04 74% " 47.37% . 15.79% 7.89% 7.80%
. B46% 25.26% B.ES% 21.32% 14.21% 7.89% 28.42% 14.21% 4.74% 2.37% 2.37%
. 5.89% 67.37% 23.16% 56.84% 87.89% 21.05% 76.79% | 37.89% 12.63% 6.32% 6.32%.
‘6,63% 75.75% 26.05% 63.95% - 4263% 23.68% 85.26% 4263% 14.21% 7.11% 7.11%
5.63% 75.79%. 26.05% 63.95% 42.63% 23.68% 85.26% 42.63% '14.21% 7.11% 7.11%
16.64% 75.79% 26.05% 63.95% 4263% - 2368% 85.26% 42.63% 14.21% 7.11% 7.11%
8.03% 75.79% 26.05% . . 63.95% 42.63% 23.66% B5.26% ' 4263% 14.21% 7.41% 7141%
2.19% 67.37% 23,16% " 56.84% 37.89% 21.05% .75.79% 37.89% 12.65% 6.32% 6.32%
1.069% 75.78% 26.05% 63.95% 42.63% © 23.68% 85.26% 42 63% 14,21% 7.11% . 7.11%
0.70% 67.37% 23.18% 56.84% 37.89% 21.05% 75.79% 37.89% 12.63% 6.32% 6.32%
6.30% 67.37% 23.16% 56.84% 37.80% 21.05% 7B7Y% a7.89% 12.63% £.32% 6.92%
11.79% 50.53% 17.37% 42.63% 2842% = 1579% - 56.84% '28.42% 947% . 4.74% 4.74%
37.89% 21.05%  75.79% 37.89% 1265% 6.32% 6.32%

0.25%

67.37%

- 23.16%

| 56.84%
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Livestock

Agr. Prod,
AgSBerv For. Fish
Mining
Consiruction
Food Tobaoco
Textle Goods
Misc Text, Prod,
Lumber & Wood
Furniture

Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol. Refining
Rubber & Plastic
Leather Prods.
Glass Stone Glay
Prim. Metal Prod.
Fab. Metal Prodi,
Mach. Exe. Elec.
Elec. & Electron
Transport Eq.
Instruments
Misc. Manufact,
Transp & Whse,
Utilites
Wholesale Trada
Retail Trade
FLAE,
Pers./Prof Serv.
Eating Drinking
Auto Serv,
Amuse & Rec,
Health Ed, Soo,
Ginvt & Govt Ind.
Househalds

Table 6-11  Indirect Economic Loss due to Damage to the Highway System (Percent

Monthly GNP)
U.8. Eeon .
Value Added New Madrid Charleston Caps A Wasatch Hayward Fort Tejon Puget Sound New Madrid

{Percent) (M8.0) : (M=7.0)
0.45% 85.53% 36.84% 78.95% 83.06% 4211% 52.60% 60.53% 63,16%
1.06% T 196.84% 58.95% 126.32% 134.34% 67.37% 84.21% 96.84% . 101.05%
0.11% . 136,84% 48.95% 126.32% 134.34% 67.37% 84.1% 96.84% 101.05%
3.88% 59.87% 25.79% ., BE,26% 58.77% 20,47% 96.84% 42.37% - A4.21%
5.652% 68.42% 20.47% ' 83.16% 67.17% 33.68% 4211% 48.42°% 50.53%
241% 136.84% 5B.95% 126.32% 134.34% 67.37% 84.21% 96.84% 101.05%
0.37% 128.29% 55.26% 118.42% 125.94% 63.16% 78.98% 00,74% 84.74%
0.73% 128.20% 55.26% 11B.42% 125.94% 63.16% 78.95% 90.79% 84.74%
0.52% 153.95% 66.32% 142.11% 151.13% - 78.79% T 94.74% 108.95% 113.60%
0.34% 128,20% 55.26% 118.42% 126.94% 63.16% 78.95% 90.79% 94.74%
0.87% 186.84% 58.95% 126.32% 124.24% 67.37% B4.21% 96.684% 101.05%
1.81% 128.29% §5.26% 1MB.42% 125.94% 63.16% “78.95% 80.79% 04.74%
1.40% 136.84% 58.05% 126.92% 184.34% 67.37% 84.21% 96.84% 101.05%
0.96% 153.95% 66.32% 142.11% 151.13% 758.79% 94.74% 108.95% 113.68%
1.03% 128,20% §5.26% 118.42% 126,94% 63,16% 78.95% 90.79% 94.74%
0.12% 128.20% 55.26% 118.42% 125.84% 63.16% 78.95% 90.79% 94.74%

- 0.62% 128.29% 55.26% 118,42% 125,94% 63,16% 78.95% - 90.79% 94.74%
1.04% 136.84% 68.95% 126,32% 134.24% 67.37% 84.21% 96.84% 101.05%
1.64% 136.84% 58.95% 126.32% 134.84% 67.87% 84.21% 96.84% 101.05%
1.56% 136.84% 58.95% 126.82% 134.94% 67.37% 84.21% 96.84% 101.05%
2.52% 128.28% 65.26%  18.42% 125.94% 63.16% 78.95% 00.79% 94.74%
2.62% 136.84% 58.05% 126.32% 134.34% 67.97% B84.21% 96.84% 101.06%
0.68% 188.84% 58.95% 126.22% 134.84% 67.87% B4.21% 96.84% 101.05%
0,69% 128.29% 56,26% 118.42% 125.94% 63,16% 78.95% 80.79% 94.74%
3.46% 136.84% 5B.55% 126.82% 134.34% 67.37% 84.21% 86.84% 101.06%.
5.89% 68.42% 2947% 63.16% 67.17% 43.68% CA2 % 4B.42% §0.53%
5.63% 112.74% §1.58% 110.63% 117.54% 58.95% 73.68% 84.74% 80.42%
5.63% 94,06% 40.53% 86.84% 92.36% 46,32% 57.89% 66.508% 69.47%

16.64% 76.97% 33,16% 71.05% 75.56% 37.69% 47.37% 54.47% 56.84%
8.08% 76.97% 85.16% 71.05% 75.56% 37.89% 47.37% 54.47% 56.84%
212% £56.58% 36.84% 76.96% B2,96% 42. 1% 52.63% 60.53% 63.16%
1.08% 94.08% 40.63% 86.84% 92.36% 46.32% 57.89% 66.58% 69.47%
0.70% 86.52% 86.84% 70.95% 83.96% 42.11% 52.63% 60.53% 63.16%
6.30% _ 94.08% 40.53% . 86.84% 92.36% 46.32% 57.89% 66.50% 69.47%

11.79% 51,22% 211% 47.37% 50,38% 25.26% 81.58% 36,22% a7.80%
0.25% 68.42% 2947% 63,16% 67.17% 33.668% 42.11% 48.42% 50.53%
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Table 6-12

Indirect Economic Losses Due to Damage to Lifeline Transmission
Systems ' ‘ ‘
Scenario Earfquakes Natural Gas ~ Crude OFf Refined OH Air Transportation Railroads Ports Efectric Waler Highways
‘ % $8i % $ 8 % $ Bi % $BI % §8i % sB % $8i % $Bi % $BI

Capa Amn $0.00 $0.00 $0.00 012 $049 - 001 $002 OM  $045 220 $895  NA NA 016 - $065
Charleston $0.00 . $0.00 $0.00  0f1 $045 001 - §002 . 121 §492 215 $875° NA O NA 008 %03
 Fort Tejon 041 §167 107 $4.35 - $0.00 035 “$tdz 008 $025 08 §248 - 180 $773. 12 $4B8 110 %447
Hayward 022 $0.89 $0.00 S -8000 0M0 <3041 003 $041 03§13 243 $989 1 3407 050 §203
Madrid, MO M=8 007  $0.28 010 $041 005 $0.20 62§08 008 $025 $000 - 255 , . §$10.37 NiA NA 230 $9.36
Madrid, MO M=7. 004  $0.16 003 . $001 - 004 8045 004 $0.06  0O1  $0.04 $0.00 © 081 $328 . NA NiA 0B84 $342
Puget Sound 005  $0.20 $000 - $000 010 $041 003 . $011 013 . $053 148 $582. - 019  $077 027 ¢ $110
Wasaleh Front 00t  $038 $0.00 $000 002 008 001 $002 . $000 . 0.40 $163 ° NA NA 080 $a2s

ESTIMATED TOTAL ECONOMIC

T LOSSEVENT
Scenario Earthquakes  Lower  Lloper Best

Bound Bound Estimata
Cape Ann $895  $1056 - - $9.00
Charleston $8.75 $14.46 $10.05
Fart Tejon §7.78  $2728 - $1156
Hayward $088  $1873  $11.01
Madrid, MO M=8 $1037  $2160  $14.00
Madrid, MO M=7 $342  $7331  $4.76
Puget Sound $5.82 $8.94 $6.01
Wasatch Front $3.25  $502  $364



$55507 JIOUOST [oaNnpuUl JO sejbulisy ¢ SZ-2LY

91

Table 613  Indirect Economic Losses Due to Damage to Lifeline Distribution Systems

Scenario Earthquakes

Cape Ann
Charleston

Fort Tejon
Hayward

New Madrid, M=8
New Madrid, M=7
Puget Sound
Wasatch Front

0.15

Electric
% $ Bil
0.32 $1.3
. 0.27 1.4
0.34 $1.4
0.37 F1.5
0.76 $3.1
0.23 $1.0
0.22 $0.9
$0.6

Water

% $ Bl
0.15 $.61
- 015 $.63
0.1 $.47
0.10 .41

0.44 $1.8
0.14 $.57
0.04 $.18
0.06 3.27

Highways

% $ Bil
0.21 $0.86
0.17 $0.71
0.08 $0.33
0.09 $0.36
0.49 $2.0
.15 $0.63
0.10 $0.40
0.09 $0.37

SRS

$1.6
$1.4
$1.6
$1.6
$4.1
$1.3
$1.0
$1.25
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Figure 6-21  Percent indirect economic loss by state (monthly GNP} resultmg from damage o'\ various
' " fifelines, Cape Ann event (M=7.0).
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Percent indirect economic loss by state (monthly GNP} resulting from damage to various

lifelines, New Madrid event (M=7.0). Note that the relatively low losses for Missouri

reflect the assumed focation of the scenario earthquake source zone and the estimated
distribution of intensity {see Figure 4-18).
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168 é: Estimates of Indirect Economic Losses - ATC25



120 7

10017

oo
o)
AN

Loss

o))
-
|

Percent

Utah

1 Naturdl Gas

N\ Air Trans. Hectric
IR Railroad o

Figure 6-28  Percent indirect economic foss in state of Utah tmonthiy GNP} resulting from damrage to
various lifefines, Wasaich Front event (M=7.5).

ATC-25 é: Estimcries of Indirect Economic Losses 7 169



7 Combined Economic Losses, Deaths, and

Injuries

7.1 Infroduction

In this chapter we provide an overview of
combined economic losses, consisting of direct
and indirect economic [osses, 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 viinerability
of lifelines and the impact of their distuption.
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 and 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 faeilities af the local
distribution level.

Also excluded from censideration in the results
are interaction effects between lifelines,
secondary ecaonomic effects {the impact of 2
reduced capacity of one economic sector on &
dependent sector), and damage resulting from
landslide (due to lack of inventory data
nationwide). These limitations and others.
described in Chapters 2, 4, and 5 tend to
underestimate losses; other limitations {e.g.,
appiication of ATC-13 vulnerability functions fo
a relatively few structures) tend to overestimate
the losses. Lack of eapacity information for

- most lifelines was also a definite limitation. In
the aggregaie, 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 conservative.

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

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

7.2 Human Death and Injury

It is generally feit that lifeline performance and
continuity of operation is vital to human survival
in the modem, urben, 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, iman 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}.

Amnalysis and data on both of these aspects are

virtually nonexistent. Following are discussions
of these death and injury causes:

7.2.1  Casugliies Due fo Lifeline Funcfional
Curtailment '

Without the benefit of hard data it is difficuit to
esiimate with high confidence the number of
casualties that will result from curtailment of
lifeline function. Cur preliminary assessment is
that human death and injury due to functional
curtailment of lifelines can generallybe
expected o 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 foilow:

ATC-25

7: Combined Economic Losses, Decths, and Injuries 1?1



» 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 \?ery '

minimal. Humans can survive without
water for 48 or more hours, and water
for human survival can be imported if
necessary. - '

.* 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 Traﬁ&pdrtatidn.
Transportation lifelines are highly
redundant and thus very elastic;

emergency food and medicines would be

expected to be deliverable regardless of
earthquake damage.

7.2.2  Casualiies Resultmg From szelme 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 Cctober 17, 1989, Loma Pricta,
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

QOakland approximately 100 km from the

. earthquake source zone.

Although it.can be argued that the deaths and -

_injuries caused by lifeline failure in the Loma

FPricta 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.

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
carthquake and lifeline in Table 7-1. The total
losses for each scenario earthquake are as
follows: '

Direct Plus
Indirect Losses

Earthquake " (in Billions, 1991%)

Cape Ann ' $13.3
~_Charleston $15.1 -
Fort Tejon $16.6
| Hayward - $15.7
New Madrid, M = 8.0 _ $26.4
New Madrid, M = 7.0 | $8.3
 Puget Sound - $10.5

7 Wasatch Front - $5.4

172 R Comb'i'r;ed Economic Losses, Deaths, and Injuries
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Table 7-1 Total Direct Plus Indirect Dollar Losses for Each Scenario Earthquake and
Lifeline {Billions of Dollars)

Madieal Natural Crude Refinad Broadeasting ~ Fire
Seenario Electric Highways Water Care Ports Raflroads Alrport Gas on Ot Stations  Stations Total
Capa Ann $11.24 $2.08 50.91 $0.49 $0.50 30.08 $0.58 %0.00 $0.00 $0.00 $0.02 $0.01 $13.25
Charleston $10.82 $2.08 $0.94 5057 $5.30 $0.18 $0.59 $0.00 $0.00 $0.00 $0,07 $0.01 $18.11
Fort Tejon $9.66 $5.18 $5.27 $1.43 $2.65 $0.41 $1.57 $1.68 $4.38 $0.00 $0.03 $0.05 $18.58
Hayward $12.21 h2.be $4.38 $1.30 $1.45 $0.22 $0.44 $0.09 $0,00 $0.00 $0,02 $0.01 $15.66
New Madrid 8 $15.68 $13.19 $2.68 $1.30 $0.00 $0.71 $1.22 © $0.34 $0.46 $0.23 $0.09 50.01 $26.37
New Madrid 7 $6.17 $4.12 $0.85 $0.40 %0.00 $0.15 $0.31 $0.18 3013 $0.16 $0.03 $0.00 58,29
Puget Sound - $8.29 $1.96 $0,90 $0.51 %073 $0.21 $o.62 $0.21 $0.00 $0.00 $0.05 $0.01 $10.48

Wasatch Frant - $2.21 £3.86 $0.40 $0.20 $0.00 $0.05 $0.11 $0.04 $0.00 $0.00 $0.04 $0.00 $5.41



| 8 - Hazard Mitigation Measures and Benefits

8.1 Intreduction

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 overail
benefits. In this chapter we identify the most

" critical lifelines and provide a relative ranking of
the criticality of these different lifelines in terms
of the estimated impact of damage and
economic disruption. Also included are
recommended key measures for reducing the
‘earthquake vulnerability of these lifeline
systems, and resnits from analytical
computations to illusirate the reduction in losses
if such hazard mitigation strategies are
employed. '

8.2 Identification of Critical Lifelines

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 of damage and disruption:

Rank Lifeline EventiT ocation

1.  Electric System New Madrid
(M=8.0)
Hayward

Cape Ann,
Charleston,
Fort Tejon
New Madrid
{M=8.0)

Fort Tejon

2. Highways

Hayward,
- New Madrid
{M=7.0)

3. ‘Water System®  Fort Tejon

4, Ports Charleston

5. Crude Gl 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
stdy.

83 Measures ior Reducing
Vuinsrability 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 :

* 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.,
liguefaction potential,

* 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, pipelines, 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.

ATC-25
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Of thesc measures, the most common are
component strengthemng!retroﬁt mMeasures,
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 .

" numerous specific measures that relate to
unique systcms 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 ..
eleetnc substatlons.

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

. 1. 'Review existing 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 Appendix 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. Lileline
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

o mclude

For electric systems:
¢ Substations
© = " Power stations

For water systems:

*  Pumping stations

* Tanks and reservoirs

*  Treatment plants

* ‘Transmissions aqueducts.

- For highway systems
*  Bridges
«  Tunnels
« Roadbeds

For water !:ransportatmn systems:
s . Port/cargo handling equ1pment
* Inland waterways

For gas and liquid fuels _
-« Distribution storage tanks
+ Transmission plpchnes
'+ Compressor, metering and pressure
reduction stations '

4. Conduct cost-benefit studies to determine the

* 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. Implement the selected hazard reductlon
measures.

8.4 Estimdte_d Overall Benetfits of
Implementing Hazard Reduction
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 pravided 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 Madrld event, none of the substations

- 176 ' 8: Hagard Mitigation Measures and Benetfits
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int other locations for this event or in other
events would sustain damage this severe. In
conirast, 43 percent of the transmission
substations in Washington, 29 percent in
Arkansas, 16 percent In South Carolina, 13
percent in California, I percent in Utah, 8

percent in Missouri, and 6 percent in Tennessee

would sustain damage in this range in the

various earthquake scenarios. Trends for lower

damage states are similar, as are trends for
transmission lines (not shown here)

Indirect Ecomomic Less Comparisons. Indirect
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 affecied states, whereas Table 8-4 does not

include data for states for which damage to the
upgraded system was zero or insignificant. Data -
for the upgraded system are based on residual
capacity 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 through seismic upgrade
measures. For example, the ratio of indirect
economic [oss to the retail trade sector resolting
from damage to the existing system versus [oss
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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‘Table 8-1 ;
S Scenario Earthquake (Percent of Substations in State)
NEW MADRID (M=8.0) CHARLESTON (M=7.5) |
: i o ) South . North -
Hilinois " Missouri Arkansas = Tenn@sseg Kentucky Indiana Mississippl Carolina Carolina Georgia
© Total Number 108" g5 124 70 68 a9 93 100 76 86
Light Damage ) e . : . o
1-10% 0% 0% 0% 0% 0% 0% . 0% 0% 0% 0%
Moderate . S ) : - ) o _
.10-30% - 14% 8% . 22% 16% 24% - 2% 83% 43% 20% - - 3%3%
Heavy ' . ' : : :
 30-60 % 0% 0% . 10% 9% 7% 0% : 8% o 14% 0% 3%
Major to Destructive oo . o o . R _
60-100% 0%. . 8% 0 29% 6% 1% 0% 0% 16% 1% - 2%
CAPE ANN {M=7.0) ~ . WASATCH FRONT (M=7.5)
Massachusetts ~ Connecticut - Delaware  Rbode Island New Hampshire Utah -
Total Number ) 153 69 3 . 22 22 10
‘Light Damage : :
1-10 % 0% 0% 0% 0% 0% 0%
- Moderate : o . : i
10-30 % 82% - 42% A3% 100% 45% 0%
Heavy ) . o o T
30-60 % 0% 0% - ' 0% 0% 0% 20%
Major to Destructive . ‘ : i .
60-100'% 5% S 0% ’ 0% o 0% 0% 10%
HAYWARD FORT TEJON PUGET SOUND ' NEW MADRID
(M7.5) (M=8.0)  (M=7.5) {M=7.0)
. ' California . California  Washington - Minois “Migsouri Arkansas Tennesses Kentucky - Mississippi
Total Number 205 205 155 108 -85 24 70 68 a3
‘Light Damage _ _ : . . ) o . ‘ )
1-10% 8% 11% R 0% . ) 0% 0% 0% C 0% 0% - 0."/0,
Moderate : S ‘ ‘
10-30 % S13% " B% 12% 0% . 2% 21% 16% 16% 14%
Heavy p . . : :
) 30-60 % 14% - e 1% C 3% 0% - 0% 16%: ) 0% 0% 2%
Major to Destructive ‘ i -
60-100 % 6% 6% - 3% 0% 0%
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Table 8-2 Damage Percent for Upgraded Electric Transmission Substations for Each
Scenario Earthquake (Percent of Substations in State)
NEW MADRID (M-=£8.0) CHARLESTON (M=7.5)
, ' - South North
Minots Misgour Arkansas  Tennasses Kentucky indlana Mississiop Carolina Carofina Geongla
Total Number 108 05 124 70 84 &9 a3 100 76 a5
Light
0-10 % 0% 0% 0% o 0% 0% 0% 0% 0% 0% 0%
Moderate ‘ ‘ :
10-30 % 0% 0% 21% 11% 9% 0% 10% 24% 1% 1%
Heavy ‘
30-60 % 0% T 8o 1% 0% 0% 0% 6% 0% 1%
Major to Destructiva :
60-100 % 0% % 0% 1% 0% 0% 0% 0% 0% 0%
CAPE ANN (M=7.0) WASATCH FRONT (M=7.5)
 Massachuselts Connectiott VDa!awara Rhady Istand New Hampshire - Ltah
Total Number : 163 &9 3 22 22 10
Light
0-10 % 0% 0% 0% 0% 0% 0%
Modarate :
10-30 % : 1% 0% 0% 0% 0% 30%
Haavy :
30-60 % 5% 0% 0% 0% 0% 0%
Major to Dastructive
60-100 % 0% 0% ) 0% 0% - 0% 0%
HAYWARD - FORT TEJON PUGET SOUND NEW MADRID
(M7.5) (M=8.0)  (M=7.5) (M=7.0)
- . Gaflfornia California Washington  Minols Missouri Arkansas Tennassoe Kantucky Migsissippl
Total Number 208 205 165 108 : a5 124 - 70 &8 93
Light :
0-10 % 12% 6% 0% 0% 0% 0% 0% 0% 0%
Moderate . ‘ :
10-30 % 21% 11% 21% 0% 9% 6% 1% 0% 0%
Heavy
80-60 % 0% 1% 22% 0% 3% 0% 1% 0% 0%
Major to Destructiva :

60-100 % 0% 0% 0% 0% 0% 0% 0% ' 0% 0%
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Livestock

Agr. Prod.
AgSarv For. Fish
Mining
Construction
Food Tobacco
Textle Goods
Misc Text. Prod.

Lumber & Wood

Furniture

Pulp & Paper
Print & Publish.
Chemical & Drugs
Patrol. Refining
Rubber & Plastic
Leather Prods.

Glass Stone Clay -

Prim, Metal Prod,
Fab. Metal Prod.
Mach. Exc. Elec.
Elec. & Electron
Transport Eq.
Instruments
Misc. Manufact.
Transp & Whse. -
Utilites
Wholesale Trade
Retail Trade

" F.LR.E.

Pers./Prof Serv.
Eating Drinking

- Auto Serv,

Amusa & Rec.
Health Ed. Soc.
Govt & Govt Ind.
Households

Table 8-3

(Percent Monthly GNP)
NEW MADRID (M=8.0) CHARLESTON CAPE ANN
Uls. Econ. : T e South North . : . _
Value Added  Ilinois ~ Missouri Arkansas . Tennessee Kentucky Mississippi Carolina  Carolina  Georgia Massachusetts Connecticut Delaware
(Parcant). .
0.45% 3.95% 6.58%  32.89% 13.16%  13.16% = 44.74% 46.05% 7.80% 18.42%  44.74% 15.79% 10.53% .
1.06% 3.95% 6.58%  32.89% 13.16% 13,16%  44.74% 46.05% 7.89% 18.42% 44.74% 156.79% 10.53%
0.11% 395%  E.58% 3288%  13.16% 12.16%  44.74%  46.05% 789% ~ 1B42%  44.74%  1579%  1053%
3.89% 7.11% 11.84% 59.21% 23.66%  23.68% 80.53% 82.89% 14.21% 33.16% 80.53% 28.42% 18.95%
5.52% 3.16% 5.26%  26.92% 10.53%  1053% 35.79% 36.84% 6.32% 14.74% 35.79% 12.63% 8.42%
2.41% T11% 11.84% - 59.21% 2368%  23.68% @ 8053% - 8280% 14.21% 33.16% BO.SS%_ 28.42% 18.95%
0.37% 789% 13.16% 6579% 28.32%  26.32% 89.47% - 9211%  15.79% 36.84% 89.47% 31.568% 21.05%
0.73% 7.89% . 13.16% = 85.70% 26.32% - 26.32% 89.47% .~ 92.11% 15.79% 36.84% 89.47% _31.5&% 21,08%
0.52% 7.89% 13.16%  65.79% 26.37% - 26.32% 8947% . 9211% 15.79% 36.84% BIAT% 31.58% 21.052’9 ]
0.34% 7.88%  13.18%  65.79% 2832% 26.82% @ 89.47% 22 11% 15.79% 36.84%  B9.47%  31.58% 21.05%
087% 789%  13.16%  6579% 2632% 2632% . 89.47% 92.11% 16.79% 36.84% 89.47% 31.58% 21.05:/9
1.31% 7.80%  13:16% 65.79% 26.32% . 26.32%  89.47% 92 11% 15.79% 36.84%  B9.47%  31.58% 21.05%
140 - T 11% 11.84%  5921% 2368%  23.68% 80.53% B2.89% 14.21% 33.168% 80.52% 28.42% 18;95%
0.96% 7689% - 13.16%  65.79% 26.32% 26.32% - BO4AT% 92.11% 15,79% 36.84% 89.47% 31.58% 21.05%
1.03% 7.89% 13.16% 6579% 26.32%  26.32% 89.47% 92.11% 15.79% 36.84% - B8947%  31.58% 21.05%
0.12% 7.89% 13.16%  65.79% 26,32%  26.32% B9.47% 92.11% 15.79% . 36.84%  8947% 31.58% 21.05%
0.62% 7.89% 13.16%  65.79% 26.32%  26.32% B9.47% 9211% - 15.79% 36.84% 89.47% 31.58% 21.05%
1.04% T 1% 11.84% 59.21% 2368%  23.68% 80.53% 82.89% 14.21% 33.16% 80.53% 28.42% 18.95%
1.64% . 7.89% 13,16%  65.79% 26.32% - 26.32% B9.47% 92.11% 15.79% 36.84% 89.47% 31.58% 21.05%
1.56% 7.89% 13.16%  65.79% 26.32%  26.32% B9.47% - 92.11% 15.79% 36.84% 89.47% 31.58% 21.05%
2.52% 7.89% 13.16%  65,79% 26,32% 26.32% B9.47%  92.11% 15.79% 36.84% 89.47%: 31.58% 21.05%
2.62% 7.89% = 13.16% 85.79% 26.32%  26,32% - B9.47% 92.11% 15.79% _ 36.84% B9.47% 31.58% 21.05%
" 0.6B% 7.89% 13.16%  B65.79% 26.32%  26.32% 83.47% 92.11% 15.78% 36.84% B9.47% 31.58% 21.05%
0.86% 7.86% 13.16%  85.79% 26.32%  26.32% B9.47% 92.11% 15.79% .36.84% B9.47% 31.58% 21.05%
3.46% 2.37% 3.95%  19.74% 7.89% 7.89% . 26.84% -27.63% 4.74% 11.05% 26.84% 9.47% 8.32%
5.89% 6.32% 10.53%  52.63% 21.05%  21.05% 71.58% 73.668% 12.63% 29.47% 71.68% 25.26% 16.84%
5.63% 7.41% 11.84%  59.21% 2368% 2368% - B0.53%  B2.BY% 14.21% 33.16% 80.53% 28.42% 18.95%
5,63% 7.11%  11.84% 59.21% 2368%  23.68% B0.53% 82.89% 14.21% 33.16% 80.53% 28.42% 18.95%
16.64% 7.11%  1184%  59.21% 23.68% 23.68%  80.53% 8289% @ 14.21% 33.16% 80.53% 28.42% 18.95%
B.03% 7.11% 11.84% - 59.21% 23.68%  23.68% B0O53%  B82.89% 14.21% 33.18%  80.53% 28.42% 18.95%
2.12% 6:32% 10.53%  5263% 21.05%  21.05% 71.58% 73.68% 12.63% 29.47%  71.58% 25.26% 16.84%
1.09% 7T91% ° 1184%  59.21% 2368%  23.68% B0.53% 82.85% 14.21% 33.16% 80.53% 28.42% - 18.95%
0.70% - 6.32% 10.53%  52.63% 2105%  21.05% 71.58% 73.68% 12.63% 29.47% 7158% . 25.26% 16.84%
6.30% 6.32% 10.83% 52.63%  21.05% 21.05% 71.58% 73.68% 12.63% 29.47% 71.58% 25.26% 16.84%
11.79% - 4.74% 789% 3047% 15.79% 15.79% = 53.68% 55.26% 9.47% 2211% 53.68% 18.95% 12.63%
0.25% 832 1053% 52.63% 21.05%  21.05% 71.58% . 73.68% 12.63% 29.47% 71.58% 25.26% 16.84%

Indirect Economic Loss Due to Damagé to the Existing Electric System
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Livestoek

Agr. Prod.
AgServ For. Fish
Mining
Construction
Foed Tobacco
Textile Goads
Mise Text. Prod.
Lumber & Wood
Furnlure

Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol, Refining
Rubber & Plastic
Leather Prods.
Glass Stone Clay
Prim, Metal Prod,
Fah, Metal Frod,
Mach. Exc. Eles,
Elec, & Electron
Transpott Eq,
Instruments
Misec, Manutfact,
Transp & Whse,
LUtilities
Whalesale Trada
Aetail Trade
F.LR.E,

Pers /Frof Serv,
Eating Drinking
Auto Serv,
Amuse & Rec,
Haealth Ed, 3oc,
Gavt & Gowvt Ind,
Households

Table 8-3

- L8 Econ,

Valua Addad
(Percant)

0.45%
1.06%
0.11%
3.89%
5.52%
2.41%
0.87%
0.73%
0.52%
0.34%
0:87%
1.31%
1.40%
0.56%
1.08%
0.12%
0.62%
1,04%
1.64%
1.56%,
2.62%
2.62%
0.68%
0,69%
3.46%
5.80%
5,63%
5,649
16.64%
8,08%
2.12%
1.09%
0,.70%
6.90%
11.79%
0.25%

Indirect Economic Loss Due to Dama

(Percent Monthly GNP) (Continued)

CAPE ANN

PUGET SOUND

ge to the Existing Electric System

NEW-MADRID (M=7.0)

75.78%

WASATCH CALIFORNIA
Bhoda ' X
Island - "New Hampshire  Utah - Hayward Fort Tajon  Washington Arkansas Tonnessen Kantucky  Mississippi
42 1% 14.47% 44.53% 23.68% 13.16% 47.87% 23.68% 7.85% 3,958 - 3.55%
42 1% 14.47%. a5,63% 23.68% 13,16% 47.37% 23.68% 7.80% 3.95% 3.856%
42.11% 14.47% 35,53% 23.69% 13.16% A7 37% 23.68% 7.89% 3,95% 3,95%
75.79% 2B, 05% . 63.95% 42.68% © 23.68% B5.26% 42.68% 14.21% 7.11% 711%
a3.68% 11.58% 28.42% 18.85% 10.53% - A7.89% 18.95% 6.32% 3.16% 3.16%
78,79% | 26.05% 63.95% 42.83% 23.60% 85.26% 42.68% 14.21% T.11% T11%
84.21% 28,95% 71.05% 47.37% 26,32% 94.74% 47.37% 18,79% 7.89% 7.89%
84.21% 28.95% 71.05% 47.37% 26.32% - 84,74% 47 37% 15.79% 7.89% 7.89% -
84.21% 28,95% 71.05% 47,37% 26.32% 94.74% A47.37% 15.79% 7.89% 7.89%
B4.21% 28.95% 71.06% 47.37% £6.92% 84,74% 47.37% 15.79% 7.80% 7.89%
B84.21% 28.96% 71.06% 47.97% - 26.82% 94,74% 47.37% 15.79% 7.89% 7.80%
84.21% 28,95% 71.06% A7.97% 26,32% 04.74% 47.37% 16.79% 7.88% 7.89%
75.79% 26.06% 63.85% 42.63% 23.68% 86,26% 42.63% 14.21% 7. 11% 711%
84.21% 28.05% 71.08% 47.37% 26.32% 94.74% 47.37% 15.79% 7.80% S 7.BY%
84.21% 26.95% 71.05% 47.37% 26.32% 94.74% 47.97% 15.79% 7.89% 7.80%
B84.21% 28.95% 71.05% 47.37% 26.32% 94.74% AT7.37% 15,79% 7.89% 7.89%
B4.21% 28.95% 71.06% 47.87% 26.32% 94, 74% 47.37% 15.79% 7.89% 7.89%
78,79% 26.068% 63,95% 42.63% 23.68% 85.26% 42.60% 14.21% 7A1% 7.11%
84.21% 28,95% 71.05% 47.37% £26.02% 94.74% 47.87% 15,79% 7.89% 7.89%
B4.21% - 28.95% 71.05% 47.37% - 26.32% 94.74% 47.37% 16.79% 7.89% 7.89%
84.21% . 28.95% 71.06% 47.37% 26.32% 94.74% 47.87% 16.79% 7.89% 7.89%
84,21% 28.95% 71.05% 47.37% 26.32% - 94.74% 47.37% 18.79% 7.89% 7.89%
B4.21% 26.95% 71.05% 47.87% 26.32% 94.74% 47.87% 158.79% 7.89% 7.89%
84.21% 28.85% 71.05% 47.97% 26.82% 94.74% 47,37% 18.79% 7.89% 7.88%
25.26% B.68% 21,32% 14.21% 7.89% 28.42% 14.21% 4. 74% 2.37% 2.837%
67.87% 23.16% 56.84% 37.89% 21.08% 76,79% 37,B9% 12.63% €,32% 6.82%
75.79% 26.05% 63,96% 42.63% 23,68% 86.26% 42.83% 14.21% 711% 711%
75,79% 26.06% 83.55% 42.63% 28.68% 85.26% 42,63% 14.21% 7.41% 711%
78.79% 26.05% 63.95% 42 68% 23.68% 85.26% 42.63% 14.21% 711% 711%
75.79% 26.05% 63,95% 42.63% 23.68% 86.26% 42.63% 14.21% 791% 7.A1%
67.37% 23.16% 56.84% 37.89% 21.05% 75.79% 37.89% 12.60% 6.32% 6.32%
75.79% 26.05% 63,95% 42.68% 23.68% - 85,26% 42.63% 14.21% 7.11% 7.11%
67.37% 23.16% 56.84% ar.ee% - 21,05% 78,79% 37.89% 12.63% 6.22% 8.32%
87.37% 23.16% 56,84% a7.B9% 21.06% 76.79% 47.89% 12,63% 6.32% 6.82%
50.63% 17.37% 42,83% 28.48% 15.79% 56.84% 28.42% 9.47% 4,74% 4.74%
67.37% 23.16% 66.84% 37.89% 21.05% a7.89% 12.63% B6.32% 6.32%
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35
35

Livestock
Agr. Prod.,
AgServ For. Fish
Mining
Construction
Food Tobacen
Textile Goods
Mise Text. Prod,
Lumber & Wood
Furniture
Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol. Refining
Rubber & Plastic
Leather Prods.
Glass Stone Clay
Prim. Metal Prod.
Fab. Metal Prod.
Mach. Exc. Elec.
Elec. & Electron
Transport Eq.
Instruments
Misc. Manufact.
Transp & Whse.
Utifities
Wholesale Trade
Retail Trade
F.LR.E.
Pars./Prof Sery.
Eating Drinking
Auto Serv,
Amuse & Rec.
Health Ed: Soc.

- Govt & Govt Ind.

Households

Table 8-4

©.. U.8. Econ.
Value-Addaed
{Percent) :

0.45%
1.06%
0.11%
3.89%
5.52%
2.41% .
0.27%
0.73%
0.52%
0.34%
0.87%
1.31%
1.40%
0.96%
1.03%
0.12%
0.62%
1.04%
1.64%
1.56%.
2.62%
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%

Indirect Economic Loss Due to Damage to the Upgraded Electric System
(Percent Monthly GNP) .

NEW MADRID (M=8.0)

. Tennessee

Arkansas
13.16% - b.26%
- 1316%. ' 5.26%
13.16% " 5.26%
23.68% © 9.47%
10.53% - 4.21%
- 23.68% 0.47%
26.32% ] 10.53%
26,32% 10.53%
. 26.32% 10.53%
. 26.32% . 10.53%
26.32% 10.53%
26.32% 10.53%
23.68% 9.47%
26.32% 10.53% -
. 26.32% 10.53%
26.32% 10.53%
26.32% 10.53%
. 23.68% - 947%
26.32% 10.53%
26.32% 10.53%
26.32% - 10.53%
26.32% 10.53%
26.92% 10.53%
26.32%. 10.53%
789% . 3.16%
21.05% - 8.42%
23.68% 9.47%
23.68% 9.47%
23.68% 9.47%
23.68% 9.47%
21.05% - B.42%
23.68% 9.47%
- 21,05% B8.42%
21.06% B.AZ%
15.79% 6.32%
21.05% B8.42%

CHARLESTON

WASATCH . HAYWARD

FT. TEJON 'WASHINGTON

CAPE ANN

SCGarofing  Massachusetts . Utah " California California -~ Washington
16.79% 1.32% 10.53% 5.268% - 2.63% 18.42%
15.79% 1.32% - 10.53% 5.26% 2.63% 18.42%
15.79% - 1.82% 10.53% 5.26% . 2.68% ‘18.42%
28.42% 237% .. 18.95%" 9.47% 4.74% - 33.16% =
12.63% 1.05% - -8.42% 4.21% . 2.11% 14.74% - -
‘2BAZ% 1 2.37% . 18.95% L9.47% AT4% 33.16%

. 31.68% 263% . 21.05% -10.58% £.26% 36.84% .
31.58% 2.63% . ©21.05% . 10.53% 5.26% 326.84% -
31.68% - 2.63% - 21.05% 10.53% .5.26% 38.84%
31.58% 2.683% 21.05% 10.53% 5.26% 36.84%
31.58% - 263% 21.06% 10.53% 526% .- 36.84%
31.58% -2.63% .21.05% 10.53% 5.26% 36.84%
28.42% 237% 18.95% 9.47% 4.74% 33.16%
31.58%. 2.63% 21.05% 10.53% 5.26% 36.84%
31.58% 2.63% 21.05% 10.53% -6.26% 36.84%
31.58% 2.63% 21.05% 10.53% 5.26% 36.84%

- 31.58% 263% 21.05% 10.53% 5.26% 36.84%
28.42% 2.37% 18.95% - 947%. 4.74% - 33.16%
31.68% 2.63% © 21.05% 10.563% 5.26% 36.84%
31.56% ©2.63% 21.05% 10.53% 5.26% 36.84%
31.68% 2.63% 21.05% 10.53% 5.26% 36.84%
31.668% 2.63% 21.05% 10.53% 6.26% 36.84%
31.58% . 2.63% 21.05% 10.53% 5.26% 36.84%
-31.68% 2.63% 21.05% 10.53% 5.26% 36.84%
9.47% 0.79% €.32% 3.16% 1.58% 11.05%
25.26% 211% 16.84% B.42% 4.21% 29.47%
28.42% 237T% 18.95% 9.47%" 4.74% - 33.16%
28.42% 2.37% 18.95% 9.47% 4.74% 33.16%
28.,42% 2.37% 18.95% 9.47% - 4.74% 33.16%
28.42% 2.37% 18.95% C 9.47% 4.74% 33.16%
25.26% 2.11% 16.84% 8.42% 4.21% . 2847%
28.42% 2.37% 18.95%. 9.47% 4.74% 33.16%
25.26% 211% 16.84% 8.42% 4.21% 2047%
25.26% 2.11% 16.84% 8.42% 4.21% 28.47%
18.95% 1.68% 12.63% 6.32% 3.16% 2.11%

211% 16.84% 4.21% 29.47%

25.26%

-8.42%



9 Recommendations for Further Work
_ |

2.1 Introduction

The ATC-25 project has raised & 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 Lifsline Inventory

This project has initiated the development of a
comprehensive national lifelines inventory
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 for complete lifehine
inventories, and coordinate the acquisition of
the needed additional and updated data from -
various lifeline owmers. Capacity data in the
National Petrolenm Council’s oil/gas
iransmission line inventory is an example of the
kind and extent of information that is 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 Lifeline Component Vulnerability

This project employed lifeline component
vulnerability functions developed in the ATC-13
project {ATC, 1983) on the basis of expert
opinion obtained by surveys. ‘While the ATC-13
expert-opinion data are extremely useful,
comprehensive information based on hard field
data would provide an 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 Loma
Prieta, California, earthquake, as well as from
other damaging earthquakes.

.4 Seismic Hozard Daifa

The project has uncovered the relative paucity
of seismic hazard models and resources at the
regional/national scale. Only two models are
available, those of Evernden and Thompson
(1985} and Algermissen et al. {1990), the latter
of which does not incorporate a soils database.
While a nationalily 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/geclogic databases.

@5 Economic Analysis and Impacis
Daia and Methodology

This project has presented a rational
comprehensive mode! for the estimation of the
economic impacts due to lifeline disruption.
Many steps of the process necessarily involved
approximations and limited analyses. 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, such as the
effect of disrupted electric power on the
water supply],

*  Elasticities of demand, or substitution of
a lesser disrupted lifeline (e.g., fuel oil}
for a more disrupted lifeline {e.g., :
natural gas),

ATC-25
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« Inter-regional impacts (e.g., economic
~impacts in New York due to disruption
in California), and

¢ So-called "benefits," such as increased
" economic activity associated with repai,
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.

184 R 9: Recommendations for Further Work | ATC-25
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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-earthiquake 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 rcsearchers)

.. D:rectdamage_mformatlon, whlch-

consists of (1) a description of its basis in -

 terms of structure type and quallty of
construction (degree. of seismic
resistance), (2) default estimates of the
‘quality of construction. for present
_conditions, (3} default estimates of the
quality of construction for upgraded
conditions, and (4) ime-to-restoration

- curves.

B.1 Highway _
B.1.1 Major Bridges
1. (_}eheral |

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

bridgé piets 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 construcnon 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 1970s).
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 Iead to significant damage
to bridge foundations and superstructures.

Earthquake-resistant Design: Scismically
resistant design practices include dynamic
analysis, which takes soil-structure
interaction into account. Foundations
should be designed and detailed 1o
withstand any soil failures that are expected
due to unstable site conditions.

. Di'reCtjDamage

Basis: Damage curves for hlghway 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., 2 composite
of older non-seismically demgned 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, eic., the
following factors were used to modxfy the
mean curves, under present conditions:

MMI

' intensity
NEHRP Mag Area ~ Shift
‘California 7 0
California 3-6 +1

Non-California7 -~ - +1. .
Puget Sound 5 +1
All other areas +2

The modified motioh-darﬁage curves for
major bridges are shown in Figure B-1.
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Figure B-1 - Damage pércent by intensity for major bridges.

Upgraded Conditions: For areas where it
appears cost-effective to Improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensiiy shift of one
unit (1.e., -1}, relative to the above present
conditions. h

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

B.1.2 Tunnels

1. Genéral '

Description: In general, tunnels may pass
. through alluvium or rock, or may be of cut
~and cover consiruction. 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 and
both reinforced and unreinforced concrete.

Heavy timbers and wood lagging (grouted
and ungrouted) may also be used to support
tunnel walls and ceilings. Tunnels may
change in shape and/or construction
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 ruphire, but rarely
suffer significant 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 typically been
Iimited to cracked lining.

Seismically Resistant Design: Lined tunnels
have performed better 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, and changes in shape and in
construction materials; and siting tunnels to

ATC-25
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Figure B-2 - Residual capacity for major bridges (NEHRP California 7).
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Figure B-4 Residual capacity for major bridges (All other areas).

Present Conditions: In the absence of data
on the type of lining, age, etc., use the

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

undertaken if necessary.
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 vulnérable than cut-and-
cover tunnels, and more valnerable 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 35, respectively, in lieu of FC
38. :

Standard construction is assumed to

represent typical California highway tunnels

under present conditions (i.e., a composite
of older and more modern tunnels). Only
minimal regional variation in construction
quality is assumed.

following factors to modify the mean curves,
under present conditions:

. b
7 - Intensity

NEHRP Map Area - Shift
California 7 0
California 3-6 ' 0
Mon-California 7 0
Puget Sound 5 U
All other areas +

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 Social Function
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 curves for FC 38, the

time-to-restoration curves shown in Figures

ATC-25
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Figure B-5 - Damage percent by intensity for highway ;urineis. B

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

B.1.3 Conventional Bridgés

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
typically comprises girders and deck slabs..
‘Fixed (translation prevented, rotation
permitted) and expansion (translation and
rotation permitted) bearings of various types

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

200
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Figure B-6 Residual capacity for highway tunneis (NEHRP Map Area: California 3-6, California 7,
Non-California 7, and Puget Sound 5).
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Figure B-7 Residual cap-acit;.,; for highway tunnels {(All other areas).
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- "walk out" under severe shaking, Failure of
backfill near abutments is common and can

lead to tilting, horizontal movement or

settlement of abutments, spreading and

settlement of fills, and [ailure 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 insulficient
transverse confining steel, and inadequate
longitudinal steel splices and embedment
into the foundation. Bridge superstructures
have not exhibited any particular
weaknesses other than being dislod ged 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. Slgmficant :
movement must occur at bearings before
-girders impact abutments and 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 to accommodate 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
elastlcaily In order to prevent damage to
piets, 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 use of-

energy absorpuon 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.

Direct Damage

Basis: Darﬁage du_rve.s 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 are 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 spaun, or

. continuous/monolithic, then use the

appropriate ATC-13 data in lieu of the
above , .

Standard construction is assumed to
represent typical California bridges under
present conditions (i.e., 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 lhe mean curves, under

~ present conditions:
MM!
Intensity

S : . Shift
NEHRP Map Area FC24 . FC25
California 7 - NA - NA*
California3-6 - = +1 +1
Non-California 7 +1 41
. Puget Sound 5 0 I N
All other areas - - +3 +3

* Speciél case, damage half of FC 25
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Figu re B-8
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Upgraded Conditions: For arcas where it
appears cost-cffective to Improve facilities,
assume on a preliminary basis that upgrades
result in 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 25¢,

conventional bridges for the highway system,

are assumed to apply to all bridges with
spans shorter than 5(} feet. By combining
these data with the damage data from FC
23, the attached time-to-restoration curves
for conventional bridges within California
NEHRFP Map Area 7 were derived. By
combining the time-to-restoration data for -
SF 25c with the damage curves derived by
using the data for FC 24 and 235, the time-to-
restoration curves shown in Figures B-9
through B-11 were derived for the various
NEHRP Map Areas.

Damage percent by intensity for conventional major bridges.

Description: Freewaysthighways includes
urban and rural freeways {divided arterial
highway with fll control of access), divided
highways, and highways. Freeway/highway

includes roadways, embankments, signs, and

lights. Roadways include pavement, base,
and 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 cement bases. Embankments mayor
may not include retaining walls.

Typical Seismie 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 faflure may occur in
combination with liquefaction, slope failure,
or failure of retaining walls. Such damage is

B.1.4 Freeways{Highways manifested by misalignment, cracking of the
. roadway surface, local uplift or subsidence,
1. General or buckling or blockage of the roadway.
Sloping margins of fills where compaction is
ATC-25 Appendix B: Lifellne Vulnerability Functions 203



‘Figure B-9

Figure B-10  Residual capacity for conventional bridges (NEH
- Puget Sound 5). - ) S
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Figure B-11
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commonly poor are particularly vulnerable
to slope failure. Dropped overpass spans can
effectively halt traffic on otherwise
undamaged freeways/highways.

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 abuiting
highways should be examined for failure
potential.

Direct Damage
Basis: Damage curves for [reeways/highways

are based on ATC-13 data for FC 48,
highways (sec Figure B-12). Standard

construction is assumed to represent typical -

California freeways/highways under prescat
conditions (i.e., a composite of oider and
more modern freeways/highways). It is
assumed that no regional variation in
construction quality exists.

Residual capacity for conventional bridges (All other areas).

Present Conditions: In the absence of data
on the type of construction, age, '
surrounding terrain, truck usage, efc., the
following factors were used to modify the
mean curves, under present conditions:

BARAT
Interisity
NEHRP Map Area’ Shift
California 7 &
California 3-6
Non-California 7
Puget Sound 5
All other areas

OO

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

Time-to-restoration: The time-to-
restoration data assigned to SF 254,
freeways and conventional highways, are

ATC-25
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Figure B-12
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- assumed to apply to all fréeWays/highways

By combining these data with the damage
curves for FC 48, the time-to-restoration
curves shown in Figure B-13 were derived.

B.1.5 Local Roads

L.

Generai. '

‘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
grade and subgrade materials. Traffic could
be blocked by damaged buildings, broken

- underground water and sewer plpes

downed power lines, etc.

Typical Seismic Damage Roadway damage

can result from the failure of the roadbed or

Damage percent by intensity for freeways/highways.

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 - :

. Selsm:call}r Resistant Désngn ‘Seismically

resistant. demgn 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 pract:ces for bridges include-
providing restraint for spans and/or
adequate bearing lengths to accommodate
motions. Approach fills should be properly
compacted and graded and pier foundations

206
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Figure B-13  Residual capacity for major bridges INEHRP Map Area: California 3-6, California 7, Puget

Sound, and all other areas).

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

Direct Damage

Basis: Damage curves for highway system
local roads are based on ATC-13 data fc-r
FC 48, highways, and FC 25,
contmunusfmonohthlc bndge (includes
single-span, see Figure B-14). All local roads
were assumed to be a combination of 80%
roadways and 20% bridges. If inventory data
permit a more accurate breakdown of the
relative value of roadway and bridges, such
data should be vused 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.

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

following factors were used to modify the

mean curves for the two facility classes listed

above, under present conditions:

MMI
intensii
Shfﬁty
NEHRP Map Area FC 25 FC48
California 7 ) g
California 3-6 +1 )
Non-California 7 +1 0
Puget Sound 5 +1 g
All other areas +2 3

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

- unit {i.e., -1), relative 1o the above present

conditions. In most cases upgrades will be
limited to-strengthening of bridges, and
perhaps areas where embankments and
adjacent slopes are most unstable.

Time-fo-restoration: The time-to- ,
restoration data assigned to SF 25¢, city
streets for highway systems, are assumed to

ATC-25
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F'f’:“fe B-14  Damage percent by intenSitylfdrﬁibcal_ roads.

apply to all {ocal roads By combining these
data with the damage curves derived using
the data for FC 25 and 48, the time-to-
restoration curves shown in Figures B-15
through B-17 were derived.

B.2 Railway
B.2.1 Bridges
1. Géneral

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 fixed bridges.
Bridge components include a bridge deck,

© stringers and girder, ballast, rails and ties,
truss members, picrs, 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 plate girders
or beams. Longer spans use simple trusses:

supportéd 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 the piers and abutments may
shear anchor bolts. Girders can also shift on
their piers. Failures of approaches or fill
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 misaligiments, and
" extended closures are required for repairs.

‘Seismically Resistant l)esxgn Seismically .
resistant design practice should include

proper siting considerations and details to
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Figure B-15  Residual capacity for local roads (NEHRP California 7).
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Figure B-16  Residual capacity for local mads (NEHRP Map Area 3-6, Non- California 7, and Puget
Sound 5).
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prevent foundation failure. Restraint for
spans and/or adequaté 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.

Direct Damage

Basis: Damage curves for railway system
bridges are based on ATC-13 data for FC.
25, continuous/monolithic bridges (see

- Figure B-18). 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 reasons for 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 o be
represented by shifting the mean damage

218 248 2z7B 398 338 365

Figure B-17 . Residual capacity for Iocél roads (All o;ther areas).

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).

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: .

MM
. : Intensity
NEHRP Map Area Shift .
California 7 -1 :

- California 3-6 -1

- Non-California 7 0

Puget Sound5 -~ O

All other areas - . +1

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

210
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Figure B-18
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unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 203, railway
bridges, are assumed to apply to all railway
bridges. By combining these data with the
damage curves for FC 23, the time-to-
restoration curves shown in Figures B-19
through B-21 were denived.

B.2.2 Tunnels
1. General

Description: In general, funnels 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 unreinforced concrete, and
steel. Heavy timbers and wood lagging
{grouted and ungrouted) may also be used
to support tunnel walls and ceifings. Tuanels

Damage percent by intensity for railway bridges.

may change in shape and/or 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 mternal damage from
ground shaking alone. Landslides at tunnels
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 typically been

limited to cracked lining.

Seismically Resistant Design: Lined tunnels
have performed better 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 {o eliminate
fault crossings. Slope stability at portals

ATC-25
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Figure B-19  Residual capécity for raiiwéy bridges (NEHRP California 7).
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Figure B-20 - Residual capacity for railway bridges (NEHRP Map Area 3-6, Non-California 7, and Puget
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Figure B-21

should be evaluaied and stabilization

Elapsed Time in Days

Residual capacity for railway bridges {All other areas).

factors were used to modifiy the mean

undertaken if necessary. ~ curves, under present conditions:

2. Direct Damage ML

: . intensity
Basis: Damage curves for railway tunnels NB—{RP f"f"a'? Ared Shift
are based an ATC-13 daia for FC 38, Ea_{;gomga 7 0
tunnels passing through alluvium (see N%;fég’;ﬁ;ﬁé 5 g
Fipure B-22). Tunnels passing through Puget Sound 5 0
alluvium are less vulnerable than cut-and- All other areas +1
cover tunnels, and more vulnerable than .
tunnels passing through rock; they were Upgraded Conditions: For arcas where it
chosen as representative of all existing appears cost-effective to improve facilities,
tunnels. If inventory data identify tunncls as assume 011 a preliminary basis that upgrades
cut-and-cover or passing through rock, then result in & beneficial intensity shift of one
use ATC-13 FC 40 or 39, respectively, in unit {i.e., -1}, relative o the above present
Standard construction is assumed to Time-to-restoration: The time-to-
represent iypical California railroad tunnels - restoration data assigned to SF 26b, railroad
under present conditions (i.e., 2 composite - - system tunnels, are assumed to apply to all
of older and more modern tunnels). Gnly tunnels. By combining these data with the
minimal regional variation in construction damage curves for FC 38, the time-to-
. quality s assumed. - restoration curves shown in Figures B-23
‘ and B-24 were derived.

Present Conditions: In the absence of data :
to the type of lining, age, eic., the following
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Figure B-22 ~ Damage percent by intensity for railway tunnels.
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. Figure B-23 Residual capaaty for rallway tunnels (NEHRP Map Area: Callfornla 3-6, California 7,
“Non- Califorma 7, and Puget Sound 5).
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Figure B-24
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B.2.3 TracksfRoadbeds

I. General

Description: In general, track/roadbed in
the railway system includes ties, rail, ballast
orroadbed, embankments, 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 of damage to trackfroadbed
is settlement or slumping of embankments.
Landslides can block or displace tracks.
Settlement or liguefaction 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 parnculaﬂy susceptible. The

Residual capacity for railway tunnels (All other areas).

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.

Direct Damage

Basis: Damage curves for railroad system
tracks/roadbeds are based on ATC-13 data
for FC 47, railroads (see Figure B-25).
Standard construction is assumed to
represent typical California tracks/roadbeds
{i.e., a composite of older and more modern
tracksfroadbeds). Age maynotbeas
important a factor for tracks/roadbeds as it'is -
for other facilities, because the compaction
of soils in poor grounds through usage may

" improve their behavior significantly. Only

minimal regional variation m constructmn
quality is assumed

Present Conditions: In the absence of data
to the type of material, age, etc., the
following factors were used to modntfy the -
mean curves, under present conditions:

ATC-25"
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Track/Roadbed

D=1z 47 1.88
2
D
i B
E
@
a
o | 1) § X X
Modified Mercalli Intensity (MMI)
Figure B-25  Damage percent by inténsity‘for,__t.facks{rqadbedé.
5 7 ' . MMI Description: Terminal stations may be large
: I ntensity " or small. The structure housing the station
- NERIRP Map Area -~ - Shift may generally be any type of construction
Ca}!ti:ornga 7 0 - from steel frame to unreinforced masonry
. g?}:‘f’ég;ﬁ: 3-rfi’a 7 8 : bearing walls. The terminal station typically
Puget Sou%rd 5 0 includes-switching and control equipment, as
' 0 - well as electrical and mechanical equipment

All other areas

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.

_Tlme-to-resforatlon The time-to-

restoration data assigned to SF 26¢, railways,
are assumed to apply to all tracks/roadbeds.
By combining these data with the damage

curves for FC 47, the time-to-restoration

. curves show_n in Flgure B-26-were derived.

B.2.4 Terminal Stations

1.

General

‘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,
experlencmg damage or causing attached
piping and conduit to fail. Rail damage in
the switching yard will occur. due to severe
shaking or ground fallure only.

Seismically Resistant Design: Seismically
resistant design practlce includes performing
all building dea‘.lgn in accordance with
‘seismic provisions of national or local
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Figure B-26
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Residual capacity for tracks/roadbeds (NEHRP Map Area: California 3-6, Californla ?

MNon-California 7, Puget Sound, and all other areas).

building codes. All critical equipment should
be well-anchored. Provisions should be

. made for backup emergency power for
control and building equipment essential for
continved operations.

Direct Damage

Basis: Damage curves for the railway system
terminal station are based on ATC-13 data
for FC 10, medium-rise reinforced masonry
shear wall buildings; FC 68, mechanical
equipment; and FC 47, railways (seec Figure
B-27). FC 10 was chosen 1o represent a
generic building, based on review of damage
curves for all buildings. Railway terminals
were assumed to be a combination of 60%
generic buildings, 20% mechanical
equipment, and 20% railways.

Standard construction is assumed to
represent typical California railway system
terminals under present conditions {i.e., a

- composite of older and more modern
terminals). It is assumed that there is no
regional variation in construction gquality of

roadbed/embankments within the station
and that only minimal variation exists for
mechanical equipment.

Present Conditions: In the absence of data
to the type of construction 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:

RAAAT
Intensi
' Sh;ftty
MNEHRP Map Area  FCIQFC 47 FC 68
California 7 o 0 0
Califorma 3-6 +1 0 o
Non-California 7 +1 0 0
Puget Sound 5 +1 0 0
All other areas +2 0 +1

Upgraded Conditions: For areas where it
appears cost-effective to improve [acilities,
assume on & preliminary basis that upgrades
result in one or two beneficial intensity

ATC:25
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Figure B-27

D=1A8x

D=RBx 1

Darﬁage %

Terninal’ Stat_iﬁ_h

1 108

Bz : :
I vl

ShlftS (1 e.,-lor-2), relative to the above
present conditions.

Time-td—resturatmn: The time-to--

restoration 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 FC 10, 47, and 68, the -
time-to-restoration curves shown in Figures
B-28 through B-30 were derived.

B.3 Air Transportation

1.

B.3.1 Terminals

General:

Description: 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

BTSSR X
Modified Mercalli Intensity (MMI} :

Damage percent by intensity for railway terminal stations.

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 plpelmes

| Typical 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.
Unanchored or improperly anchored
equ1pment may slide or topplc cxpenencmg

- 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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Figure B-28  Residual capacity for railway terminal stations (NEHRP California 73,
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Figure B-29  Residual capacity for railway terminal stations (NEHRP Map Area 3-6, Non-California 7,
and Puget Sound 5).
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Figure B-30 Residu_al capacity for raitway terminal stations (All other areas).

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 of the tower makes it
prone to earthquake damage. Enhanced
design criteria (¢.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.

Direct Dam’age _
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 torepresent a generic building,
based on review of damage curves for all
buildings. Air transportation system
terminals are assumed to be a combination
of 409 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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Figure B-31  Damage percent by intensity for airport terminals.
{ iwa!_ B.3.2 Runways and Taxiways
niensity
S Shift
NEHRP Map Area  FC 10FC 43 FC 91 1. Goneral
Egl[;ﬁfg;;:: g_ﬁ _81] —E’ﬂ —E‘[ Description: In general, runways and
Non-California 7 1 7 41 taxiways in the air transportation system
‘Puget Sound 5 +1 +1 +1 include runways, taxiways, aprons, and
~ All other areas +2 42 +1 landing lights. Runways and taxiways

Upgraded Conditions: For arcas where it
appears cost-eifective 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-to-restoration: 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 data for FC 10, 43, and 91, the time-to-
restoration curves shown in Figures B-32
through B-34 were derived.

comprise pavements, grades, and sub grades.
Pavement types include portland cement
concrete and asphaltic concrete.

Typical Seismic Damage: Runway damage
is a direct function of the strength
characteristics of the underlying soils.
Adrports tend to be located in low-lying
alluvial areas or along waler margins subject
to s0il 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
umported fills, grades, and subgrades.

ATC-25
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Figure B-32  Residual capacity for airport terinals (NEHRP California 7).
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: - PugetSound’5). - S e e
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Figure B-34 = Residual capacity for airport terminals (All other areas).

2. Direct Damage

- result in a beneficial intensity shift of one

unit {ie., -1}, relative to the above present

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 (i.e., a
composite of older and more modern
FUNWays ).

Present Conditions: In the absence of data
on the type of soils, material, age, etc., the
tollowing factors were used to modify the
mean curves, under present conditions:

MRAT
Intensity

NEHRP Map Area Shift
California 7 ]
Califarnia 3-6 4]
MNon-California 7 0
Puget Sound 5 0]
Al other areas ' 0

Upgraded Conditiens: For arcas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades

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 FC 49, the
time-to-restoration curves shown in Figure
B-36 were derived.

3.4 SeafWater Transporiation

B.4.1 Ports{Cargo Handling Equlpmeﬁr

L.

{General

Description: In general, porisfcargo
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 inelude quay walls, -
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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
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 fueks. 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 of foundation soils. Past
earthquakes have caused substantial lateral
sliding, deformation, and tiiting of quay walls
and sheet-pile bulkheads. Block-type quay
walls are vulnerable to earthguake-induced
sliding between layers of blocks. 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. Insuofficient distance
between the anchor and the buikhead wall
can also lead to failure. Pile-supporied
docks typically perform well, uniess soil
failures such as major submarine landslides
occur. In such cases, piers have undergone
extensive sliding and buckling and vielding
of pile supports. Batter 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 contzining 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 of structurally poor
ground in the vicinity of docks. Failure of
access roads and railway tracks can severely
fimit 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

_Tesistant design practice to use seismic

factors included in local building codes for
the design of port structures. However, past
earthguakes have indicated that seismic
coefficients used for design are of secondary
importance 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
horizontal berthing and live loads, and
because they are not subject to the lateral
soil pressures of the type applied to quay

watls and bulkheads. However, effects on

bearing capacity, and lateral resistance of

‘piles due to liquefaction and induced slope

instability should also be considered.
Direct Damage

Basis: Damage curves for portsfcargo’
handling equipment in the seafwater
transportation system are based on ATC-13
data for FC 33, cranes, and FC 63, _
waterfront structures (see figure B-37).
Portsfcargo handling equipment were
assumed to be a combination of 60%
waterfront structures and 40% cranes.

Standard construction is assumed to
represent typical California portsfcargo
handiing 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

ATC-25
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Purt/Gargu Handlmg E-:[uxpment 1

_ structures, and soil performance is the most
cntlcal 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 curve for the two facility classes listed
above, under present conditions:

MMI
~ Intensity
' Shift
NEHRP Map Area FC53 FC63

~ California 7 . 0 0
California 3-6 0 0
Nen-California7z = 0 . 0
Puget Sound 5 0 . 0
Allother areas’ +1 +1

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}, relatwe to the above present
COIldltlUI]S -

Time-to-restoration: The time-to-
restoration data assigned to SF 28a, ports,

D=18Ax 63  8.58
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2
[u}] o . .
& D58z |
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]
8 A
D=ﬁ}'! " - - 1 ; —
VI Y1l 1) 0 (R X X
: Modified Mercalli Intensity (MMI]
Figure B-37 Damage percent by zntensuy for ports/cargo handling equment

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.

B.4.2 Iniand Waterways.

1.

General |

Description: In genei;ai,' inland waterways of

- the sea/water transportation system can be

natural (rivers and bays) or human-made
(canals). The sides and/or bottoms of iniand
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

~ fauits. Channels or inland waterways may be

blocked by earthquake-induced slumping.
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Figure B-38  Residual capacity for portsicargo handling equipment (NEHRP Map Area: California 3-6,
California 7, Non-Caiifornia 7, and Puget Sound 5).
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Figure B-39  Residual capacity for porté!cargo handling equipment {All other areas).

ATC-25 Appendix B: Lifeline Vulnerability Functions 227



Inland Matervay

b-1AAx -

. Bl 1.68
@
©
2 D=hLax
= .
©
(]
| - Other
' . CA7
Me
: : Non—CAI:J
D:ﬂ?: —— = t _ 4 PS.5
01 - UII U] X ) X

Modified Mercalli Intensity (MM)

Figu re B-40

Quay walls, retammg 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 bencath lining.
Waterways can be blocked by fallen bridges

. and are made impassable by spilled fuel or
chemicals from tanks or [acnlmes adjacent to

- the waterway.

Seismically Re_sis_tant Design: Seismically

resistant design practices include providing
walls of waterways with slopes appropriate
for the embankment materials used, and/or
demgmng quay walls and retaining walls to

restram soils in the event of soil failure.

Dlrect Damage

Basis: Damage curves for inland waterways
_in the sea/water transportation system are
based on ATC-13 data for FC 61, canals
(see Flgure B-40)..

Damage percent by mtens:ty for miand waterways

Standard construction is assumed to present
typical California inland waterways under
present conditions (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.

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: -

MMl
. : [Intensity

. NEHRP Map Area . Shift
- California 7 - ' 0
California 3-6 0
Non-California 7 -0
Puget Sound 5 0
All other areas \ +1

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

© unit (Le, -1), relauve to the above present

cond1t10ns

Time-to-restoration: 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 Callfomla 3-6, Callforma 7,

Non-California 7, and Puget Sound 5).

in flood control systems, are assumed to
apply to all inland waterways. By combining
these data with the damage curves for FC
61, the time-td-restoration curves shown in
Figures B-41 and B-42 were derived.

B.5 Elecirical
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
commeonly 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-acrators, heaters, and
associated equipment and piping. The fan
area houses the air preheaters as well as the
forced-draft fans and related duct work.
QOther 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
voltage and include transformers and circuit
breakers.

Typical Seismic Damage: Damage to steel
struciures at power plants in past '

- earthquakes has usually been limited to

oversiressed connections or buckled braces.
Turbine pedestals may pound against the
surrounding floer 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 bailer.
Structural damage to older timber cooling
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Figure B-42

towers may occur due to deterioration and
weakening of the structures with age. Fan
_blades and gearboxes in ooohng 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, stretchlng and breaklng attached
electrical connections and/or ceramics.

Seismically Resistant Design: Seismically
resistant design practices include, as a
‘minimum, demgnmg all structures to satisfy
the seismic requirements of the applicable
. local or national building code. In addition,”
well-designed seismic ties should be

Res:dual capacnty for inland- waterways (AII other areas)

'prowded 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 componeits are
not in'a weakened condition when an
earthquake strikes. An emergency power
source consisting of well-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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Figure B-43

Fossil-Fuel Power Plant
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length in extreme seismic load conditions.
- Expansion anchor installation procedures
should be subject to strict guality control.

Direct Damage

Basis: Damage curves for fossil-fuel power
plants in the electrical system are based on
ATC-13 data for FC 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 of 20% 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 construction.
Consequently, the beneficial intensity shifts
indicated below are assumed appropriate.

Standard construction is assumed to
represent kypical California fossii-fuel plants
{and geothermal power plants) under
present conditions {i.e., a composite of older
and more modern plants). Only minimal

Damage percent by intensity for fossil-fuel power planis.

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 construction type, age, eic., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:

Ml
Intensity -

Shift
MNEHRP bMan Area  FCI3FC 66FC 68
California 7 -1 -1 -1
California 3-6 0 0 0
Non-California 7 o o O
Puget Sound 5 T 0 0
All other ayeas 7' 1 1 Q

Upgraded Conditions: For arcas where it
appears cost-effective to improve facilities,
assume on & preliminary basis that upgrades .

~result in a beneficial intensity shift of one

unit {i.e., -1}, relative to the above present
conditions.

ATC-25
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Figure B-44
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Time-to-restoration: The time-to-

_restoration data assigned to SF 29a, _
electrical generating facilities, are assumed
~ to apply to all fossil- fuel power plants. By

combining these data with the damage

" _curves derived using data for FC 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

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 substation 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

-typically includes turbines, pumps, piping,
- switchgear, and emergency diesels.

718 248 279 389 18 %S
Elapsed Time in Days

Residual capacity for fossil- fuel power plants (NEHRP Califorriia 7).

Typlcal Seismic Damage: Hydroelectric
powerhouses and dams are more likely to be
seriously damaged by rock falls 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 well in past earthquakes,
although dams constructed using fills of fine-
grain cohesionless material have
experienced failures. Equipment in power
plants typically performs well in earthquakes
unless unanchored. In such cascs 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 tatal collapse. Substation
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Residual Capacity
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Figure B-45  Residual capacity for fossil-fuel power plants {(NEHRP Map Area: California 3-6, Non-
California 7, and Puget Sound 5).
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Figure B-46  Residual capacity for fossil-fuel power plants {All other areas).
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Figure B-47
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equipment, and ceramics in particular, are
vulnerable to damage. Higher-voltage
ceramics tend to experlence the most
damage

Seismically 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

Damage percent by mtensnty for hydroelectnc power stations.

other cntlcal systems function with turbine
trip and loss of power from the outside grid. -

.- Direct Damage

‘Basis: Damage curve_é__for hydroelectric

power plantsin the electrical system are

- based on ATC-13 data for FC 35, concrete
- dams; FC 306, earthfill or rockfill dams; and

FC 65, 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 eqmpment
.are assumed appropnate

Standard constructlon 1s assumed to
represent typical California hydroelectric

power plants under present conditions (i.c.,
* 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 B-48  Residual capacity for fossil-fuel power plants (INEHRP California 7).

frequently govern aver seismic Time-to-restoration: The time-fo-
requirementts. restoration data assigned to SF 29a,
generating facilities, and SIF 30¢, storage
Present Conditions: In the absence of data reservoirs, are assumed to apply to all
on the type of material, age, etc., the hydreelectric power plaats. By combining
following Factors were used to modily the these data with the damage curves derived
mean curves for each of the three facility . using the data for FC 35, 36, and 68, the
classes listed above, under present time-to-restoration curves shown in Figures.
conditions: B-48 through B-50 were denved.
MMI B.5.3 Transmission Lines
fntensrty
Shift (General
MNEFHRP Map Area FC 35FC 36 FC 68
California 7 o o -1 Description: In general, transmission lines
California 3-6 1 +1 0 ~may be underground or above ground
iﬂ;lon—Ca!ﬁfarma 7 1410 (supported by towers). Towers are usually
uget Sound 5 +1 +1 0 . P
Al other areas 27 +2 0 steel and carry several circuits at high

voltages {64 XV or higher). Each circuit
consists 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 I@ng—distance lines are de. The de
systems require conver{or stations at each
end of the line.

Upgraded Conditions: For areas where it
appears cost-clfective 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.

ATC-25 Appendix B: Lileline Vulnerability Funciions 235



Residual Capacity

MMI VI

Hydroelectric Pouer Plant

R=1ARAx

R= S8z |

- Z9a 8.35 35 #.35
b 6.5 36 8.3
68 . 8.38
Ml a b
6 8.877 B.4Z6
T 8.865 8115 .
8 8.848 @B.839
5 8.834 @&.8z8
il B.ea9 p.668

R=Db%days ¥a

R= Bz
DAYS:

Ja

68

: —t
98 128 158 188 219 248 270 309 I3@ 365

} W | ; 1 L i —
1 L] L] 1 i 1 T

Elapsed Time in Days

Figure B-49  Residual capacity for hydroelectric power stations (N EH RP Map Area: California 3-6,
: ~ Non-California 7, and Puget Sound 5).
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Figure B-50 = Residual capacity for hydroelectric power stations (All other areas).
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Figure B-51

Transmission Lines (Electricat)
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Typical Seismic Damage: Transmission
towers and the lines they support are
principally subject to damage through
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 earthgnakes 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 jacket.

Seismically Resistani Design: Seismic loads
do not generally have much influence on the
design of transmission lines and towers. The
towers are designed 1o 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 stable, or providing
special foundations designed (0 survive
effects of soil failure.

Damage percent by intensity for electric transmission lines.

- 1. Direct Damage

Basis: Damage curves for transmission lines
in the electrical system are based on ATC-13
data for FC 56, major electrical transmission
line towers {over 100 feet tall, see Figure B-
51). Standard construction is assumed to
represent typical California transmission
lines and towers under present conditions
{i.e., a compaosite of older and more modern
towers). It is assumed that no regional
variation in construction quality exists, as

" seismic loads are relatively unimportant in

the design of transmission towers.

Present Conditions: In the absence of data
on the type of tower, age, eic., the following
factors were used to modify the mean
curves, under present conditions:

Ml
Intensity

NEHRP Map Area Shift
California 7 0
Californta 3-6 0
Mon-California 7 0
Puget Sound 5 0
All other areas -0

ATC-26
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Figure B-52
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Residual capacity for electric transmission lines (NEHRP Map Area: California 3-6,

California 7, Non-California 7, and Puget Sound 5, and all other areas).

Upgraded Conditions: 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 mtensny shifts for
retroﬁttmg are recommended

.Tlme-to-restoratmn. The t_ime_-to—_ :

restoration data assigned to SF 29b, _
transmission lines for the électrical 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 Flgure B-52

were derived.

B34 Tmnsmzsszon Subsraﬂons

-ground wires, underground cables, and

extensive electrical equipment including
banks of circuit breakers, switches, wave
traps, buses, capacitors, voltage regulators,
and massive transformers. 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 transmission 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 regulators serve to maintain the.

predetermined voltage, or to step down or
step up from one voltage to another.

ATC-25

L General Porcelain lightning arresters are used to
B . protect the system from voltage spikes.
Description: Transmission substations in the . caused by lightning. Long, cantilevered
electrical system generally receive power at . porcelain components (e.g., bushings and
* high voltages (220 kV or more) and step it lightning arresters) are common on many
down to lower voltages for distribiition. The electrical eqmpment items.
substations generally consist of one or more :
-control bmldmgs steel towers, conductors,
. 238 Appendix B: Lileline Vulnerability Functions



Typical Seismic Bamage: Conirol buildings
are subject to generic building damage
rtanging from dropped suspended ceilings
and eracks 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
vard, steel towers are typically damaged only
by soil failures. Porcelain bushings,

" insulators, and lightning arresters are brittle
and vulnerable to shaking and are frequently
damaged. Transformers are large, heavy
piceces 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
conductars or rigid bus bars result in
porcelain damage resulting from differential
motion.

Seismically Resistant Design: Porcelain is
used extensively in ways that make it
susceptible to damage (bending and
tension). Recent developments including
gas-insulated substations and installation
details that base isolate, reinforce, or add
damping, may reduce the pmb!em 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 national
building code, as a minimum.

2. Direct Damage

Basis: Damage curves for transmission .
substations for the electrical system are
based on ATC-13 data for FC 686, electrical
equipment (see Figure B-53). High-voltage
porcelain insulators, bushings, and supports
are vulnersble to damage, even when the
porcelain components have been designed
and qualified to enhanced seismic criteria.
Consequently, the detrimental intensity shift
indicated below is assumed appropriate. :

Standard construction is assumed to
represent typical California transmission

-~ 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
voltage, age, eic., the following factors were
used to modify the mean curves, under
present conditions:

Ml

Intensity
MNEHRP Map Area Shift
California 7 +1
California 3-6 +2
Non-California 7 +2
Puget Sound 5 +2
All other areas +3.

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 29¢,
tramsmission 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.

ATC-25
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Figure B-57
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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 landslides,

- liquefaction, and other ground failures.

Conductor lines swinging together can cause
burnouts and/or start fires. Settlement of
soils with respect to manholes can
sometimes cause underground line routed

‘through the manhole to fail.

Modlfled Mercalll Intensity (MMI)

Damage percent by mtensﬂy for electric distribution lines.

- Seismically Re51stant Design: Seismic loads

do not generally have much influence on the
design of distribution lines and towers. The
towers are typlcally designed to withstand

wind loads. The primary concern is siting

towers and poles where soils are stable to
prevent foundation failures. :

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
transmnssnon 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
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Residual capacity for electric distribution fines (NEHRP Map Area: Cahferma 3-6,

California 7, Non-California 7, and Puget Sound 5).

etc., the following factors were used to modify

the mean curves, under present conditions:

MIdAT
fntensity
NEHRP Map Area Shift
California 7 0
California 3-6 ]
- Non-California 7 0
Puget Sound 5 0
All other areas +1

Upgraded Conditions: It is not cost--
effective or practical to upgrade existing
transmission towers, unless supporting or
adjacent soils are known to be unstable.
Therefore, no intensity shifts for upgrading
are recommended.

Time-to-restoration: The time-to-
restoration data assigned o SF 29d,

distribution lines, are assumed o apply to all

distribution lines. By combining these data
with the damage curves for FC 53, the time-
Lo-restoration curves shown in Fiugres B-38
and B-59 were derived.

B.5.6 Distribution Substations

1.

(3eneral

Description: Distribution substations in the
clectrical system: generally receive power at
low voltages {64 kV or less) and step it down
to lower voltages for distribution to users.
The substations generally consist of one
smali control building, steel towers,
conductors, ground wires, and electrical
equipment including circuit breakers,
switches, wave traps, buses, capacitors,
voltage regulazmrs and transfarmers.

Typical Seismic- Damage: Control buildings
are subject 1o generic building damage
ranging from cracks in walls and frames to
partial and total collapse. Unanchored or
improperly anchored control equip ment
may slide or topple, experiencing damage or -
causing attached conduit to fail. In the yard,
steel towers are typically damaged only by
soil failures. Porcelain bushings, insulators,
and lightning arresters are brittle and

~vulnerable to shaking and are frequently

ATC-25
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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 picces
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 dlfferentxal -

mOtIOIl

Seismically Resistant Design: Porcelain in
distribution substation is susceptible to .
‘damage but is less vulnerable than porcelain
in transmission substations by virtue of its
shorter cantilever lengths. Seismically
resistant design practices include the use of
installation details that base isolate,
reinforce, or add damping devices td the
porcelain. Proper anchorage details should
- be used for all yard equipment. Breakaway
connectors for porcelain; replacement of

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.

Direct Da.mag’e

Basis: Damage curves for dlsmbutlon
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: performancc of dlSll‘ibul‘lOl‘] '
substations. :

Standard construction is assumed to
represent typical California distribution
substations under present conditions (i.c.,a’
composite of older non-seismically designed
substations as well as more modern
substations designed to enhanced séismic
requirements).

Present Conditions: In the absence of data
-on the type of equipment, substation
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Figure B-60
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voltage, age, etc., the following factors were
used to madify the mean curves, under
present conditions:

Ml

fntenstty
MNEHRFP Map Area Shift
California 7 0
California 3-6 41
Non-Califorma 7 +1
Puget Sound 5 41
All other areas : +2

- Upgraded Conditions: For areas where it
appears cosi-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shifi of one
unit (i.e.; -1}, relative to the above present -
conditions. - oL

. Time-to-restoration: The time-to-
restoration data assigned to SF 29,
distribution substations, are assumed to
apply to all distribution substations in
California. For distribution substations in
-other areas, response planning is not as
complete and restoration time is assumed be
1.5 times longer. By combining these data

Damage percent by intensity for electric distribution substations.

with the damage curves for. FC 66, the time-
to-resforation curves shown in Figures B-61 -
through B-63 were derived.

B.6 Water Suppiy
B.6.1 Transmission Aqueducts

i. Gemeréi

Description: In general, various types of
transmission aqueducts can be used for
transporting water, depending on
topography, head availability, construction
practices, 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 or unlined. Lining materials

include conerete, bituminous materials,

butyl rubber, vinyl, synthetic fabrics, or other
products to reduce the resistance to flow,

- Tminimize seepage, and lower maintenance

costs. Fiumes are usually constructed of
conicrete, steel, or timber. Pipelines are built
where topographic coaditions preclude the

ATC25
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Figure B-61  Residual capacity for electric distribution substations (NEHRP California 7).
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Figure B-63
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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, duciile iron, or asbestos
cement. Tunnels are used where it is not
practical fo 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 concrele, steel, or brick.

Typical Seismic Damage: Channels are
most susceptible to damage from surface
faulting and soil failures such as differential
settlement, liguefaction, or landsliding.
Unreinforeed 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 ercde supporting embankments or
surrcunding soils and cause significant
damage. Regional uplift could result in long-
term loss of function by changing the '
hydraulic flow characieristics of the
agqueduct,

Residual capacity for electric distribution substations (All other areas).

Seismically Resistant Design: Scismically
resistant design practices include providing
reinforced concrefe linings for channels and
tunnels. Charmels 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. Aqgueducts that
cross faults can be routed through pipe
buried in shallow [oose fill or installed above
ground near the fault, fo allow lateral and
longitudinai slippage.

Direct Damage

Basis: Damage curves for transmission
aqueducts of the water supply system are
based on ATC-13 data for FC 38, tunnels
passing through alluvium, and FC 61, canals
(see Figure B-64). Agueducts are assumed
to be a combination of 50% tunnels and
50% camals. Tunnels passing through
alluvium are less vulnerable than cut-and-
cover funmels and more vulnerable than

ATC-25
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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:

MMi
ntensity
Shift
NEHRP Map Area FC38 FC61
California7 0 0
- California 3-6 0 0
Non-California 7 0 0
Puget Sound 5 0 - 0
+1 +1

All other areas

A Upgraded Conditions: For areas where it
~ appears cost-effective to improve facilities,

B.6.2 Pumping Stations

1.

. Modified Mercalh |ntensuly {MMI)

Damage percent by |nten5|ty for transmlssmn aqueducts

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.

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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Figure B-65  Residual capacity for transmission aqueducts (NEHRP Map Area: California 3-6, Calkfoma
7, Non-California 7, and Puget Sound 5).
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comprise shear-wall-type buildings, intake
structures, pump and motor units, pipes,
valves, and associated clectrical 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 aclosed chamber
-and then expels it under pressure. Pumps
may be in series or in parallel. Often an
emergency power supply comprisinga
standby diesel generator, battery rack, and
diesel fuel tank is included in primary
pumpmg 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
rivcrs. 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
electrical and control 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, puinps 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

_s‘ystem,s operation.

. Dll’ebt 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). 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 bmldmgs,
20% electrical equlpment and 5(0%

- mechanical equnpmcnt

Standard construction is assumed to
represent typical California pumping
stations for water systems under present

‘conditions (i.e., a composite of older and

more modern Stﬂthl‘lS) Only minimal
regional variation in construction quality of -

- mechanical equipment is assumed, as

opcrational 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 modlfy the

mean curves for each of the three facility
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Figure B-67
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classes listed above, under present
conditions:

MMT

Intensi
Shfffty
MNEHBEP Map Area FC TOFC 86 FC 68
California 7 0 0 0
California 3-6 +1 +1 0
MNon-California 7 +1 +1 ©
Puget Sound 5 41 +1 @
All other areas +2  +2  +1

Upgraded Conditions: For areas where it
appears cost-cffective to improve facilities,
assume on a preliminary basis that upgrades
resuli in one or two beneficial intensity
shifts (i.e., -1 or -2}, relative to the above
present conditions.

Time-to-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 with the damage
curves derived using the data for FC 10, 66,
and 68, the time-ta-restoration curves shown
in Figures B-68 through B-7}were derived.

Damage percent by intensity for water supply pumping stations.

B.6.3 Storage Reservoirs

L.

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 abuiments
to preven! water penetration through cracks
and fissures in bedrock or flow throngh
permeable native soils. Rockfill dams
typically have conerete linings to prevent
water penetration. Concrete dam types
include gravity and arch. Roadways andfor
gantry cranes are commonly located at the
crest of the dam.

Typical Seismic Damage: Most engineered,
mechanically compacted earthfill dams have
performed well in earthquakes. Additionally,
earthfill dams constructed predominantly

ATC-25

Appendix B: Lifeline Yulnerability Functions 251



‘Figure B-68

Figure B-69

Residual Capacity

Residual capacity for water supply pumping stations (NEHRP California 7).
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Figure B-70
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with clayey soils have performed well. Dams
. constructed of hydraulic fill using saturated,
pootly compacied, fine-grain cohesionless
material; dams constructed on natural
cohesionless deposits that are not as dense
as the embankments; and dams with
unusually steep embankments have
experienced failures in past earthquakes.
Dam embankments may respond to soil
Failures by cracking (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
thati are loose or marginally compacted, such
as hydraulic fills. Both soil and rock
foundations may be damaged by fault
rupture, resuliing in loss of continuity or
integrity of internal design features, (drains,
imperious zones, efc.) and water-release
features {conduit and tunnels). Earthgnake-
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 danger of piping exists if
cracks remain open. Rockfill dams have
performed well, with some damage to
material neat the crest of the dam.

Residual capacity for water supply pumping stations (All other areas).

Settlement of rocktill dams is also a
possibility. Concrete dams have also
performed well with little damage known.
Cracking of dams and foundation failures
are possible.- :

Seismically Resistant Design: Seismically
resistant design practices for earthfill dams
include providing ample freeboard to allow
for settlement and ather movements, and

-using wide cores and tramsition 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 dyn;amn:
scttlement. Conservative zoning consists of
providing confined clay cores, wide
cohesionless transitions, and free draining
shells. Rediction of embankment slopes and
ehimination of embankment saturation
through linings can reduce susceptibility to
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embankment failures. Smsmlcally 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 backfi 1,
and driving compactlon piles. -

1. Direct Damage '

Basw Damage curves for storage reservoirs

in the water supply system are based on
"ATC-13 data for FC 35, concrete dams, and
FC 36, earthfill or rockfill dams (see Figure
B-71). Storage reservoirs are assumed to be
a combination of 50% concrete dams and
509 earthfill or rockfill dams. If inventory
data identify dams as concrete, or earthfili or

Damage percent by intensity fbf storage reservoirs.

rockfill, then the appropriate damage curves
w111 need to be developed (see ATC-13).

Stand'ard_ constructl_on is assumed to
represent typical California reservoirs (i.e., a
composite of older and more modern
reservolrs)

" Present Conditions_i 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:
MM
Intensity -~
. _ ~ Shift
- NEHRP Map Area’ FC35 FC36.
‘California 7 - 0 0
- California 3-6 0 0
_.. Non-California’7 - 41 +1
Puget Sound 5 +1 +1
. Allother areas +2 +2

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
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Figure B-72
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result in 2 beneficial intensity shift of one
unit {i.e., -1), relative to the above present
conditions. :

Time-to-restoration: The iime-10-
restoration data assigned to SF 30c, 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 FC
35 and 36, the time-to-restoration curves
shown in Figures B-72 through B-74 were
derived.

B.0.4 Treatment Flanis

1.

General

Description: Water treatment plants are
complex facilities. In general, the typical
water sources for 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

Residual capacity for storage reservoirs (NEHRP California 7).

requires the most. Types of water treatment
plants include aeration, split treatment, or
chemical treatment plants. Flexibility and
room for growth are typically provided to
nandle changing quality of water.
Consequently, plants commonly contain
components of different vintages and
construction types. Current pre-treatment
processes are screening, pre-sedimentation
or desilting, chemical addition, and aeration.
Components in the treatment process
inelude pre-sedimentation basins, aerators,
detention fanks, flocculators, clarifiers,
backwash tanks, conduit and channels, coal-
sand or sand filters, mixing tanks, setiling
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 parailel shaft mixers,
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 construetion. Most modern
sedimentation basins are circular concrete
tanks {open or covered), equipped with
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mechanical scrapers for sludge removal.
Diepths typically vary from 8 to 12 feet and
diameters from 30 to 150 feet. Sludge
processing components include holding
tanks and clarifier thickeners. Control

equnpment, pumps, piping, valves, and other

equiprent are 'typlcall‘_i,r housed in a control
building. Yard equipment generally includes
transformers and switchyard equipment.

Typical Seismiec 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 supporied on different _
foundations is a particular problem. Pipes
are vulnerable at locations where they
connect to or penetraie treatment
structures. Equipment such as pumps can be
damaged by loads imposed by piping when
differential settlement occurs. Channels and
large condunif connecting processing units
are subject to seismic damage from several
mechanisms, including differential
movement from inertial loading, differential
settlement, and increased lateral earth
pressures. Liquefaction may cause some -
underground siructures in areas of high
groundwater to float. Concrete basins and

tanks are subject to cracking and collapse of -

walis and roofs. Pounding damage or
permanent movement may result in the
opening of expansion joints in basins.
Within basins, 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 chIarme
injection, controls, and radios is a minimum
and if gravity flow is not possible, sufficient

emergency power to provide pumping
capacity must be available. Slopes adjacent
to the plant should be studied 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 afiow for -
differential settlement. Similarly, flexibility
should be provided in connections and
piping where they span across expansion
Jjoints or between structures on different
foundation types. Equipment damage can be
reduced by using cast-in-place bolts rather
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 code, as‘a minimum. Heavy

equipment such as sludge-processing
equipment should be located as lowas
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 of water. Design of such
equipment should also consider ease of
replacement. Vertical turbine pumps
hanging in tanks should be avoided if
possible--or designed for seismic loads, as a
minimum. Chlorine cylinders should be
strapped in place on snubbed chlorine
scales. Standard safety and shuldown
systems for gas and chemical systems should
be installed and properly maintained.
Routine checks are recommended to ensure
that valves are operable, and that stockpiles
of spare 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.

Birect 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-tise reinforced masonry shear wall
buildings; FC 41, underground liquid storage
tanks, and FC 68, mechanical equipment.
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FC 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 preseiit 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. Scismic 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 llsted
above, under present conditions:

. USER X : X
~ Modified Mercalli ]ntensity_ {MMI} :

Damage percent by intenéity for water supply treatment plants.

MMI
Intensity
: : Shift
NEHRP Map Area  FC 10FC 41 fC 68
California 7 - . ¢ 0 0.
California 3-6 +1 O 0
Non-California 7. +1 0 0
‘Puget Sound 5 +1 0 0
Al other areas 42+ 41

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 30d,

‘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.
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B.6.5 Terminal Reservoirs/Tanks

1. General

Description: In general, terminal reservoirs
may be underground, on-ground, or
elevated storage tanks or impounding
reservoirs. Underground storage tanks are
typically reinforced or prestressed concrete
wall construction with either concrete or
wood roofs. They may be either circular or
rectangular. On-ground water supply

storage tanks are typically vertical anchored

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 or gravel, 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
(i.e., height and diameter), so volumes range
from thousands to millions of gallons.

Impoundmg reservoirs may be lined or
unlined, and w;th or mthout 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)

- [ailure 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 carthquakes
and generally fail in a catastrophic manner.
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Elevated tanks typically fail as a result of
madequate bracing or struts, although
column buckling or anchorage or
connection failure {clevises and gusset
plates) are common causes. [f elevated tank
damage exceeds minor bracing or
connection failure, damage is usually
catastrophic. Piping and other
appurtenances attached to tanks can also
fail because of tank or pipe motion, causing
loss of contents.

Seismically Resistant Design: General
Seismically resistant design practices for
underground tanks include designing walls
for a combination of earth pressures and

- 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
fiotation 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 annular 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
concrete ring wails that prevent differential
setilement. Adequate freeboard to prevent
sloshing against the roof should be
maintained. Good practices for steel tanks
include providing positive attachment
between the roof and shell, stiffening the
bottom 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
smialler 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
practices include increasing hoop capacity,

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
braces for adequate lateral loads, providing
adequate anchorage at the colummn bases,
comnecting the tank 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 failure. Rods used for
bracing should have upset threads with large
deformable washers under retaining nuts to
absorbrenergy.

Direct Damage

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 vulnerable than elevated
tanks, and more vulnerabie than
underground tanks, and were chosen as
representative of existing terminal
reservoirs. If inventory data identify tanks as
underground or elevated, then use FC 41 or
45, respectively, in leu of FC 43,

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 modern tanks designed
to seismic requircments {e.g., AWWA
D100, Appendix A)].

Present Conditions: In the absence of data
as to type of material, age etc., use the
following factors to modify the mean curves,
under present conditions:

il
intensity
NEMHRP Map Area Shift
California 7 0
California 3-6 +1
Non-California 7 +1 "
Puget Sound5 -~ +1
All other areas +2
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Figure B-79
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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 one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the abave
present con_ditior_ls.

" 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.

B 6.6 Trunk Lmes

1.

General

Diescription: 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

, VIl K %
- Modified Mercalli Intensity (MM) ‘ '

~ Damage percent by intensity for water supply terminal reservoirs/storage tanks.

in_ches or more 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. Exceptin -
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 normaily 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

. 1isolated. 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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Typical Seismic Damage: The performance

* of pipelines is strongly dependent on
whether or not the supporting or * -

- surrounding soil fails, Failure of a piping
system: resulting from inertial loads only is
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 $oils: Types
of pipe damage include bendmg or crushmg
of the pipe; shearing of the pipe,

compressional buckling, soil deposits inthe -

pipe, circumferential and longitudinal
‘cracks, and joint failure. It has frequently
been observed that pipelines-with rigid
joints fail more frequently than those with
flexible joints. 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 i mcreasmg
pressure in pipelines. ° :

158 188 218
Elapsed Time in Days

1 4 L L 1 1
I I 1 . 1 1 1

t
248 278 388 330 365

Residual capacity for water supply terminal reservoirs/storage tanks (All other areas).

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 modern 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 jomts) 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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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.
Proper maintenance and cathodic

protection to Hmit 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 girderss,
and spacing between adjacent trunk lines
should be sofficient to prevent pounding.
Use of pressure relief valves 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. _

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

Damage percent by intensity for water supply trunk lines.

{between 4 and 20 inches in diameter) are
generally more susceptible to damage
because of their construction type, and it is
assumed that their behaviorcanbe
approximated using these data through the
use of one detrimental intensity shift (i.e.,
+1).

Standard eonstruction is assumed to
represent typical California trunk lines

under present conditions. {i.e., a composite
of clder and more modern trunk lines). Oaly
minimal regional variation in the ‘
construction quality is assumed.

Present Conditions: In the absence of data
on the type of material, diameter, age, ctc.,
the following factors were used to modify

the mean curves, under present conditions:

MME

Intensity
NEHRP Map Area Shift
- California 7 0]
California 3-6 0
Non-California 7 0
Puget Sound 5 0

All other areas £1
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Cahfornla 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 cueves for FC
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 We{!s

1.

Generai :

Descrlptmn The collectmn of groundwater

- is accomplished primarily through the

construction of wells or infiltration gallerics.

A well system is generally composed of three

elements: the well housing structure, the
motor/pump, and the discharge piping. The

- well system may or 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 B-85  Residual capacity for water supply trunk lines (All other areas).

- insufficient screen design}, kinked tubing, equipment should be provided with
and collapse of the casing. The well shaft adequate seismic anchorage. The well-
can be crushed or sheared off by ground housing structure should be designed with
displacement across the shaft or by ground seismic provisions of local or national
vibration. Wells may be contaminated by building codes. '
inflow from nearby sewers, septic tanks, and ‘
cesspools that are damaged by the 2. Direct Damage
earthquake. Damage to substation :
transformers can result in loss of power Basis: Damage curves for wells in the water
supply. supply system (see Figure B-86} are based

on ATC-13 data for BEC 68, mechanical

Seismically Resistant Design: As scismic equipment. It is believed that this facility
design practices may include providing class best approximates the expected
double casing at depths below where performance of wells, which typically
horizontal movement is expected. comprise & vertical pump in a shaft,
Submersible pumps/motors have a greater
probability of remaining in service than do . Standard construction is assumed to
pumps connected o motors at the surface represent typical California wells under
with drive shafts. Because the well casing present conditions {i.e., a composite of alder
wili respond differently than the slab of the and more modern wells). Only minimal
surrounding well house, a flexible separation regional variation in the construction quality
joint should be provided between the casing is assumed.
and the slab. Effects of differential ‘
movement and settlement can be mitigated Present Conditions: In the absence of data
by providing a flexible joint between the on the type of pump, etc., the following
pump discharge header and the discharge - . factors were used to modify the mean
piping. Other electrical and mechanical curves, under present conditions: .
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Figure B-86  Damage percent by intensity for wells.

MM B.7 Sanltary Sewetr
Intensity : '
NEHRP Map Area Shift . B.7.1 Mains
EaIi;ornia 7 -0 :
alifornia 3-6 0
Non-California 7 0 1. General
Puget Sound 5 0.

All other areas . +1

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
CO[ldlthI]S

Time-to-restoration: The time-to-
restoration data assngned 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._

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
materiails 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. Sometlmes the sanitary sewer

Appendix B: Lifeline Vulnerability Functions .  ATC-25



MMI VI

R=168 38k 1.888 &8 1.88
HHi a b
& §.747 BR.Z64
7 £.159 B.854
= B B.156 H.B43
2 9 B.128 E.BZS
b 18 A.AB B.81B
9 = chx
o B=-b *days = &
|
Ldy]
Lah]
i
R= 8z  — ; i { — —t :

JAYS: 38 6@ 98 28 158 188 218 248 278 382 338 365
Elzpsed Time= in Days

Figure B-87  Residual capacity for wells (NEHRP Map Area: California 3-6, California 7, Non-California
7, and Puget Sound 5).

' Uell ‘
k=188z 38k 188 65  1.B&
EN1 a |3
5 B.i99 ©.B898
7 B.I5F B.E43
= g8 B.128 B.B5
) 9 F.BBt 6.818
T _ 18 - B.B6Z  B.BIZ
© p=ofx |
5 R=b*days + &
o
3
€

R Bz | } — e t : + t t
DA¥S: 381 68 9% 128 15F I8 ZIH Z4B 27R 3EE 338 3eL
: Elapsed Time ir Days "

Figure B-88  Residual capacity for wells (All other areas).
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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 crushmg and
cracking caused by shearing and
compression; joint breaking because of

. excessive deflection or compression; joints
pullmg open in tension; and changes in

- .sewer grade, causing reduced flow capacny
- Tension and compression Failures at joints .

because of soil movement have been

~ common: Flexible joints have suffered
significantly less damage than rigid joints.
Welded bell-and-spigot joints have
petformed 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 pull
apart with major soil movements.

Seismically Resistant Design: Seismically
resistant design practices for mains in the
- sewer system include the use of flexible
joints {e.g., butt-welded and double-welded
. joints, restrained-articulated Jjoints, and
restrained bell-and-spigot jomts with ring
gaskets on a short length of pipe section),
. and avoiding longitudinally 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 will mitigate much of the potential
damage. Special precautions should be
taken to reduce earthquake effects at fault.
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 instalied above
ground near the fault to allow lateral and

longitudinal slippage. Anchors such as bends

should be excluded within a distance of 300
~_feet of a fault zone and strengthened pipe
“should be used within the zone. Isolation

valves should be placed near fault zones or
_in areas of expected soil failure. Proper

maintenance to lumt 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 for 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 generally

~ operate at lower pressures and thus are of

similar construction quality to the smaller
pipes. Consequently, the above damage
curves may be used for all plpelmcs in the
samtary 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:

MM

. fntensaty
NEHRP Map Area . Shitt
California 7 o +1
California 3-6 +1
Non-California7 =~ = +1
PugetSound 5 . 41
- AII other areas - - +2

. Upgraded Cunchtmns 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. -

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
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Figure B-89
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B-90 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 to a 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 centrifugal pump
finds widest use at pumping stations. Lift
stations are commoenly 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 constructed.

: ULl B ¢ X
Medified Mercalli Infensity (MMD

Damage percent by intensity for sanitary sewer mainsflines.

Because of their function, these stations are
typically located in low-lying areas of soft
alluvium where soil failures may occur.
Buildings housing stations may experience
generic building damage ranging from
cracking of walls and frames to collapse, and
unanchored electrical and 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 of differential
settlement. Damage to substation
transformers can result in a loss of power
supply. o

Seismically Resistant Design: Seismically’
resistant design practice includes avoiding
unstable soils whenever possible and
addressing problems of expected differential
seftlement and liquefaction in the design of
foundations. Flexibility of pipelines should
be provided when pipes are attached to two.
separate structures on different foundations.
Annular space should be provided at pipe

ATC-25
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Figure B-90 - Residual capacity for sanitary sewer mains/lines (NEHRP Map Area: Cahforma 3-6,
California 7, Non-California 7, and Puget Sound 5).
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Figure B-92
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penetrations in massive siructures to
prevent pipe damage in the event of
differential seitlement. All mechanical and
electrical equipment should be anchored
and equipment on isclators properly
snubbed. Buildings housing equipment
should be designed in accordance with
seismic provisions of a local or national
building code. Provisions for emergency
power should be made for pumping stations
critical to systems operation. '

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 (o be a combination of 30%
generic buildings, 20% elecirical equipment,
and 50% mechanical equipment. Pumping
plants in the sewage system are assumed to
be located in poor soil areas. Consequently,
the detrimental intensity shift indicated

Damage percent by intensity for sanitary sewer pumping stations.

below for mechanical and electrical
equipment is assumed appropriate.

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 modern stations ). Only minimal
regional variation in construction qualify of
mechanical equipment is assumed.

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
classes listed above, under present
conditions:

LA T
frtensity

Shift
NEHREP Map Area FC 10FC 66 FC 68
California 7 o 0 +1
California 3-6 +1 +1  +1
Non-California 7 +1  +1 +1
Puget Sound & +1 +1  +1

All other areas +2 +2 +Z

ATC-25
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| Figure B-93
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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
COIldltIOIlS :

: Time-to-resturﬁiihn: 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 derived
using the data for FC 10, 66, and 68, the

time-to-restoration curves shown in Figures

B-93 through B-95 were derived.

B.7.3 Treatment Plants

Residual capacity for sanitary sewer pumping stations (NEHRP California 7).

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 settlmg
to remove heavy solids and floatable
materials, and secondary biological acration
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

1. General currently used. Additional preliminary
' ' : treatments (flotation, flocculation, and
Description: Treatment plants in the chemical treatment) may be required for
sanitary sewer system are complex facilities _ industrial wastes. Preliminary treatment
which include a number of buildings " units vary but generally include screens to
(commonly reinforced concrete) and . protect pumps and prevent solids from -
underground or on-ground reinforced _ fouling grit-removal units and flumes.
concrete tank structures or basins. Common Primary treatment typically comprises
components at a treatment plant.include : sedimentation, which removes up to half of
trickling filters, clarifiers, chlorine tanks, re- the su3pended solids. Secondary treatment
Appendix B: Lifeline Vulnerability Functions . ATC-25

274



Pumping Station (Sanitary Sewer!

R=18E: 31hb 188 1A  A.38
&8 g.58.
[ A.28
ML = a b
F -H8.163 £.131
7 -8.216 E.857
= 8 -B8.248  0.833
= 9 -p.272 .8.821
=2 10 -B.288 #H.A1%
O p-zpr
3 BE=b=days +a
=]
[d)]
aQ
an
R- g L ———f—————

f
bAYs: 38 &8 S8 17w 158 8B Z1H 249 Z7R 3BF 338 365
Elapsed Time in Days . .

Figure B-94  Residual capacity for sanitary sewer pumping stations {NEHRP Map Area: California 3-6,
Non-California 7, and Puget Sound 5).
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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

- systems spanning between structures should -

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

be provided with adequate flexibility to
accommodate relative motions. Piping

‘should be provided with annular space

where it penctrates heavy structures to
accommodate settiement. Buildings should |
be designed in accordance with the seismic
requirements of a local ot 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 propcrly to avoid liquefaction.
If buoyant loading is possﬂ)le 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 aiso subjected to
hydrodynam:c forces, which should be
included in design consideration.

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

equlpment

Present Condmons 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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NEHRP Map Area  FC 18FC 41FC 68
California 7 0 +1  +1
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Non-California 7 +1 0 +1 41
Puget Sound 5 +1 -+ +1
All other areas +2  +2 +2

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, relative to the above present.
conditions.

Time-te-restoration: The time-to-
restoration daia assigned to SF 31c,
treatment plants in the sanitary sewer
system, are assumed to apply to all
treatment plants. By combining these data
with the damage curves derived using data
for FC 10, 41, and 68, the time-to-
restoration curves shown in Figures B-97
through B-99 were derived. '

f i
YTl Ix X
Muodified Mercall Intensity (MM}

Damage percent by intensity for sanitary sewer treatment plants.
B.8 Natural Gas ,'
B.8.I Transmission Lines

1. General

Description: In general, transmission lines
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
stations. They are virtually always welded
steel and operate at high pressures.
Transmission pipelines range between 2 and
25 inches in diameter, but most are larger
than 12 inches. Shut-off valves, which
automatically function when line pressure
drops below & certain threshold pressure,
are frequently included.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether ar not the supporting sodl fails.
Routes are often selecled along the edges of
river channels to avoid urban buildup and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction potential. Failures in the
past have typically occurred at sharp vertical

ATC-25
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Figure B-97  Residual capacity for sanitary sewer treatment plants (NEHRP California 7).
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Treatment Plant (Sanitary Sewer).

or lateral dislocations or ruptures of the
ground. Pipes may buckle ender
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
failures have been attributed to corrosion
combined with surges in line pressure during
the earthquake. Failures of above ground
lines have been caused by support failure,
failure of pipeline attachment to suppart
structure, and relatively large support
movement. Rupture of pipes and loss of
contents could lead to fire and explasions.

Seismically Resistant Design: Modern high-
pressure gas lines provided with proper fuil
penetration welds and heavy walls are very
ductile and have considerable resistance to
earthquake damage. Welded steel pipeline
performance depends on the integrity of the
- welds--modern butt-welded pipelines
perform well, whereas gas lines constructed
before and during the early 1930s using
oxyaceiylene and eleciric-arc welds do not.
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: T -B.41Z2 B.BZ9
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=
5
@
R= Bz / Attt
DAY¥S: 38 68" 98 128 IS IBE 218 24F 278 3A9 33 365
Elapsed Time in Days
Figure B-99  Residual capacity for sanitary sewer treatment plants (All other areas}.

| Special precautions should be taken to

reduce earthquake effeets 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 suck 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 faflure should be reduced.
Automatic shut-off valves should not rely on
electricity to operate. Proper maintenance
to:limit eorrosion, which weakens pipes, is
important to mitigate damage.

Direect Damage

Basis: Damage curves for transmission lines’
n the natural-gas system are based on ATC-
13 data for FC 31, underground pipelines
(see Figure B-100). Transmission pipelines
are typically large-diameter, welded steel
pipes that are expected to perform in
earthquakes {n a manner superior to that of
typical underground pipelines, as indicated
by the beneficial intensity shift below.
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Figure B-100 Damage percent by intensity for natural gas transmission lines.
Standard construction is assumed to S intensity shifts for retrofitting are
represent typical California natural-gas ~ recommended.
transmission lines under present conditions \ _
(ie,a composue of older and rore modern Time-to-restoration: The time-to-
transmission lines). Only minimal reglonal restoration data assigned to SF 32a,
‘variation in the construction quality is transmission lines, are assumed to apply to
assumed. . all transmission lines in the natural-gas
' i L _ system. By combining these data with the
Present Conditions: In the absence of data damage curves for EC 31, the time-to-
on the type of material, diameter, age, elc., restoration curves shown in Figures B-101
the following factors were used to modify . and B-102 were derived.
the mean curves, under present conditions: ' :
: " B.8.2 Compressor Sta tions
MM
Intensity 1. General
MEHRP Map Area Shift '
Eailgornla g 6 -1 Description: In general, compressor stations
Nzg%giﬁforma 7 :} include a variety of electrical and
Puget Sound 5 : a4 mechanical equipment, as-well as structures
All other areas 0 , and buildings. A typical plant yard may
T o ' i _ contain electrical equipment, heat '
Upgraded Conditions: It is not cost- exchangers, horizontal gas-storage tanks on
effective or practical to upgrade existing plinths, compressors, fans, air-operated
natural-gas transmiission lines, except - valves, pumps, cooling towers, steel stacks
perhaps at fault crossings or in areas of and columns, and piping. The control:
extremely unstable soils. Therefore, no equipment is usually located in a control

building. Cryogenic systems may also exist
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Figure B-101 Residual capacity for natural gas transmission lines (NEHRP Map Area: California 3-6
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- Figure B-102  Residual capacity for natural gas transmission lines (All other areas).
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Figure B-103 - Damage percent by intensity for compressor stations. '

on the site. Compressors are typically used
to boost pressures in long chstance
transmission lines.

Typlcal Sels_mlc Damage: Damage
experienced at the site may include sliding
and toppling of unanchored equipment, .
stretching of anchor belts on stacks and
columns, damage to old timber cooling
towers, and sliding of unrestrained
horizoatal 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.

. Direct Damage

Basis: Damage curves 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-103).
Compressor stations are assumed to be a
combination of 30% generic buildings, 20%
electrical equipment, and 50% mechanical
equipment.

Standard construction is assumed to
represent typical California compressor
stations 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.

Present Conditions: In the absence of data
on the type of material, age, etc., the
following factors were used to modity the
mean curves for each of the three facility
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Figure B-104  Residual capacity for campressor stations (NEHRP California 7).

classes Iisted above, under present conditions: restoration curves shown in Figures B-104

Aeift
intensiiy

Shift
MEHBP Map Area  PC 1OFC 66 FC 68
California 7 0 0 0
California 3-6 +1 +1 4]
MNon-California? +1  +1 0
Puget Sound 5 +1 +1 0
All ather areas +2 1 41

Upgraded Conditions: For arcas where it
appears cost-cffective 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 abowe present
conditions. - ‘

Time-to-restoration: The time-to-
- restoration data assigned to SF 32c,
compressor stations, high-pressure holdess,
and mixer/switching terminals, are assumed
10 apply to all compressor stations in the
natural-gas system. By combining these data
with the damage curves derived using the
data for FC 10, 66, and 68, the time-to-

through B-106 were derived.

B.8.3 Distribution Mains

General

Description: 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 o COMPIEssor Of pumping
stations. 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 frequently used.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or 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 the
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Figure B-105 Residual capacny for compressor stations (NEHRP Map Area: California 3-6 Non- -
Callfornla 7, and Puget Sound 5).
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acquisition of real estate. Such routes have
high liguefaction potential. Pipe damage is
most commeon in soft alluvial soils, at
interfaces between soft and firm soils, at
locations of fault ruptures, 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 unanchored
COmMPressors 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: Scismically
resistant design provisions for distribution
piping are typically minimal. Consequently,
large wrban distribution systems should have
suitable valving installed so that large areas
can be broken down into zones. Spectal
precautions should be taken to reduce
carthquake effects at bay, river, and fault
crossings. Distribufion mains at fault
crossings should be buried in shallow loose
il or installed above ground near the fault

Figure B-107 Damage percent by intensity for natural gas distribution mains.

to allow lateral and iomgitudmai 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-off valves, 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.

Direct Damage

Basis: Damage curves for distribution mains
in the natural-gas system are based on ATC-
13 data for FC 31, underground pipelines
(see Figure B-107). Standard construction is
assumed 1o represent typical California
distribution mains under present conditions
{ie., a composite of older and more modern

- mains}. Minimal regional variation in

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, ander present conditions:
. a
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~ Figure B- 108 Residual capacity for natural gas d|str|but|on mains (NEHRP Map Area: California 3-6,
“California 7, and Non-Callforma 7. _

MM B9 petroieum Fuels
!ntens:ty : I
NEHRP Map Area’ Shift 'B.9.] Oil Fields
Ea}igornia 7 - 0 .
alifornia 3-6 .0 :
Non- Cahforcslua 7. -0 ‘ 1. General
iﬁggtthi?g?eag o : 11 Description: In general, oil fields in the

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
natural-gas distribution mains, except -
perhaps at fault crossings or in areas of
extremely unstable soils. Therefore, no
intensity shifts for retrofitting are -

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,

recommended. which demineralizes and filters water before
, o it is injected as steam into oil wells in the
Time-to-restoration: The time-to-- area. Control houses with control -

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 dcrwed

equipment may monitor production and

~flow in-and out of the field.

a Typical Seismic Damage: Bu:ldmg damage

may range from cracks in walls and frames to.
partiai 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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Figure B-109  Residual capacity for natural gas distribution mains (Puget Sound 5 and all other areas}.

casings will move with the surrounding soils
and may resuli 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 with the
seismic provisions of a local or national
building code. All equipment should be well
anchored. )

D-ifect_,Damage

Basis: Damage corves for oil fields in the
petroleum fuels system (see Figure B-110)
are based on ATC-13 data for FC 68,
mechanical equipment. It is believed that
this facility class best approximates the
expected performance of oil fields.

Standard construction is assumed to
represent typical California oil fields under
present conditions (i.., a composite of clder
and more modern fields). Only minimal
regional variation in the construction quality

is assumed, as shown in the intensity shift
factors below.

Presept Conditions: In the absence of data
on the type of equipment, age, efc., the
following factors were used to modify the
mean curve, under present conditions:

M
- Intensity

NEHRP Map Area Shift
California 7 0
California 3-6 0
Non-California 7 ]
Puget Sound 5 4]

All other areas +1-

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 18a, is
assumed to apply to all oil fields. By
combining these data with the damage

ATC-25
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: Figuré B-110 Damage percent by intensity for oil fields.

curves for FC 68, the time-to-restoration
curves shown in Figures B-111 and B-112
were derived.

B.9.2 Refineries:

1. General '

Description: The fypical 6il refinery is a
complex facility with many different types of
buildings, structures, and equipment. Tank

storage for the various products produced at

the refinery can consist of unanchored
vertical storage tanks supported on the
ground, horizontal 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 ¢levated.
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 any onec of a
large number of tanks could lead to a fire
that could spread throughout the facility.
Simllarly, toxic releasée and air emissions are
also serious concerns. The large cylindrical
ground-mounted steel tanks are 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

- .. generic structural damage ranging from .

cracks in walls and frames to partial or
complete collapse. Control room panels may
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Figure B-111  Residual capacity for oil fields (NEHRP Map Area: California 3-6, California 7, Non-
California 7, and Puget Sound 5).
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~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 Resustant Des;gn 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 sufficient capacity 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.

‘Horizontal 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

_ v - IX ' X
Modified 'Mercalli intensity (MMI)

Figure B-113 Damage percent by intensity for oil refineries.

1mplcmented Supports for piping should be

" designed for seismic loads. An emergency

power system should be provided for control
and ¢ emergency equlpment as a minimum.

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-113).
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
' operatlonal loads frequently govern over

seismic requlrements

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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classes listed above, under present
conditions:

M
Intensity

Shift
MEHRP Man Area FC43FCS52FC 68
California 7 ¢ 0 0
California 3-6 +1 +1 0
Mon-California 7 +1 41 0
Puget Sound 5 +1 +1 0
All other areas +2 42 41

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 io the above present
‘conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 18b,
refineries, are assumed to apply for all
refineries in the petrolenm feels system. By
combining these data with the damage
curves derived using the data for FC 43, 52,
and 68, ihe time-to-restoration curves shown

Figure B-114  Residual capacity for oif refineries {(NEHRP California 7}.

in Figures B-114 thrﬂugh B-116 were
derived.

B.9.3 Tmnsmissfon Pipelines

1.

General

Deseription: T general, transmission lines
in the petroleum fuels system arc located
underground, except where they cross rivers
or gorges, or where they emerge for
connection 1o COmpressor of PUMpPing

“stations. They are virtually always welded

steel and operate at high pressures. Shut-off
valves, which automatically function when
line pressure drops below a certain
threshold pressure, are frequently included.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or not the supporting soil fails.
Routes are often selected along the edges of
river chanmels to avoid urban buildup and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction potentials. Faflures in the
past have typically occurred at sharp vertical
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Flgure B-115 . Residual capacity for oil refineries (NEHRP Map Area: Catlforma 3-6, Non- Callfornla 7,

and Puget Sound 5).
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Figure B-116  Residual capacity for oil refineries (All other areas).
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or lateral dislocations or ruptures of the
ground. Pipes may buckle under
compressive forces, especially where they
cross ruptured faulis. Bamage 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 been atiributed 10 corrosion
combined with surges in line pressure during
the earthquake. Failures of above ground
lines have resulted from support failure,
failure of pipeline attachment to support
structure, and relatively large support

- movement. Rupture of pipes and loss of
conients could lead to ignition, fire, and/or
explosions.

Seismically Resistant Design: Modern high-
pressure petroleum fuel lines provided with
proper [ull 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--
modern butt-welded pipelines perform well,

whereas lines construcied before and during

Modified Mercalli intensity (MW

Figure B-117 Damage percent by intensity for petroleum fuels transmission pipelines.

the early 1930s may not. Special precautions
should be taken to reduce carthquake
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 o 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-off valves should
not rely on electricity to operate. Proper
maintenance to limit corrosion, which
weakens pipes, is mmportant for mitigating
damage.

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-117). Transmission
pipelines are typically large-diameter welded
steel pipes that are expected to perform in
carthquakes in a manner superior to typical
underground pipelines, as indicated by the
beneficial intensity shift below.
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Figure B-1 18 Residual capacity for petroléum fuels transmission pipelines (NEHRP Map Area: California’
" 3-6, California 7, Non-California 7, Puget Sound 5 and all'other areas).

‘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 quahty is
assumed.

Présent Ceonditions: 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:

MMIT
Intensity

NEHRP Map Area - Shift
California 7 -1
California 3-6 -1

Non-California 7 -1 .
Puget Sound 5 -1
All other areas =1

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

_intensity shifts for retroﬁttmg are -
" recommended. :

Time-to-restoration: The time-to-
testoration data assigned to SF 18¢,
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

B. 9.

1.

time-to-restoration curves shwon in Figure

‘B 118 were derived.

4 Distribution Storage Tanks.

Geﬁeral

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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foundations may consist of sand or gravel, or
a concrete ring wall supporting the shell.

Typical Seismic Damage: On-ground oil
storage tanks are subject to a variety of

damage mechanisms, including: {1} failure of

weld between base plate and wall, (2)
buckling of tank wall (elephant foot}, (3}
rupture of attached rigid piping because of
sliding or rocking of tank, (4) implosion of
tank resulting from rapid loss of contents
and negative internal pressute, (3)
differential settlement, (6) anchorage failure
or tearing of tank 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 bolis or rivets because of tensile
hoop stresses, and (9} total collapse.
Torsional rotations of floating roofs may
damage attachments such as guides, ladders,
cic.

Seismically Resistant Design: Scismically
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 shouid be provided for fix-
roofedtanks. The bottom plate and its
connaction 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.

Direct Damage

Basis: Damage curves for distribution
storage tanks in the petroleum fuels system

are based on ATC-13 data for FC 43, on-
ground liquid storage tanks (see Figure B-
119). Standard 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., API
650%.

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

bl
Intensity

NEHRP Map Area Shift
California 7 0
California 3-6 +1
Non-California 7 +1
Puget Sound 5 +1
Al other aress +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 {i.e., -1 or -2, relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 184,
distribution storage tanks, are assumed fo
apply to all tanks. By combining these data
with the damage curves for FC 43, the time-
to-restoration curves shown in Figures B-
120 through B-121 were derived.

B.10 Emergency Service

B.10.1 Health Care

1.

General

Description: Health care facilities
{hospitals) are typically housed in one or
more buildings. Construction type varies
significantly. Smaller hospitals may contain
only limited equipment associated with -
building services. Large hospitals may
contain water treatment equipment,
emergency power diesels, chillers, and
boilers, as well as sophisticated equipment
used for treating patients.

ATC-25
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Figure B-119 Damage percent by intens
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Figure B-120  Residual gapac_ity for petrb:lepm 'f_helds distrib_ution storage tanks (NEHRP California 7).
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Figure B-121  Residual capacity for petroleum fuelds distribution storage tanks (NEHRP Map Area:
California 3-6, Non-California 7, and Puget Sound 5).
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Figure B-122  Residual capacity for petro[:e.usm fuelds distribution storage tanks {All other areas).
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Figure B-123 Damage percent by intensity for health care facilities. |

Typical Seismic Damage: Buildings may
experience generic building damage ranging
trom cracks in walls and frames to partial
and total collapse. Unanchored or
improperly anchored equipment may slide
or topple. Equipment supported on isclation
- mounts with no snubbers may fall 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 patlents may be
damaged, especially if it is supported on
carts or on wheels, or is top- heavy
Eqmpmenl that requires precise alignment’
is also susceptible to damage. In garages, .
structural damage may result in ambulances
being unavailable when they are needed.

‘Seismically Resistant Design: As essential
facilities, hospital should be designed to
remain operational in the event of a major
edrthquake. Typically this involves using
larger design forces and meeting more

- restrictive design requirements than those
- required by building codes for the building

. désign. 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.

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,
based on review of damage curves for all -
buildings.

Standard construction is assumed to

‘Tepresent typical California health care

facilities under present conditions (i.e., a
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Figure B-124  Residual capacity for health care facilities (NEHRP California 7).

composite of older and more modern health Time-to-restoration: The time-to-

care). It is assumed that such facilities were rTestoration data assigned to SF 8, health
designed using enhanced seismic : care services, are assumed to apply to all
requirements and that the beneficial ‘ health care facilities. By combining these -
intensity shifts indicated below are - data with the damage curves for FC 10, the
appropriate. time-to-restoration curves shown in Figures

B-124 through B-126 were derived.
Present Conditions: In the absence of data

on the type of construction, age, etc., the B. 102 Emergency Response Services
following factors were used to modify the _
mean curves, under present conditions: 1. General
| MM Description; Emergency response services
vee nensity include fire and police stations. Both fire
NEHRP Map Area Shit and police stations may be housed in low- to
licla}ggo.r.nya 7 -1 medium-rise structures of virtually any type
Nz;'_:’ég% oBr;zﬁia - 8 of construction. In many urban areas these
Pugét Sound 5 0 ‘structures are old and were built prior to the
Al bther areas +1 adopticn of earthquake design cades.
' Firehouses typically include garages to
Upgraded Conditions: For areas where it house engines, sleeping quarters, kitchens,
appears cost-effective to improve facilities, _umlt}* rooms, and communications rooms.
result in one or two beneficial intensity ‘hoses after use. Police stations typically
shifts (L.e., -1 or -2), relative to the above include a dispatch center, detention area,
present conditions. _. and squad room.
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Figure B-125 Residual capacity for health care facilities (NEHRP Map Area: Cahfornla 3-6, Non-
Callfornla 7, and Puget Sound 5). = - _
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Figure B-126 _Residual capacity for health care facilities (All other areas).
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Figure B-127 Damage percent by intensity for emergencj,f response service facilities.’

Typical Seismic Damage: Buildings 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 towess, 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
carthquake.

Seismically 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 are expected to escape serious

damage. -
Direct Damage

Basis: Damage curves for emergency
response service are based on ATC-13 data
for FC 10, medium-rise reinforced masonry
shear wall buildings (see Figure B-127). 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 use. Consequently,

~ no intensity shifts from typical FC 10

performance are assumed.

Standard construction is assumed to
represent typical emergency response
facilities under present conditions (i.e.,a

ATC-25
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Figure B-128 Residual capacity for emergency response service facilities (NEHRP California 7).

composite of older and more modern pohce Upgraded Conditions: For areas where it
and fire stations). . : _ ' appears cost-effective to improve facilities,
- T o - assume on a preliminary basis that upgrades
Present Conditions: In the absence of data result in ane or two beneficial intensity
~on the type of construction, age, etc., the = - - shifts (i.e., -1 or -2), relative to the above
following factors were used to modify the © present conditions.

mean curves, under present conditions: _
L - Time-to-restoration: The time-to-

! J;WM!t A . : restoration data assigned to SF 23,

ntensiy . emergency response services, are assumed

NEHRP Map Area . shift " to apply to all emergency response service
ga:ﬂ;orn!a g 6 : +01 : ) : fdcilities. By combining these data with the
Nao:'?ég;ﬁ or;1i a7 T E . damage curves for FC 10, the time-to- -
Puget Sound 5 +1 P restoration curves shown in Figures B-128 -

All other areas - g : through B 130 were derwed
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Figure B-129 Residual capacity for emergency response service facilities (NEHRP Map Area: California
3-6, Non-California 7, and Puget Sound 5).
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Figure B-130 Residual capacity for emergency response service facilities (All other areas).
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Figure C-1 - Residual capacity of lllincis air transportation following New Madrid event (M=8).
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Figure C-2 ~ Residual capacity of Missouri air transportation following New Madrid event (M=8). B
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Figure C-3 Residual capacity of Arkansas air transportation following New Madrid event (M=8). -
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- Figure C-4 Residual capacity of Tennessee air transportation following New Madrid event (M=8).
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Figure -5 Residual capacity of Kentucky air transportation following New Madfid-évent (M=8).
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Figure C-6 Residual capacity of Mississippi air transportation following New Madrid event (M=8).
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Figure C-7 ' Residual capa::ity of South Carolina air transpottation following Charleston event
iM=7.51.
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- Figure C-8 Residual capacity of North Carolina air transportation following Charleston event
(M=7.5].
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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 c_apatity of Masslachus_etts air transpbrtétion following Cape Ann event (M=7.0).
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Figure C-11  Residual capacity of Connecticut air transportation following Cape Ann event (M=7.0y.
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-Figure C-12 Residual capacity of Delaware air transportation following Cape Ann event (M=7.0).
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Figure C-13 - Residual c.apaéity, 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-1 7 Residual 'cépacity of California air transportation f_oilowi_ng Fort Tejon event-(M=_8.0)'. 3
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Figure C-18 Residual capacity of Washington air transportation following Puget Sound event (M=7.5).
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Figure C-19  Residual capacity of illinois air transportation following New Madrid event (M=7.0).
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Figure C-20  Residual capacity of Missouri air transportation following New Madirid event (M=7.0).
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Figure C-21 - Residual capacity of Arkansas air transportation following New Madrid event (M=7.0).
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Figure C-22  Residual capacity of Tennessee air transportation following New Madrid event (M=7.0}.
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Figure €23 Residual .'capacity of Kentucky air transportation foilowing New Madrid event (M=7.0}.

100

85+
80

85+

Restoration %

75 - T 7
.y g 14 21
S Elapsed Timne in Days

Figure C-24  Residual capacity of Miississi ppi air transpb rtation following New Madrid event (M=7.0).
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Figure C-27  Residual capacity of Georgia por:té following Charleston event (M=7.5}.
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Figure C-28  Residual capacity of Massachusetts ports following Cape Ann event (M=7.0). -
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| Figure C-29 Residual éapacify_of' Rhode Island bor.rs' fiol'lowing' Capé Anin event (M=7.0).
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Figure C-30 Residual tapacitjr 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=7.5).
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Figure C-32  Residual capacity of California ports following Fort Tejon event (M=8.0}. -

ATC-25 - Appendix C: Residual Capacity Plots ' 321



- . 100

- Restoration %

K 5 T T T VI 1 AL T :
0 14 EIB 42 56 70 84 98 112 126 140 154 188 182 196 210
' Elapsed Time in Days . ' S

Figure C-33  Residual -Capacity of Washi_n'g'to_n- ports fdll_ow_ing Puget Sound event {M=7.5).
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Figure C34  Residual capacity of lllinois medical care centers following N'ew'Madrid event (M=8.0).
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Figure C-35  ‘Residual capacity of Missouri medical care centers following New Madid event (M=8.0.

1004

Restaration %

G 28 56 84 112 140 108 195 224 252 280 308 336 264
~ Elapsed Time in Days

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 capacityldf;Ten'nes:seé medical care centers follgoﬁ'ing New Madrid event
: (M=8.0). ‘
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~ Figure C-38 Residual capacity of Indiana medical care centers fol!qwiﬁg New Madrid event (M=8.0).
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Figure C-39  Residual capacity of Kentucky medical care centers following New Madrid event
{M=8.0). ‘ :
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Figure C-40  Residual capacity of Mississippi medical care centers following New Madrid event
' o (M=8.0). '
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Figure C-41 - Residual capacity of South Carolina medical care centers following Charleston event
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 Figure C-42  Residual capacity of North Carolina medical care centers following Charleston event
. M=7.5). , o ,
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Figure C-43  Residual capacity of Geargié medical care centers following Charleston event (M=7.5).
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Figure C-44  Residual capacity of Massachusetts medical care centers following Cape Anm event
(M=7.0). - ‘
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Figure C-45  Residual capacity of Connecticut medical care centers following Cape Ann event
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Figure C-46 Re.éiduql capacity of Delaware medical care centers following Cape Ann event (M=7.0).
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"Figure C-47  Residual capacity of Rhode Island medical care centers following Cape Ann event
(M=7.0}.
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Figure C-48  Residual capacity of New Hampshire medical care centers following Cape Ann event
(M=7.0). '
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Residual capacity of California medical care centers following Hayward event (M=7.5).
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Figure C-31  Residual capacity of California medical care centers following Fort Tejon event (M=8.0).

100
951
a0

=

= 85

g

W 80

!

g 75

- 70-
65
E‘Gi

0 24 48 ?2 90 ‘12El 14—4 ‘[58 192 216 240 254 288 3?2 336 380
Elapsed 'ﬂme in Days

| Figure €-52  Residual capacity of Washington medical care centers fo[lc«wmg Puget Sound event
(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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B Figufe C-54  Residual capacity of Arkansas medical care centers following New Madrid event (M=7.0).
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Figure C-55  Residual capacity of Tennessee medical care centers following Mew Madrid event
‘ (M=7.0). - - - -
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Figure C-56  Residual capacity of Kentucky medical care centers following New Madrid event
(M=7.0). '
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~ Figure C-57_- - Residual capacity of Mississippi medical care centers following New Madrid event -
' {M=7.0). ' ' o :
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- Figure C-SB‘_‘ Residual capacity of llinois fire stations following New Madrid event (M=7.0).
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Figure C-59  Residual capacity of Missouri fire stations following New Madrid event (M=28.0).
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Figure C-60  Residual capacity of Arkansas fire stations following New Madr.iid 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 Inc_iiéna fire stations following New Madrid event (M=8.0). _4
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Figure C-63  Residual capacity of Kentucky fire stations following New Madrid event (M=8.0).
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Figure C-64  Residual capacity of Mississippi fire stations following New Madrid event (Mi=8.0).
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- Figure C-65  Residual capacity of South Carolina fire stations following Charleston-event (M=_7.5),
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Figure C66 Residual capacity of North Carolina fire stations followi_hg Charleston event (M=7.5).
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Figure C-67-  Residual capacity of Georga fire stations following Charleston event (f=7.5).
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Figure C-68  Residual capacity of Massachusetts fire stations following Cape Ann event (M=7.0}.
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Figure C-69 ~ Residual éap_acity_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 Ca.pe. Ann event (M=7.0).
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Figure C-72  Residual capacity of New Hampshire fire stations féilﬁowimg Cape Ann event (M=7.0).
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Residual capacity of Utah fire stations following Wasatch Front event (M=7.5).
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* Figure C-74  Residual capacity of California fire stations fol_loWiﬁg_Hayward event (M=7.5).
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Figure C-75  Residual capacity of California fire stations fbl!owing-FOrt‘Tejoh event (M=8.0}.
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Figure C-76  Residual capacity of Washington fire stations following Puget Sound event (M=7.5).
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Figure C-77  Residual capacity of Missouri fire stations following New Madrid event (M=7.0).
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Figure C-78 Residual capécity of Arkansas fire station‘s.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=7.0). "

100

Restoration %
[1¢]
a

80 ; ~ . ; . : , : -
c i 14 21 28 35 42 4 58 &3 -
Elapsed Time in Days

Figure C-80  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 ca.pacity of lllinois police stations following New Madrid event (M=8.0).
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Figure C-83  Residual capacity of Arkansas police stations following New Madrid event (M=8.0).
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Figure C-84  Residual capacity of Tennessee police stations following New Mad rid event (M=8.0).
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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=38.0).
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Figure C-87  Residual capacity of South Carolina police stations following Charleston event (v=7.5).
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Figure C-B8  Residual capacity of North Caroﬁiné police :stétionsfoiﬂowimg Charleston event (M=7.5).
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Figure C-89 Residual_carpaci'ty of-Géorgia police stations féilowing Charleston event (M=7.5)
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Figure C-90  Residual capacity of Massachusett’s"police-stétions following Cape Ann event (M=7.0)/ -
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Figure C-91  Residual capacity of Connecticut police stations following Cape Ann event (M=7.0).
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Figure C-92  Residual capacity of Delaware police stations following Cape Ann event (M=7.0).
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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 Hampshie police stations following Cape Anin event (M=7.0).
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Figure C-95  Residual capacity of Utah police stations following Wasatch Front event (=7.5),
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Figure C-96 Residual capacity of California pbl!ice stations following Hayward event (M=7.5).
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- Figure C-97  Residual capacity of California police stations following Fort Téjon event (M=8.0).
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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 Madrid event (M=7.0). =~
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Figure C-100 Residual capacity of Tennessee police stations following New Madrid event {M=?.G}«.
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Figure C-101 Residual capia(:ity of Mississippi police stations following New Madrid even't'(M-‘=7.0).
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Figure C-1 02 Residual capacity of lilinois broadcast stations following New Madrid event (M=8.0).
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Figure C-103  Residual capacity of Missouri broadcast stations following New Madrid event {M=8.0).
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Figure C-104  Residual capacity of Arkansas broadcast stations following New Madrid event (M=8.0}.
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Figure C-105 Re;}idual capacity of Tennessee broadcast stations following New Madrid'event (M=8.0).
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Figure C-106  Residual capacity of Kentucky broadcast stations following New Madrid event (M=8.0).
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Figure C-107  Residual capacity of Indiana broadcast stations following New Madrid event (M=8.0}.
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Figure C-108  Residual capacity of Mississippi broadcast stations felfiowing' New Madrid event (M=8.0).
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Flgure C-109 Residual ‘capacity of South Carolina broadcast stations followmg Charleston event
- (M=7. 5) '
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Figure C- 110 Residual capac:lty of North Carollna broadcast stations followmg Charleston event
(M 7.5).
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Figure C-111  Residual capacity of Georgia broadcast stations following Charleston event (M=7.5).
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Figure C-112  Residual capacity of Florida broadcast stations following Charleston event (M¥?.5}.
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Figure C-113 - Residual capacity of Massathusetts 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 following 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=7.0).
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Figure C-117 Residual capacity of New Hampshire broadcast stations following Cape Ann event
{M=7.0). ‘ o o '
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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 following Hayward event M=7.5).
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Figure C-120 Residual capacity of California broadcast stations following Fort Tejon event (M==58.0).
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- Figu.re C-121 Ras.i-dual capacity of Washington broadcast stations following Puget Sound event (M=7.5). -
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F:_igure,C-1 22 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 following New Madrid event (M=7.0).
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Figure C-124 Residual capacity of Tennessee broadcast stations foﬁlowiﬂg New Madrid event (M=7.0)."
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Figure C-125  Residual capacity of Kentucky bfoadcast-stations following New' Madrid.event (M=7.0).
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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 railrcad system serving eplcentrai reglon fcllowmg New Madrid event
{M=8.0}.
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Figure C-128 Residual capae::lty of railroad system serving Charleston, South Carolina following
Charleston event {M=7.5). -
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Figure C-129  Residual capamty of railrcad system serving Cape Ann region fol[owmg Cape Ann event .
: {M=7.0).
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Figure C-130 Reswlual capacuty of railroad system serving Sait Lake City followmg Wasatch Front event
- {M=7.5). :
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Figure C-131  Residual capacity of railroad system serving San Francisco County, Alameda Coumfy, and
' Contra Costa County following Hayward event (#=7.5].
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Figure C-132  Residual capacity of railroad system setving California following Fort Tejon event
iM=8.0). . '
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Figure C-133 Residu;i! ca_lpacit'y of railroad system serving Seat‘tle_f.o_llowing Puget Sound event {M=7.5).
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Figure C-134. Residual capacity of railroad system serving epicentral region fo!lowing New Madrid event |
- (M=7.0).. - | - :
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Figu;re C-135 Residual capacity of epicentral region hfghWa}fsl following New Madid event {M=8.01
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Figure C-136  Residual capacity of epicentral region highways following Charleston event {M:-?:.S'l..
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Figure C-137  Residual capacity of epic’entral- region highways following Cape Ann event (M=7.0).
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' Figuré- 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=7.5).
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Figure C-140  Residual capacily of epicentral region highways fclHawIﬁg Fort Tejon event (=8.0)
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Figure c141 R:’es'idua_l capacity of e‘picenfrél 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 llfinois electric power following New Madrid event (M=8.0).
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Figure C-144  Residual capacity of Missouri electric power féiiowing New Madrid event (M=8.0)
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Figure C-145  Residual capacity of Arkansas electric power following New Madrid event (M=B.O).
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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  Residual capacity of Kentucky electric power following New Madrid event {M=8.0).
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Figure C-148  Residual capacity of Indiana 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 ;ﬁowev f-oi']owingf Charleston event {(M=7.5).
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Figure C-152 Residual capacity of Georgia electric power following Charleston event (M=7.5).
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Figure C-153 " Residual capacity of Massacﬁusetts 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).

382 Appendix C: Residual Capacity Plots ATC-25



100

a5
a0~
o 90
S 85
ki
Q
€. 80
ah)
o= i
75+
70+
6;5 t L] T 1 - 1 i1 1
0] 7 14 21 28 . 35 42 49 56

Eiapsed Time In Days

Figwre C-155  Residual capacity of Delaware electric power following Cape Ann event (M=7.03.
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| Figure C-156  Residual capacity of Rhede Island electric power following Cape Ann event (M=7.0).
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Figure C-158 Residual capacity of Utah electric power followirig Wasatch Front event (M=7.5).
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Figure C-159 Residual capécity of California electric power following Hayward event (M=7.5).
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Figure C-160  Residual capacity of California electric power following Fort Tejon event {d=8.0).
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- Figure C-161  Residual capacity of Washin.gton electric power following Puget Sound event (M=7.5),

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 chﬂowing 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 ¢ 65  Residual capacity of Kentucky electric power folllowin'g_ 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-167 Residual capacity of epiceniral region water system following Fort Tejon event {M=8.0}.
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Figure C-168 Residual c:ap:v:ﬂ_v::n1:';,r of San Francisco Bay area water system following Haym.ralrd event
© (M=7.5).
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Frgure C—1 69 Residual capamty of eplcentral reglon water system following Puget Sound event
(M 7.5). .
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Flgure C-170 Residual capa-:Ity of crude-oil delivery from Texas and Loumana to Chicago followmg
: New Madrid event (M=8.0).
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Figure C-171  Residual capacity of crude oil delivery from Texas to Southern Cal[,farma following Fort
Tejon event (M=8.0).
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Figure C-172  Residual capacity of crude oil delivery from Texas to Northern California following Fort
TEJon event (M=8.0).
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Flgure C 73 Residual capamty of crude ail dehvery from Texas and Lomsu-ma to Ch:cago folfowmg
S New Madrid event (M=7.0).
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Flgure C-174  Residual capacity of ref' ned onl delwery from Texas to Chicago fol[owmg New Madrld
© event (M=8, 0) ,
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Figure C-175  Residual capacity of refined oil delivery from Texas to Chicago following New Madrid
event (hd=7.0}.

Residual Capacily %

100+

25+
20
854
80+
?5-’:

704

Pos 1N P

7
Elapsed Time in Days

14

F]gure C-176  Residual capacity of natural gas delivery from Texas and Louistana to Chicage fo[lowmg
Mew Madrid event (M=28.0}.
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Figure C-1 77 - Residual capacity of natural gas dellvery from Texas and Louisiana to northeast region
following New Madrld event (M 8.0).
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Flgure C-178 - Residual capac1ty of natural gas delivery from Texas to Northern Callforma foIIowmg '
: Hayward event (M=7. 5) .
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Figure C-179 Residual capacity of natural gas delivery from Texas to Washmgtan fol ]owmg Hayward
event (M=7.5}.
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Figure C-180 Residual capacity of natural gas delivery in Utah following Wasatch Front event (M=7.5).

ATC-25 Appendix C: Residual Capaciiy Plois 395

-



Figure C-181 .

Kesidual Capa’city %
'
el

‘Residual Capacity %
a
<

100

{

7

14

Elapsed Time in Days

95+
80
85+
80+
76+
70+
65
60-
55+

Residual capacity of natural gas de

7

14

Elapsed Time in Days=

21

21

Residual capacity of natural gas delivery from Texas to California following Fort Tejon -
event (M=8.0). ‘

Figure C-182 livery from Texas to Seattle following Puget Sound |
' event (M=7.5). :
396 - ~ ATC-25

Ap_peridix C: Residual Capdcity Plots

h



100

95

o
=

Regidual Copacily ¥
[e1]
5

90+

85 > — -
3 2 4 & 8
~ Elapsed Time in Davs

Figure C-183 Residual capacity of natural gas delivery from Texas and Loumama to Chicago foliowing
Mew Madrid event (M=7.0}.
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thure C-184 Residual capacity of natural gas delivery from Texas and Louisiana to northeast region
foilowmg New Madrid event {h=7.0.
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Figure c1 85 Re5|dual capacity of Missouri. upgraded electric system following New Madfld event.
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Figure C- 186 Remduai capacity of Arkansas upgraded electric system fo[lowmg 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).
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Figure C-188 Residual capacity of Kentucky upgraded electric system following New Madrid event
- {M=8.0).
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Figure C-189  Residual capacity of MISS[SSIPPI upgraded electric system followmg New Madrid event
- (M=8. .0 :
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Flgure C-190 Residual capa<:1ty of South Carohna upgraded electric system followmg Charieston event
S M=7, 5)
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Figure C-191 Residual capacity of Nosth Carolina upgraded electric system following Charleston event
(M=7.5}. _ 7 ‘
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Figure C-192 Residual célpaci't}," of Georgia upgraded electric system following Charleston event
(M=7.5). ' : _
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Figure C-193  Residual capacnty of Massachusetts upgraded electr:c system followmg Cape Ann event
(M=7.0). '
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Flgure C-194 Res:dual capaqty of Utah upgraded electric system followmg Wasatch Front event
(M=7.5), ,
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Figure C-195 Residual capacity of California upgraded electric system following Hayward event
' M=7.5).
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Figure C-196  Residual capacity of California upgraded electric system following Fort Tejon event
i=8.0. '
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Fi8Ufe C-197 Residual capacity of Washington upgraded electric system following Puget Sound event
(M=7.5). ST RS R AT e TR n _

100

954

Restoration %

90 1 + [ T - I L] ] T 1
Y 7 14 21 28 35 42 49 .5€ 83 70
' Elapsed Time in Days

Figure C-198 Residual capacity of Missouri upgraded electric system following New Madrid event
- ~ (M=7.0) . R
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Figure C-199  Residual r‘:apaclll:;,r of Arkansas upgraded electric s],fstem folllowmg New Madridl event
{M=7.0).
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Figure C-200 Residual capacity of Tennessee upgracied electric system following New Madrid event
(M=7.0.
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1
2
3

4
5
6
7
8

9

10,

11

i2.

13
14
15
16
17
18
18
20
21

o2

23
24
26
26
a7
28
29
30
3
a2
a3
34
a5
36

Livestock
Agr.Prod. -
AgServ For. Fish
Mining
Construction”
Food Tobacco

" Textile Goods -

Misc Text. Prod,
Lumber & Wood
Furniture

Pulp & Paper
Print & Publish

‘Chemical & Drugs

Petrol. Refining
Rubber & Plastic
Leather Prods.
Glass Stone Clay

Prim. Metal Prod.. -

Fab, Metal Prod.,
Mach. Exe. Elec.
Elec, & Electron
Transport Eq.
Instrumants
Misgc, Manufact,
Transp & Whse.
Utilities ‘
Wholesale Trade
Retail Trada .
F.LRE. :
Pers./Prof. Serv.
Eating Drinking
Auto Serv.
Amusa & Rec.
Health Ed. Soc,
Govt & Govt ind.
Housgholds

TOTAL

’ US Econ.
Value Added
{Percent) -

0.45%
1.06% .
0.11%
3.89%
5.52%
2.41%
0.37%
0.73% -
0.52%
0.34%. -
0.87%
1.31%
1.40%
0.96%
1.03%.
- 012%
0.62%
1.04%.
1.64%
1.56%
2.52%
2.62%
0.68%
0.69%
3.46%
5.89%
5.63%
563% -
16.64% -
8.03%
2.12%
1.00%
0.70%
6.30% -
1.79%
0.25%

100.00%

Table D-1 - ~ Percent Valile-Added Lost Due to

Specified Percent Loss of Water Supply

Lifeline
10% 0% . 30% 40% 50% 60% 70% 80% 90% 100% - -
2.387% . 7.11% 11.84% 16.58% 21.32% 26.05% 30.79% 35.53% 40.26% 45.00%
3.68% 11.05% 1842% - 26.79% 33.16% 40.53% 47.89% 55.26% 62.63% 70.00%
2.37% 7.31% - 11.84% 16.58% 21.32% 26.05% 30.79% 35.53% 40.26% 45.00%:
0.79% 2.37% 3.95% 5.53% 711% 8.68% 10.26% " 11.84% 13.42% 16.00%
2.63% 7.89% 13.16% . 18.42% 23.68% 28.95% 34.21% 39.47% 44.74%: 50.00%
3.68% 11.05% 18.42% . 25.79% 23.16% 40.53% 47 .89% 55.26% 62.63% 70.00%"
3.68% 11.06% " 18.42% - 25.79% 33.16% 40.53% 47.89% 55.26% 62.63% 70.00%
. 3.68% . 11.05% 18.42% 25.79% 33.16% 40.53% - 47.89% 5b,26% 62.63% 70.00%
2.63% - 7.89% 13.16% - 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
2.63%: - 7.B9% 13.16% . 18.42% 23.68% 2B.95% 34.21% 39.47% 44.74% . 50.00%. -
. 3.16% - 9.47% 15.79% - 22.11% 28.42% . 34.74% 41.05% 47.37% 53.68% 60.00%
1.58% - A4.74% 7.89% - 11.05% . 14.21% 17.37% . 20.53% 23.68% 26.84% 30.00%
4.21% 12.63% 21.05% 29.47% 37.89% 46.32%. 54.74% 63.16% 71.58% 80.00%
263% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21%. 39.47% 44.74% 50.00%
2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 38.47% 44.74% 50.00%
2.63% 789% 13.16% 18.42% 23.68% - 28.95% 34.21% 39.47% 44.74% . 50.00%
2.63% 7.89% 13.16% 18.42% . 23.68% 28.95% -34.21% 39.47% 44.74% - 50.00%
4.74% 14.21% 23.68% 33.16% 42.63% 5211% 61.58%. 71.05% 80.53% 90.00%
4.21% 12.63% 21.05% 29.47% 37.89% . 46.32% 54.74% 63.16% 71.58% 80.00% -
3.16% - 9.47% 15.79% 22.11% - 28.42% - 34.74% 41.05% 47.37% 53.68% 60.00%
© A474% 14.21% 28.68% 33.16% 42.63% 52.11% . 61.58% 71.05% 80.53% 80.00%
3.16% 947% 15.79% . 22.11% - 28.42% 34.74% 41.05% 47.37% 53.68% 60.00%
4.74% 14.21% 23.68% 33.16% 42.63% 52.11% - 61.58% 71.058%. 80.53% 90.00%
3.16% S47% . 16.79%:; 22.11% 28.42% 34.74% 41.05% 47.37% 53.68%. 60.00%
1.05% 3.16% 5.26% 7.37% 8.47% 11.58% 13.68% - 15.79% 17.89% 20.00%
2.11% | B.32% 10.53% 14.74% 18.95% 23.16% < 27.87% 31.58% 35.79% 40.00% .
1.05% - 3.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.89% 20.00%
1.05% 3.16% - 5.26% 71.37% 0.47% 11.58% 13.68% 15.79% 17.85% 20.00%
1.05% 3.16% 5.26% 7.37% DAT% 11.58% 18.68% 15.79% 17.89% . 20.00%
1.05% 3.16% - - 5,26% 7.37% 9.47% 11.58% - 13.68% 15.79% 17.88% 20.00% -
4.21% 12.63% 21.05% 29.47% 37.89% 46.32% - 84.74% 63.16% 71.58% 80.00% -
0.53% 1.58% 263% 3.68% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
4.21% 12.63% 21.08% . - 2047% 37.89% .. 46,32% 84.74%. 63.16% 71.58% 80.00%
2.11% 6.892%:- 10.53% 14.74% 18.95% 23.16% 27.37% 31.58% 35.79% 40.00%
1.32% 3.95% 6.58% 9.21% " 11.84% 14.47% 17.11% 19.74% 22.37% 25.00%
2.11% 5.32% 10,53% 14.74% 18.95% 23.16% 27.37% 31.88% 35.78% 40.00%
2.70% 8.11% - 13.52% 18.93% 24.34% 29.75% 35.16% 40.57% 45.98% 51.39%
Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. - Avg. Total V.A
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Livestack

Agr. Prod,
AgSarv For. Fish
Mining
Construction
Faod Tobaceo
Textils Goods
Mise Taxt. Prod.
Lumber & Woor -
Furniture

Pulp & Paper
Print & Publish -
Chemical & Drugs
Petrol. Refining
Hubber & Plastic
Leather Protls,
Glass Stone Clay
Prim, Metal Prod,
Fab. Metal Prod,

" Mach, Exc. Elec,

Eloc, & Electron
Transport Eqg,
Instruments
Misc. Manufaat,
Transp & Whse.
Utilitlas
Wholesale Trade

8 Roetall Trade

F.LH.E.

Pers /Prof. Serv,
Eating Drinking
Auto Sety,

3 Amuse & Rec,

Health Ed, Soc,
Govt & Govt Ind.,
Housaholds

TOTAL

Us, Econ.
Vajue Addad
{Percent)

0.45%
1.06%
0.11%
3.89%
552%
2.41%
0.487%
0.78%
0.52%
0.34%
0.87%
1.31%
1.40%
0.96%
1.08%
0,12%
0.62%
1.04%
1.64%
1.66%
2.52%
2.62%
0.68%
0.80%
4,46%
5.89%
5.65%
5.69%
16.64%
8,08%
2.12%
1.09%
0.70%
6.30%
11.70%
0.25%

100.00%

Table D-2 Percent Value-Added Lost Due to Specified Percent Loss of Electric Lifeline
10% 20% 30% 40% 50% B0% 70% 80% 90% 100%

2.69% 7.89% 13,16% 18.42% 23,68% 28.95% 34.21% 89.47% 44.74% 50.00%
2.63% 7.89% 18.16% 18.42% £3.68% 28.95% 34.21% 39,47% 44.74% 60.00%
263% 7.89% 12.16% 18.42% 23.68% 28.95% 84.21% 39.47% 44.74% £0.00%
4.74% 14.21% 23,68% 38.16% 42.63% 52.11% 61.58% 71.05% 80.53% 80.00%
2.11% 6.92% 10.63% 14.74% 18.95% 23,18% 27.87% 81.58% 85.79% 40.00%
4.74% 14.21% 23.68% 48,16% 42.63% 52.11% 61.56% 71.05% 80.53% 90.00%
5.26% 15.70% £6.32% 36.84% 47.37% 57.89% 68.42% 78.95% 8947%  100.00%
526% ° 1579% 26.32% 86.84% A7.87% 57.89% 68.42% 78.95% 89.47%  100.00%
5,26% 15.79% 26.32% 86.84% 47.37% 57.89% 68.42% 78.95% 89.47%  100.00%
5.26% 15,79% 26.32% 36.84% 47.37% 57.89% 68.42% 78.95% 80.47%  100.00%
5.26% 15.76% 26.32% 46.64% 47.97% 57.89% 68.42% 78.95% 80.47%  100.00%
5.26% 15.79% 26.32% 86.84% 47.87% 57.60% 68.42% 78.95% 89.47%  100.00%
4.74% 14.21% 23.68% 83.16% 42.63% 62.11% 61.66% - 71.05% 80.53% 90.00%
5.26% 15.79% 26.32% 36.84% 47.37% 57.89% 68.42% 78.95% 80.47%  100.00%
5.26% 15.79% 26.32% 86.84% 47.87% 57.69% 68.42% 78.95% B89.47%  100.00%
5.26% 16.79% 26.32% 36.84% 47.37% 57.80% 68.42% 78.95% B9.47%  100.00%
6.26% 15.79% 26.32% 86.84% 47.97% 57.80% 68.42% 78,95% 89.47%  100.00%
4.74% 14.21% 23.68% 33.16% . 42.68% 52,11% 61.58% 71.06% 80.53% 90.00%
5,26% 15.79% 26.32% 36.84% 47.37% 57.89% 68.42% 76.95% 80.47%  100,00%
5,26% 16.79% 26,32% 36.84% 47.37% 57.89% 68.42% 78.95% 80.47%  100.00%
5.26% 15.79% £6.32% 46.84% 47.81% 57.89% 68.42% 78.95% B9.47%  100.00%
5.26% 16.79% 26.82% 36,84% A7.87% 57.89% 66.42% 78.95% BO.47%  100.00%
5.26% 15.79% 26.82% 86.84% 47.37% 57.80% 88.42% 78,95% B9.47%  100.00%
5.26% 15.79% 26.92% 36.84% 47.37% 57.69% 68.42% 78.95% 8O.47%  100.00%
1.58% 4.74% 7.89% 11.06% 14.21% 17.87% 20,53% 28,68% 26.94% 80.00%
4.21% 12.68% 21.05% 29.47% 37.80% 46.82% 64.74% 63.16% 71.56% 80.00%
4.74% 14.21% £3.68% 48,16% 42.69% 52.11% 61.58% 71,05% 60.53% 90.00%
4.74% 14.21% 23,68% 38.16% 42 68% 62.11% 61.56% 71.05% BO.54% 90.00%
4.74% 14.21% 23.68% 83.16% 42.69% 62.11% 61.58% 71.05% 80.53% 90,00%
4.74% 14.21% 23.68% 33.16% 42.68% 52.11% 61.68% 71.05% 80.58% 90.00%
4.21% 12.63% 21.05% £9.47% 87.60% 46.32% 54.74% 63.16% 71.56% 80.00%
4.74% 14.21% 23.68% 33,16% 42.69% 52.11% 61.58% 71.06% 80.53% £0.00%
4.21% 12.68% 21.05% 29.47% 87.80% 46.92% 64.74% 63.16% 71.68% 00.00%
4.21% 12.60% 21.05% 29.47% 47.69% 46.32% 64.74% 63.16% 71.68% 80.00%
8.16% 9.47% 15,79% 22.11% 20,42% 34.74% 41.05% 47.87% £3.68% 60.00%
4.21% 12.69% £1.05% £9.47% 87.89% 46.32% 54.74% 63,16% 71.58% 80.00%
4.52% 18.55% 22.59% 31.62% 40.66% 49.69% 58.73% 67.76% 76.80% B5.83%
Avg. Avg. Avg. Avg. - Avg. Avy, Avy. Avy. Avg, E'al\y}(\

‘ Aot VA,
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Livestock
Agr. Prod.

AgServ For. Fish

Mining
Construction
Food Tobaceo
Textile Goods

Misc Text. Prod. .

Lumber & Wood
Fumiture

Pulp & Paper
Print & Puablish
Chemical Drugs
Petrol. Refining
Rubber & Plastic
Leather Prods.

Glass Stone Clay '

Prim; Metal Prod.
Fab. Meial Prod,

Mach. Exc. Elec, -

Elec. & Eloctron
Transport Eq.
Instruments
Misc, Manufact.
Transp & Whsa,
Lhilities
Wholesale Trade
Retail Trade
F.ILR.E.
Pers./Prof. Serv.
Eating Drinking
Auto Serv.
Amuse & Rec,
Health Ed. Soc,

Govt & Govt iInd.

Households

TOTAL

Table D-:3 ' Percent Valhe-Added Lost Due to _Specified Percent Loss of Oil Supply Lifeline

.8, Econ..

Value Added - 10% 20% . 30% 40% - © o &0% 60% 70% 80% 80% - 100%
(Percent) - . _ } : : S : ‘
0.45% 2.63% 7.89% 13.16% 18.42% . 23.68% 28.95% 34.21% 80.47% 44.74% 50,00%

" 1.06% 4.21% 1263% = 21.05% C2047% 37.89% 46.32% - 54.74% 63.16% 71.68% 80.00% .

0% 4.21% $12.63% 21.05% 29.47% - 37.89% 46.32% 54.74% 63.16% 71.58% B0.00%
3.89% 4.74% - 14.21% 23.68% 33.16% 42.63% C52.11% 61.58% 71.05% - - 80.53% 90.00%
8.52% 4.74% 14.21% - 23.68% 33.16% " 42.63% 5211% 61.58% 71.05% . .. 80.,63% 80,00% -
2.41% 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% . 34.21% 39.47% . 44.74% 50.00%
0.37% . 2.63% - 7.89% 18.16% - . 18.42% 23.68% 28.95% 34.21% 399.47% C 44.74% 50.00%
0.73% . 2.63% 7.89% -13,16% .18.42% 23.68% - 28.95% 34.21% 39.47% 44,74% - . 50.00% -
0.52% - - . 263% 7.88% 13.16% “18.42% 23.68% . 28.95% 34.21% 39.47% 44.74%, -50.00%

- 0.34% 2.63% 7.88% 13.16% 18.42% 23.68% 28.95% 34.21% 29.47% 44.74% . 50.00%
0.87% 2.63%- 7.89% 13.16% 18.42% - 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
1.31% - 2.63% . “7.89% 13.16% - . 18.42% 23.68% 28.95% 34.21% 30.47% 44.74% 50.00% -
1.40% - 2.63% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 38.47% . 44.74% 50.00%
0.96% 5.26% 16.79% 26.32% 36.84% . -47.97% .. . 57.89% 68.42% 78.95% . 89.47% 100.00%
1.03% - 2.63% 7.89% 13.16% - 18.42% - 23.68% 28.95% 34.21% 38.47% 44.74% . 50.00%

- 0.12% 2.63% 7.89% 13.16% 18.42% | 28.68% 28.95% 34.21% 39.47% . 44.74% . 50.00%
0.62% | 2.83% 7.89% 13.16% 18.42% 23.68% - 28.95% 34.21% 389.47% -44.74% 50.00%
1.04% . 4.74% 14.21% 23.6B8% U 33.16% . 4283%: . 52.11% 651.58% 71.05% -80.53% 90.00%
1.64% 2.63% 7.89% 18.186% 18.42% 2268% = 28.95% 34.21% . 39.47% 44.74% 50,00%
1.56% 2.63% " 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 30.47% 44.74% 50.00%
2.52% . 283% 7.689% 13.16% 18.42% - 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
2.62% 4.74% 14.21% 23.68%. 83.16% - 42.63% 52 11% 61.58% 71.05% 80.58% 90.00% -
0.68% . RB3% 7.89% 13.16% 18.42% 23.68% - 28.95% 34.21% 30.47% 44.74% 50.00%
0.69% 2.63% - 7.89% 13.16% 18.42% - 23.68% 2B.95% 34.21% 39.47% 44.74% 50.00%"
'3.46% 4.74% 14.21% 23.68% 33.16% - 4283% - 52.11% 61.58% 71.05% 80.53% 90.00%
5.89% 2.63% 7.89% 13:16%" - 18.42% 23.688% - 28.95% 34.21% 39.47% 44.74% 50.00%
5.63% 2.63%: 7.89% 13.16% - 18.42% 23.68% 28.95% 34.21% 39.47%. 44.74% 60.00%
5.63% 4.74% 14.21% - 23.6B8% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
16.64% . 3.16% 0.47% 15.79% 22 11% 28.42% . 34.74% 41.05% 47.37% 53.88% . 60.00%
B.03% 3.16% 9.47% - 1579% 2211% 2B.42% 34.74% 41.05% 47.37% 53.68% . 60.00%
2.12% 4.21% 12.63% - 21.05% 29.47% 37.89% 46.32% 54.74% 63.16% 71.58% 80.00%
1.09% ‘4.74% 14.21% .. 23.68% 33.16% . 42.63% 52.11% 61.58% 71.05% " 80.53% 90.00% -

< 0.70% 4.74% 14.21% 23.68% 33.16%. 42.63% 52.11% - 61.68% 71.06% 80.53% 90.00%

6.30% 1.05% 3.16% - 5.26% 7.37% 9.47% 11.58% 13.68% 18.79% 17.89% 20.00%
11.79% - 1.05% 3.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.85% 20.00%
0.25% 2.63% - 7.89% 18.16% 18.42% 23.68% - 28.95% 34.21% 39.47% 44.74% 50.00%

100.00% . 3.25% 9.74% 16.23% 22.72% 29.21% 35.70% 42.19% 48.68% 55.18% © 61.67%
Avg, Avg. Avg, Ava. - Avg. Avg. Avg, Avg. Avg.’ TPntaI\)lf
’ : : . < ot VLA
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Livestork

Agr, Prod,
AgSarv For, Fish
Mining
Construction
Food Tobaceo
Textile Goods
Mise Text, Prod,
Lumbar & Waod
Furniture

Pulp & Paper
Print & Publish
Chemical & Drugs
Patral, Refining
Rubber & Plastic
Leather Prods,
Glass Stone Clay
Prim. Metal Prod,
Fab, Metal Prod.
Mach. Exc. Elsc,
Elea, & Eigctron
Transport Eq,
Instruments
Misc. Manufact,
Transp & Whse.
LHilities
Wholasale Trade
Hetail Trade
F.LR.E.
Pars./Prof Serv,
Eating Drinking
Auto Serv,
Amuse & Rec.
Heaith Ed, Soe.
Giovt & Govt Ind,
Househalds

TOTAL

U.S. Eeon,
Valug Added
{Percanm)

0.45%
1.06%
0.11%
3.89%
5.52%
2.41%
0.7%
0.73%
0.52%
0.34%
0.87%
1.31%
1.40%
0.96%
1.08%
0.12%
0.62%
1,04%
1.64%
1.56%
2.52%
2.62%
0.68%
0.65%
3.46%
6.89%
5.68%
5.63%

16.64%
8.09%
2.18%
1.00%
0.70%
6.30%

11.79%
0.26%

100.00%

Table D-4 Percent Value-Added Lost Due to Specified Percent Loss of Natural Gas
Supply Lifeline
10% 20% 30% A0% 50% 60% 70% 80% 0% 100%

0.53% 1.58% 2.63% 3.68% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
1.58% 4.74% 7.86% 11.05% 14.21% 17.87% 20.53%  28.68% 26.84% 80.00%
1.58% 4.74% 7.89% 11.05% 14.21% 17.87% 2063%  23.68% 26.84% 30.00%
0.53% 1.58% 2.63% 8.68% 4.74% 5.79% 6.84% 7.80% 8.95% 10.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.82% 3.95% 6.56% 9.21% 11.84% 14.47% 17.00%  19.74% 22.57% 25.00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.58% 18.68%  15.79% 17.89% £0,00%
1.06% 3.16% 5.26% 7.87% 9.47% 11.68% 1368%  15.70% 17.69% 20.00%
1.06% 8.16% 5.26% 7.07% 9.47% 11.58% 12.68%  15.79% 17.89% 20.00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.68% 1368%  15.79% 17.89% 20.00%
2.11% 6.32% 10.53% 14.74% 18.95% 23.16% 27.37% . 91.58% 85.79% 40.00%
1.05% 3.18% 6.26% 7.87% 9.47% 11.68% 13.68%  16.79% 17.89% 20.00%
4.74% 14.21% £.66% 83,16% 42.63% 62.11% 61.86%  71.06% 80,53% 90.00%
2.83% 7.89% 13,16% 18.42% 23,68% 26.95% 84.21%  39.47% 44.74% 50.00%
2.63% 7.89% 13,16% 18.42% 23.66% 28.95% 8d.21%  39.47% A4 78% 50.00%
1.06% 8.16% 5,26% 7.87% 9.47% 11.58% 13.68%  15.79% 17.80% 20,00%
2,68% 7.89% 18.16% 18.42% 23,68% 26,95% 84.21%  39.47% 44.74% 50.00%
2.69% 7.89% 18.16% 18.42% 20.66% 28.05% 34.21%  80.47% 44.74% 50,00%
2,63% 7.80% 13.16% 18.42% 29.68% 2B.95% a4.21%  39.47% 44.74% 50,00%
2.69% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21%  20.47% 44.74% 50.00%
2.63% 7.89% 13,16% 18,42% 28.66% 28,96% 84.21%  39.47% 44.74% 50.00%
£.69% 7.89% 13.16% 18.42% 28.68% 28.95% 34.21%  89.47% 44.74% 50.00%
3.95% 11.84% 19,74% 27.64% 85.59% 43,42% 61.92%  59.21% 67.11% 75.00%
2.63% 7.89% 18.16% 18.42% £8.68% £8.95% a4.21%  39.47% 44.74% 50.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0,00% 0.00% 0.00%
211% 6.32% 10.63% 14.74% 16.95% 24.16% 27.37%  81.58% 35.79% 40.00%
0.58% 1.66% 2,68% 3,68% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
1.05% 8.16% 6.26% 7.97% 947% 11.58% 13.68%  15.79% 17.89% 20.00%
1.05% 8.16% 5.26% 7.37% 0.47% 11.68% 13.68%  16.79% 17.80% 20.00%
1.05% 8.16% 5.26% 7.87% 9.47% 11.68% 1260%  15.79% 17.80% 20,00%
£11% 6.32% 10.53% 14.74% 16.96% 28.16% 27.37%  31.56% 85.79% 40.00%
0.26% 0.79% 1.42% 1.84% £.37% 2.89% 8.42% 8.95% 4.47% 5.00%
2.11% 6.32% 10.69% 14.74% 18.95% 23.16% 27.87%  31.58% 36.79% 40.00%
1.05% 8.16% 5,26% 7.97% 9.47% 11,58% 19.68%  1679% 17.80% 20.00%
1.05% | 8.16% 5.26% 7.37% 9.47% 11.50% 12.68% 16.79% 17.89% £0,00%
1.84% 5.58% 9.21% 12.89% 16.58% 20.26% 23.95%  27.68% a1.32% 45.00%
1.68% 5.04% 8.41% A.T77% 15.13% 18.49% 21,86%  2520% 28.56% 81,04%
Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. E?I\H\
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Livestock

Agr. Prodf
AgServ For, Fish
Mining
Construction
Food Tobaceo
Textile Goads
Misc Text. Prod.
Lumber & Wood
Furniture

Pulp & Paper
Print & Publish
Chemical & Drugs
Petrol. Refining .
Rubber & Plastic
Leather Prods.
Glass Stone Clay
Ptim. Metal Prod.
Fab. Metal Prod.
Mach. Exc. Elec.
Elec. & Electron
Transport Eq.
Instruments

- Mise. Manufact.

Transp & Whse.
Utilities
Wholesale Trade
Retail Trade
F.ILR.E.
Pers./Prof. Serv.
Eating Drinking
Auto Serv.
Amuse & Rec.
Heaith Ed. Soc.’
Govt & Govt Ind.
Households

TOTAL

U.S. Econ.
. Valve Added
(Parcent)

0.45%
1.06%
0.11%
3.89%
" 652%
2.41%
0.37%
0.73%
0.52%
0.34%
0.87%
1.31%
1.40%
0.96%
1.03%
0.12%
0.62%
1.04%
1.64%
1.56%
2.52%
2.62%
.0.68%
0.69%
3.46% -
5.89%
5.62%
5.63%
16.64%
8.03%
2,12%
1.09%
0.70%
6.30%
11.79%
0.25%

100.00%

Table D-5 Percent Value-Added Lost Due to Specified Percent Loss of Highways Lifeline

60%

" 10% 20% - 80% 40% "50% 70% B0% 90% . 100%
2.63% 7.89% 13.16% 18.42% '23.58% 28.95% - 34.21% 39.47% 44.74% 50.00%
421% 12.63% 21.05% 29.47% 37.89% 46.32% 54.74% 63.16% 71.58% 80.00%
421% 12.69% 21.05% 29.47% 97.89% 46.32% 54.74% 63.16% 71.58% 80.00%
1.84% 5.53% 9.21% 12.89% 16.58% 20.26% 23.95% 27.63% 31.32% 35.00%
2.11% 6.32% 10.53% 14.74% 18.95% 23,16% 27.37% 31.58% 35.79% 40.00%
4.21% 12.63% 21.05% - 29.47% 37.89% 46.32% 54.74% 63.16% 7158% = B80.00%
3.95% 11.84% 19.74% 2763% . 3553% 43.42% 51.32% 58.21% 67.11% - 75.00%
9.95% $1.84% 19.74% 27.6%% 35.53% 43.42% 51.32% 59.21% 87.11% 76.00%
4.74% 14.21% 23.68% 33.16% . 42.63% 52.11% 61.58% 71.05% BO.53% 90.00%
3.95% 11.84% 18.74% 27.63% 35.53% 43.42% . 51.32% 59.21% 87.11% 75.00%
4.21%, 12.63% 21.05% 29.47% 37.89% 45.32% '54.74% - 63.16% 71.58% 80.00%
3.95% 11.84% 19.74% 27.63% 35.53% 43.42% 51.82% 59.21% B7.11% 75.00%
4.21% 12.63% 21.05% 29.47% 37.89% 46.32% - 54.74% - 63.16% 71.58% 80,00%
4.74% 14.21% 23.68% 33.16% 42.63% 52.11% 61.58% 71.05% 80.53% 90.00%
3.95% 11.84% 19.74% 27.63% 35.53% 43.42% 51.32% 59.21% 67.11% .  75.00%
3.95% . 11.84% 19.74% 27.68% 35.53% 43.42% 51.32% 59.21% 67.11% 75.00%
3.95% - 11.84% 19.74% 27.63% 35.53% 43.42% 51.92% 50.21% 87.11% 75.00%
4.21% 12.83% 21.05% 29.47% 37.89% 46.32% 54.74% - 83.16% 71.58% 80.00%
4.21% 12.63% 21.05% 2047% - 37.89% 46.32% 54.74% _63.16% 71.58% 80.00%
4.21% 12.63% 21.05% 2047% - 37.89% 46.32% 54.74% 63.16% 71.58% 80.00%
2.95% 11.84% 19.74% 27.63% "35.53% 43.42% 51.32% 59.21% 67.11% 75.00%
4.21% 1263% 21.05% . 29.47% 37.89%  46.32% 54.74% 63.16% 71.58% 80.00%
. 4.21% 1263% .  21.05% 29.47% 37.88% 46.32% 54.74% 63.16% 71.58% _80,00%
3.95% 11.84% 19.74% 27.63% 35.53% 43.42% 51.32% 59.21% 67.11% 75.00%
4.21% 12.63% 21.05% 29.47% 37.88% 46.32% 54.74% 63,16% 71.58% 80,00%
211% 8.32% 10.53% 14.74% 18.95% 23.16% 27.37% 31.58% 35.79% 40.00%
3.68% 11.05% 18.42% 25,79% 33.16%. 40.53% . 47.88% 55.26% 62.63% 70.00% -
289% 8.68% 14.47% 20.26% 26.05% 31.84% " 37.63% 43.42% 49.21% 55.00%
2.37% 7.11% 11.84% 16.58% 21.32% ' 26.05% -30.79% 35.53% 40,26% 45.00%
2.37% 7.11% 11.84% -16.58% 21.32% | 26.05% 30.79% 35.53% 40.26% 45.00%
263% 7.89% 13.16% 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
2.89% BEE% | 1447% 20.26% 26.05% 81.84% 37.63% 43.42% 49.21% 65.00%
263% - . 7.89% 13.16% - 18.42% 23.68% 28.95% 34.21% 39.47% 44.74% 50.00%
2.89% 8.68% 14.47% 20.26% 26.05% 31.84% 37.63% 43.42% 49.21% 55.00%
1.58% 4.74% 7.89% 11.05% 14.21% 17.37% 20.53% 23.68% 26.84% 30.00%
211% 6.32% 10.63% 14.74% 18.95% 23.16% 27.37% 31.58% 35.79% 40.00%
350% 10.50% 17.51% 24.51% 31.61% 38.52% . 45.62% 52.52% 59.52% 66,53%
Avg. Avg. Avg. T OAvg. Avg. Avg. . Avg, Avg, Avg. Total V.A

"~ Pot: V.A.
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Livestack

Agr. Prad,
AgServ For, Fish
Mining
Construction
Food Tobacco
Textile Goads
Misc Text, Prod,
Lumber & Wood
Fumiture

Pulp & Paper
Print & Publish
Chamical

Pelrol: Refining
Rubbar & Plastic
Leather Prods.
Glass Stona Clay
Prim. Metal Prod,
Fab. Metal Prod.
Mach. Exg, Flec,
Elee, & Electron
Transport Eq.
Instrumants
Misc. Manufact,
Transp & Whse,
Utilities
Wholasale Trade
Retail Trade
F.LAR.E. .
Pers./Prof, Sery.
Eating Drinking
Auto Serv.
Amuse & Rec,
Health Ed. Sec,
Govt & Govt Ind.
Housgholds

TOTAL

LS, Econ.
Vaiue Added
(Porcem)

0.45%
1.06%
0.11%
3.89%
5.52%
241%
0.37%
0.78%
0.52%
0.34%
0.87%
1.31%
1.40%
0.96%
1.03%
0.12%
0.62%
1.04%
1.64%
1.56%
2.52%
2.62%
0.68%
0.69%
3.46%
5.89%
5.68%
5.63%
16.64%
8.03%
298%
1.00% -
0.70%
6.30%
11.79%
0.25%

100.00%

Table D-6 Percent Value-Added Lost Due to Specified Percent Loss of Railroads Lifeline
- 10% 20% 30% 40% 50% 60% 70% 0% 90% 100%

2.11% 6.32% 10.53% 14.74% 18.95% 23.16% 27.37% 81.56% 35,79% 40.00%
211% 6.32% 10.53% 14.74% 18.95% 29,16% 27.37% 81.58% 45,79% 40.00%
2.11% 6.32% 10.53% 14.74% 16.95% 23.16% 27.47% 81.60% 86,79% 40.00%
1.84% 6.59% 9.21% - 12,88% 16.56% 20.26% 23.95% £7.63% 41.82% 85.00%
0,26% 0.79% 1.82% 1.64% 2.37% 2.89% 3.42% 3.95% 4.47% 5.00%
1.05% 8.16% 5,26% 7.37% 9.47% 11.58% 18.68% 15.79% 17.89% 20.00%
1.06% 8.16% 5.26% 7.37% 9.47% 11.56% 13.68% 15.76% 17.89% 20.00%
1.05% 3.16% 5.26% 7.87% 9.47% 11.58% 13.68% 15.70% 17.89% 20.00%
2.11% 6.92% 10.58% 14.74% 18.95% 23.16% 27.37% 81.58% 85.79% 40.00%
1.06% 3,16% 6.26% 7.37% 9.47% 11.68% 19.68% 15.79% 17.89% 20.00%
2.87% 711% 11.84% 16.56% 21,32% 26,05% 80.70% 36.53% 40.26% 45.00%
1.06% 8.16% 5,26% 7.37% 847% - 11.58% 13.68% 16.79% 17.89% 20.00%
1.05% 8.16% 5.26% 7.87% 9.47% 11.58% 18.68% 15.79% 17.89% 20.00%
2.11% 6.32% 10.63% 14.74% 18.95% £8.16% 27.97% 31.56% 85.79% 40.00%
1.06% 3.16% 5.26% 7.87% 0.47% 11.58% 13.68% 15.78% 17.89% 20.00%
1.05% 3.16% 5.26% 7.87% 9.47% 11.56% 13.66% 16.79% 17.80% 20.00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.56% 13.68% 15.79% 17.89% 20.00%
2.63% 7.89% 13.16% 18.42% 23.68% 26,95% 34.21% 39.47% 44.74% 50.00%
2.87% 7.1% 11.84% 16,58% 21.32% 26.05% 30.79% 85.58% 40.26% 45.00%
2.87% 7.11% 11.84% 16.56% 21.32% 26.05% 30.79% 36.58% 40.26% 46.00%
1.06% 3,16% 6.26% 7.87% 9.47% 11.58% 18.68% 15.79% 17.89% 20.00%
2.97% 7.11% 11.84% 16.58% 21.32% 26.05% 80.79% 36.59% 40.26% 45.00%
0.26% 0.79% 1.82% 1.84% 2.87% 2.89% 8.42% 3.95% 4.47% 5.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.68% 13.68% 15.79% 17.690% 20,00%
1.58% 4.74% 7.89% 11.06% . 14.21% 17.87% | 20.58% 23.68% 26.84% 30.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.79% 2.37% 8,95% 5.83% 7.11% 8.68% 10.26% 11.84% 18.42% . 15.00%
1.05% 8.16% 5.26% 7.87% 9.47% 11.50% 18.68% 16.79% 17.89% 20.00%
0.53% 1.58% 2.63% 3.80% 4.74% 5.79% 6.84% 7.89% B.95% 10.00%
0.53% 1.58% 2.68% 3,66% 4.74% 6.79% 6.84% 7.89% 8.95% 10.00%
0.26% 0.79% 1.92% 1.84% 2.37% 2.89% 3.42% 8.95% 4.47% 5.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% ~0.00% 0.00% 0.00%
0.26% 0.79% 1.92% 1.84% 2.87% 2.89% 8.42% 8,95% 4.47% 5.00%
0.26% 0.79% 1.32% 1.84% 2.87% 2.89% 8.42% 8.95% 4.47% 5.00%
0.53% 1.58% 2.69% 2.66% 474%  579% 6.84% 7.89% 8.95% 10.00%
0.00% 0.00% - 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.18% 3.53% 5.88% B.24% 10.50% 12.95% 15.30% 17.66% 20.01% 22.96%
Avg. Avg. Avg. Avg. Avg. Avg, Avg. Avg. Avg. Eml&fﬁ
: : ot V.A.
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Table D-7  Percent Value-Added‘.!_(')st Due to Specified Percent [‘o_ss of Sanitary ‘Sewer,

Lifeline '
' LS. Econ. g ' : ' T . - .
{4 Capacity Loss—-> = Value Added 10% 20% 305 . 40% o 8% - B0% 709% - 80% 0% 100%
. (Percent) — S ‘ o : : : s
1 'Livestock D.45% -1.05% -1.05% -1.05% -1.05% -1.05% - -1.05% - ~1.05% - -1.05% -1.05% . -1.05%
2 - Agr. Prod. 1.06% -2.63% -2.63% -2.63% ' -2.63% -2.63% . -283% 263% 263% -2.63% -2.68% -
-3. AgServ For. Fish . 011% -283% -2.63% - -2.63% -2.63% -2.623% -2.63% - .. ~2.63% -2.63% -2,63% -2.63%
4 Mining ‘ : 3.80% 0.53% 0.53% 0.53% -0.53% . -0.53% -063%- 0.53% - 0.53% -0.53% 0.53%
8§ Construction 5.52% C-105% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05%
& Food Tabacco . 241% -3.66% . -368% . -3.68% -3.68% -368% . -3.68% . -3.68% -3.68% -3.68% -3.68%
-7 Texlilo Goods - " 0.37% -3.68% -3.68% -3.68% -3.68% -3.68% -3.68% -3.68% -3.68% -368% -3.68%
8 Misc Text. Prod. . 0.73% -3.68% . -3.68% . -3.68% -3.68% -3.68% -3.68% -3.68% -3.68% -3.68% -3.68%
9 Lumber & Wood 0.52% 263% - -2.63% 2.63% 283% . -263% o -2.63% -2.63% - -263% -2.63% - -2.63%
10 Furmniture ' 0.34% -2.63% -2.63% -2.63% -263% 283% . -2B3% | -2.63% 2.63% 263% -2.63%
11 Pulp & Paper 0.87% -4.21% 4.21% . -4.21% -4.21% -4.21% -4 21% - A21% -4.21% -4.21% -4.21%
12 Print & Publish 131% . -1.58% -158% - -1.68% -158% - -1.58% -1.58% -1.58% . -1.58% - -1.58% -1.58%
13 Chemical & Drugs 1.40% -421% -4.21% 4.21% -4.21% -4 1% - -4 21% -4.21% -4.21% -4.21% -4.21%
14 Petrol. Refining 0.96% -263% -2.63% -2.63% - -2.63% -2.63% -2.63% -263% -2.63% -2.63% -2.63%
15 Rubber & Plastic 1.03% -2 63% -263% -263% -2.63% -2.63% --2.63% -2.63% - -263% -2.63% | -2.63%
16 Leather Prods. - 0.12% -2.63% -2.63% - -2.63% -2.62% -263% - -283% -2.63% 262% -2.63% -263%.
17 Glass Stone Clay 0.62% -2.63% - -2.63% - -R63% 263% | -2.63% ~2.63% . -263% -2.63% © o -2.63% - -263%
18" Prim. Metal Prod. 1.04% -4.21% -4.21% -4 21% C-421% 4.21% -4.21% -4 21% - -4.21% 4.21% -4.21%
19 Fab. Metal Prod. 1.64% -A21% . -4.21% -4.21% . - -4.21% -4.21% - -4.21% -4.21% 4.21% 4.21% -4.21%
20 Mach. Exc. Elec. - 1.56% -4.21% -4.21% -4.21% -4.21% -4.21% -4.21% -4.21% . 4.21% - 4.21% ~4.21%
21 Elec, & Electran 2.52% - A T4% -4.74% -4,74% -4.74% 4.74% -4 T74% o -.74% -4.74% . -4T7A% . -4.74%.
22 Transport Eq. 2.62% -4.21% -4.21% -4.21% -4.21% o -4.21% -4.21% -4.21% 4.21% 4.21% -4.21%
23 instruments 0.68% -3.16% -3.16% o -3.16% -3.16% -3.16% -3.16% -3.16% -3.16% -3.16% - -8.16%
24 Mise. Manufact 0.69% -1.16% -3.16% -3.16% -3.16% -3.16% --3.16% - -3.16% 3.46% . -3.16% -3.16%
25 Transp & Whse. 3.46% -0.53% H0.53% - 0.53% -0.53% -0.53% - 053% . -0.53% 053% - -0.53% -0.53%.
26 Llilities . 5.689% -1.26% -1.26% -1.26% -1.26% -1.26% -1.26% -1.26% - -1.26% -1.26% -1.26%
27 Wholesale Trade™ - 5.63% -0.53% . -0.53% -0.53% 0.53% 0.53% 053% 0.53% 0.53% - -D53% -0.53%
28 Retail Trade 563% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% . -1.05% -1.05%
29 FILRE. 16.64% -1.05% . -1.05% -1.05%" -1.05% - -1L05% - -1.05% -1.05% -1.05% -1.05% -1.05%
30 Pers./Prof Serv. B.03% -1.05% - -1.05% - -1.05% ~-1.05% -1.05% -1.08% - -1.05%- -1.05% -1.08% -1.05%
31 Eating Drinking 212% 4.21% -4.21% -4.21% -4.21% -4.21% -4.29% -4.21% -£.21% 4.21% L -4.21%
32 Auto Serv. 1.09% -1.05% -1.05% -1.05% -1.05% . -1.05% -1.05% -1.05% -1.05% -1.05% -1.05% .
33 Amuse & Rec. 0.70% -4.21% -4.21% -4 21% -4.21% 4.21% 4.21% . -4.21% -4.21% C421% -4.21%
34 Health Ed. Soc, 6.30% 4.21% 4.21% = -A4.21% -4.21% -4.21% 4.21% -4.21% -4.21% -4.21% -4.21%
© 35 Govt & Govt Ind. 11.79% . -1.05% -1.05% . ~1.05% -1.05% -1.05% -1.05% -1.05% -1.05%. - -1.05% | -1.05%
26 Households . 025% . -395% -3.95% -3.95% -395% -385% - -3.95% -3.95% -3,95% -3.95% . -3.95%
TOTAL . " 100.00% -2.69% -2.68% -2.69% 269% -269% -2 69%  -2.69% -2.69% -2.69% -2.69%

Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. “Total V.A
‘ , . : Pct VA
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12
13
14
15
16
17
18
19
20
21
22
23
24
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27
28
29

a0

3
az
a3
94
as
a5

Livestock

Agr. Prod,
AgServ For, Fish
Mining
Construction
Food Tobaceo
Textile Gaods
Misc Text, Prad,
Lumber & Wood
Fumitine -

Pulp & Paper
Print & Publish
Chemical & Drugs
Patral, Refining
Rubber & Plastic
Leather Prods,
Glass Slone Clay
Prim. Melal Prod.
Fab. Metal Prod.
Mach, Exe. Elec.
Elec. & Electron
Transport Eq,
Instriments
Misc, Manufact,
Transp & Whseo,
Litilities
Wholasale Trade
Retall Trade
FLRE,
Pars./Prof Sery.
Eating Drinking
Auto Serv,
Anmuse & Rec,
Health Ed. Soc,
Govt & Gowt. ind.
Househokis

TOTAL

U.S, Econ.
Valise Added
{Parcent)

0.455%,
1.06%
0.11%
8.89%
5.52%
2.41%
0.37%
0.73%
0.52%
0.24%
0.87%
1.31%
1.40%
0.96%
1.08%
0.12% -
0.62%
1.04%
1,64%
1.56%
2.59%
2.62%
0.68%
0.69%
3.46%
5.89%
6.6a%
5.69%
16.64%
8.03%
212%
1.09%
0.70%
6.30%
11.76%
0.25%

100.00%

Table D-8

Percent Value-Added Lost Due to Specified Percent Loss of Air Transportation
Lifeline
10% 20% 20% 40% 50% 60% 70% 20% 90% 100%
0.53% 1.58% 2.69% 3.66% 4.74% 5.79% 6.04% 7.89% 8.95% 10.00%
0.53% 1.58% 2.62% 4.66% 4.74% 5.19% 6.84% 7.89% 8.95% 10.00%
0.53% 1.58% 2.63% 2.68% 4.74% 5.79% 6.84% 7.8%% 8.95% 10.00%
0.53% 1.58% 2.63% 3.68% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
0.00% - 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.05% a.16% 5.26% - 7.87% 9.47% 11.58% 13.66% 15.79% 17.69% 20.00%
- 1.05% 3.16% 5.26% 7.37% 9.47% 11.58% 13.66% 1579% - 17.89% 20.00%
1.05% 8.16% 5.26% 7.47% 9.47% 11.58% 13.66% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.57% 9.47% 11.56% 13.66% 15.79% 17.69% 20.00%
1.05% a.16% 5.26% 7.87% 9.47% 11.58% 1368% 15.70% 17.69% 20.00%
0.53% 1.58% 2.63% 3.68% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.69% 20.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.56% 12.68% 15.79% 17.89% 20.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% . 0.00%
1.05% 2.16% 5.26% 7.37% 9.47% 11.58% 13.68% 16.79% 17.89% 20.00%
1.06% 8.16% 5.26% 7.37% 9.47% 11.56% 13.66% 15.79% 17.69% £0.00%
1.05% 2.16% 5,26% 7.37% 9.47% 11.56% 12.66% 15,79% 17.85% 20.00%
0.53% 1.58% 2.69% 3.66% 4.74% 5,79% 6.84% 7.69% 8.95% 10.00%
0.69% 1.58% 2.63% 3.66% 4.74% 5.79% 6.84% 7.89% 8.95% 10.00%
1.06% 8.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.89% 20.00%
1.58% 4.74% 7.89% 11.05% 14.21% 17.87% 20.53% 23.68% 26.84% 30.00%
1.56% 4.74% 7.89% 11.05% 14.21% 17.37% 20.53% 20.68% 26.84% 40.00%
2.11% 6.92% 10.58% 14.74% 18.95% 23.16% 27.97% 31.50% 86.79% 40.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.56% 13.68% 15.79% 17.89% 20.00%
1.58% 4.74% 7.89% 11.05% 14.21% 17.37% 20.53% 23.68% 26.84% 30.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.06% 8.,16% 5.26% 7.37% 9.47% 11.568% 14.68% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.87% 9.47% 11.56% 13.68% 15.79% 17.89% 20.00%
1.05% 2.16% 5,26% 7.87% 9.47% 11.58% 12.66% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.68% 13.66% 15.79% 17.69% 20.00%
2.11% 6.32% 10.53% 14.74% 18.95% 23.16% 27.87% 31.58% 85.79% 40.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
211% 6.32% 10.53% 14.74% 18.95% 23.16% 27.37% 31.56% 35.79% 40.00%
0.53% 1.56% 2.63% 3.68% 4.74% 5.79% 6.84% 7.89% B8.95% 10.00%
- 1.05% a.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.69% 20.00%
0.00% 0.00%. 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.92% 2.76% 4.61% 6.45% 8.29% 10.15% 1.97% 13.82% 15.66% 17.50%
Avg, Avg. Ava. Avg. Avg. Avg, Avy. Avg. Avg, ’I;jmal\)lﬁ\
: 'ct, V.A.
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34
35
36

Livestock

Agr. Prod.
AgServ For. Fish
Mining
Canstruction
Food Tobacco
Taxtile Goods
Misc Text. Prod.
Lumber & Wood
Furniture -

Pulp & Paper
Print & Publish
Chemical & Drugs
Petral. Refining
Rubber & Plastic
Leather Prods,
Glass Stone Clay
Prim. Metal Prod.
Fab. Metal Prod.

" Mach, Exc. Elec,

Elec. & Electran .
Transport Eq.
Instruments
Misc. Manufact.
Transp & Whse.~
Utilities

‘Wholesale Trade:

Retail Trade
FLRE. _
Pars /Prof. Serv.
Eatirig Drinking
Auto Serv.
Amuse & Rec.
Health Ed. Soc.
Govt & Govt Ind,
Housshiclds

TOTAL

i15. Ecc;n,
Value Addad

‘(Percent)

0.45%
1.06%
0.11%
3.89%
552%
241%
0.37%
0.73%
059%
0.34%
- 0.87%
1.31%
1.40%
0.96%
1.03%
-0.12%
0.62%
1.04%
1.64%
1.56%
2.50%
2.62%
0 68%
0.69%
3.46%
5.89%
5.63%
5.63%
16.64%
8.03%
2.12%
1.08%
0.70%
6.30%
1.79%
- 0.25%

100.00%

Table D-9  Percent Value-Added Lost Due to Speuf' ed Percent Loss of Water
Transportatwn Lifeline (Ports)
0% 20%, 80% - 40% 50% 60% - | 70% -B0% 00% 100%
211% 6.32% 10.58% 14.74% 18.95% 23.16% 27.97% 31.58% 35.79% 40.00%
211% 6.32% 10.53% 14.74% 18.05% 23.16% 27.37% 31.58% . 85.79% 40.00%
211% 6.32% 10.53% 14.74% 18.95% - 28.16% 27.37% 31.58% 35.79% 40.00%
1.05% 3.16% 5.26% | 7.37% 947% - 11568% 13.68% 16.79% 17.89% 20,00%
1.05% 3.16% 5.26% 7:37% 2.47% " 11.58% 13.68% 15.79% 17.88% 20.00%
1.05% 3.16% 5.26% L. 7.37% 9.47% 11.58% 13.68% 15.79% 17,89% 20.00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.89% +20.00%
1.05% . 3.16% 5.26% 7.97% 0.47% 11.58% 13.68% 15.70% 17.89%  20.00%
" 1.05% 3.16% . 5.26% 7.37% 9.47% 11.58% 13.68% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.58% 13.68% 15.70% 17.89% 20,00%
158% 0 4.74% 7.89% 11.05% 14.21% 17.37% 20,63% 23 68% - 26.84% 30.00%
1.08%. = 3.18% 526% 7.97% 0.47% 11.58% 13.68% 16.79% 17.80% - 20.00%
1.05% 3.16% 5.96% 7.37% 9:47% 11.58% 12.68% 15.79% 17.89% = 20.00%
4.21% 1263%  21.05% - 29.47% 37.89% 46.32% 54.74% 63.16% 71.58% 80.00%
1.05% 3.16% 5.26% - 7.37% 9.47% 11.58% 12.68% 15.79% 17.89% 20,00% - -
1.05%. 3.16% 5.26% 7AT%  947% 11.58% 13.68% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.97% - 9.47% 11.58% 13,68% 15.79% 17.89% 20.00%
1.05% 3.16% 5.26% 7.37% 9.47% - 1158% 13.68% 15,79% 17.89% 20.00%
1.58%. 4,74% 7.80% 11.05% 14.21% - 17.37% 2053% 23.68% 26.84% 30,00%
1.58% 474% 7.89% 11.05% 14.21% 17,37%: 20.53% 23.68% 26.84% 80.00%
1.05% 3.16% 5.26% 7.97% - 9.47%  11.58% 13.68% 15.79% 17.89%  2000%
158% - 4.74% 7.80% 11.05% 14.21% 1737% = 2053% 23,68% 26.84% | 30.00%
053% 1.58% 263%" 3.68% 4.74% 5.79% . 6.84% - 7.89% 8.95% 10.00%
1.05% 3,16% 5.26% 7.37% 9.47% $1.58% 13.68% 15.79% 17.89% 20,00%
1.58%. 4.74% 7.89% 11.05% 1421% ° 17.37% 20.53% - 23.68% 26.84%: 30.00% -
0.00% 0,00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1.06% 3.16% 5.26% 7.97% 0.47% 11.58% 13.68% 15.70% 17.89% 20.00%
0.00% . 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00%. 0.00% 0.00% 0.00% 0.00%
. 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% _ 0.00% 0.00% 0.00% 0.00%
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% - 0.00% 0.00%
0.00% 000% -~ D.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0,00% 0.00% -
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% . . 0.00%
0.00% 0.00% 0.00% - 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0.00% - 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.60% 0.00% 0.00%
0.00% 0.00% 0.00% - 0.00% 0.00% . 0.00% 0.00% - 0.00% - 0.00% 0.00%
0.99% 2.98% 4.97% 6.96% B.95% 10.94% - 12.92% 14.91% 16.90% 18.80%
Avg. Avg. Avy. . Avg. Avg. Avg. Avg.- Avg. Avg. 'I;)otfl\)lA.A
' CL V.A. .
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2
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4
5
6
7
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9
10
(}
12

13
14
18
16
17
18
18
20
21
22
23
24
25
26
27
28
20
30
31
az
a3
a4
a5
a6

Livestock

Agr. Prod,
AgSeiv For. Fish
Mining
Construction
Food Tobacea
Textile Goads
Mise Texut, Prod,
Lumber & Woad
Furnliure

Pulp & Paper
Print & Publish
Chemical & Drugs
Petral. Reflning
Rubber & Plastic
Leather Prods,
Glass Slone Clay
Prim. Matal Prod,
Fab. Metal Prad,
Mach. Exc. Elec.
Elec, & Electron
Transport Eq,
Instruments
Mise. Manufact,
Transp & Whse,
Utilitias
Whelosale Trade
Retail Trade
F.LRE,
Pars./Prat, Serv,
Eating Drinking
Auta Sary,
Amuse & Rec.
Health Ed. Soc.
Govt & Govt Ind.,
Households

TOTAL

U5, Econ.
Value Addact
(Percant)

0.45%
1.06%
0.11%
A,89%
5,529
2:41%
0.87%
0.73%
0.52%
0.34%
0.87%
1.31%
1.40%
0.56%
1.08%
0,12%
0.62%
1.04%
1.64%
1.56%
2.62%
2.62%
0,68%
0.60%
3.468%
5.89%
5.64%
5.63%
16.64%
1.03%
2,12%
1.09%
0.70%
6.30%
11.79%
0,25%

106.00%

Table D-10  Percent Value-Added Lost Due to Specified Percent Loss of Telephone Lifeline

40%

0%

80%

10% 20% 3094 80% 60% 0% 10094
1.05% 3.16% 5.26% 7.27% 9.47% 11.58% 18,68% 15.70% 17.89% 20.00%
1.06% 4,16% . 5.26% 7.37% 8.47% 11.68% 13.68% 15.70% 17.89% 20.00%
1.05% 3.16% 5.26% 7.37% 9.47% 11.58% 13.68% 16.79% 17.680% 20.00%

- 0.58% 1.68% 2.68% 3.68% A4.74% 5.79% 6.84% 7.85% 8.95% 10.00%
0.53% 1.68% 2.63% 3.68% 4.74% 5.79% 6.04% 7.89% 8.95% 10.00%
0.79% 2.37% 3.05% 5,53% TA1% 8.68% 10.26% 11.84% 13.42% 15.00%
0.79% 2.37% 3.95% 6.53% 7.11% 8.68% 10,26% 11.84% 13.42% 15,00%
0,79% 2.37% 3.95% 5.53% T11% 8.68% 10,26% 11.84% 13.42% 15.00%
0.79% 2.97% 3.85% 5.53% T 11% 8.68% 10.26% 11.84% 13.42% 15.00%
0.79% 2.87% 3.95% 5.63% 7.11% B.68% 10.26% 11.84% 13.42% 15.00%
0.53% 1.68% 2.63% 3.68% 4.74% 5.70% 6.84% 7.88% 8.85% 10.00%
0.79% 2.37% 3.95% 5.53% 7.11% 8.68% 10.26% 11.84% 13.42% 15.00%
0. 79% 2.37% 3.95% 5.58% T 1% 8.68% 10.26% 11.84% 13.42% 15.00%
0.83% 1.58% 2.63% 3.68% 4.74% 5,79% 6.84% 7.80% B.95% 10,00%
0.79% 2.37% 3,95% 5.58% 711% B.68% 10.26% 11.84% 13.42% 15.00%
0.79% 2.87% 3.95% 5.63% 711% 8.68% 10.26% 11.84% 13.42% 16.00%,
0.79% 2.37% 3.95% 5.53% 7.11% 8.68% 10.26%, 11.84% 13.42% 16.00%
0.79% 2.37% 3.95% 5.53% F1% 8.68% 10.26% 11.84% 18.42% 15.00%
0.53% 1.58% 2.60% 3.68% 4.74% 85,79% 6.84% 7.89% 8.95% 10.00%
0.53% 1.58% 2.83% 3.60% 4.74% 6.79% 6.84% 7.80% 8.95% 10.00%
0.79% 2.97% 3,95% 5,53% 1% B.68% 10,26%, 11.84% 13.42% 18,00%
0.59% 1.58% 2.63% 3.68% 4.74% 5.79% 6.84% 7.89% 8.95% 10,00%
1.58% 4.74% 7.89% 11,05% t4.21% 17.87% £20,63% 23,.68% 26.84% 30,00%
0,79% 2.37% 3.86% 5.63% 7.11% 8.68% 10.26% 11.84% 13,42% 156.00%
1.58% 4,74% 7.80% 11,06% 14.21% 17.87% 20.63% 23.68% 26.84% 80.00%
1.6568% 4.74% 7.89% 11.05% 14.21% 17.37% 20.53% 23.68% 26,84% A0,00%
2.63% 7.89% 13,16% 18.42% 23.668% 28.95% 34.24%, 38.47% 44.74% 50.00%
2.68% 7.89% 13.16% . 18.42% 23,68% 28,95% 94.21% 39,47% 44.74% 50,009
8.16% 9.47% 15,79% 22.11% 28.42% 84.74% 41.05% 47.87% 53.68% 60.00%
2.11% 6.32% 10.63% 14.74% 18.95% 23.16% 27.37% a1.58% 98.79% 40.00%
2M1% 6.32% 10.63% 14.74% 18,85% 23.16% 27.87% 31,68% 35,79% 40.00%
2. 11% 6.32% 10.58% 14.74% 18.95% 28,18% 27.87% a1.58% 85,79% 40.00%
211% 6.32% 10.63% 14.74% 18.95% 23.16% 27.97% a1.58% 85,70% 40.00%
0.79% 2.87% 3,05% 5.63% 7.11% 8.68% 10.26% 11.84% 13.42% 16,00%
1.05% 8.16% 5.26% 7.37% 9.47% 11.58% 13.68% 18,70% 17.89% 20.00%
1.05% 4.16% 5.26% 7.87% 9.47% 11.658% 13,68% 16.79% 17.68% 20.00%
1.15% 3.46% 577% 8.08% 10.39% 12.70% 15.01% 17.32% 19.63%  21.94%

Avg, Avg, Avg. Avg. Avg. Avg, Avg. Avg, Avg. ‘IF‘Jutal\y.A
: : ch, VA,



a xpuaddy

DR SISA[PUY o;tuouo::’:;

S2-2LY

BIV

Table D-11  Residual Value-Added After Loss of Capacity--Water Supply Lifeline

10%

20%

50%

0% . 30% 40% | 60% 0% 80% 80% - 100%
0.45% 0.44% 0.42% 0.40% 0.38% 0.36% 0.34% 031% 0.29% 0.27% 0.25%
1.06% o 102% 094% . - 0.86% 0.79% 0.71% 0.68% 0.55% . 047%: 0.40% 0.32%
0.11% 0.11% 0.10% - -0.10% 0.09% 0.09% - 0.08% 0.08% 0.07% 0.07% . 0.06%
g.geéﬁ, 2.88% 3.80%. 3.74% 3.67% - 3.61% 3.55% . 3.49% - 343% 3.37% 3.31%
2'4%’“ 5.87% . 5.08% 4.79% 450% - 421% 3.92% 363% | 334% 305% .. 276%
41% 2.22% 2.14% 1.96%. 1.79% 1.61% 1.43% 1.25% 1.08% 0,80% 0.72%
0.37% 0.36% 0,33% 0.30% - 0.28% 0.25% 0.22% 0.19% 0.17% 0.14% 0.11%
0.73°/n 0.70%  0,65%. 0.59% - 0.54% 0.49% 0.43% © 0.38% 0.33% 0.27% . D.22%
0.52% 0.50% 0.48% 0.45% - 0.42% 0.39% 0.37% 0.34% 0.31% 0.29% . 0.26%
0.84% 0.33% 0.31% 0.20% 0.28% 0.26% 0.24% 0.22% 0.21% 0.19% 0.17%
0.87% 0.84% 0.79% 0.73% 0.68% 0.62% 0.57% 051% 0.46% 0.40% 0.85%
131% . 1.29% 1:25% 1.21% © 1A7% 1.13% . 1.08% 104% 1.00% 0.96% 0.92%
1.40% . 1.34% 1.23% C1.1% 0.99% 0.87% 0.75% 0.64% 0.62% 0:40% 0.28%
0.96% . 0.94% 0.89% 0.84% ©0.79% 0.73%. 0.68% 0.63% 0.58% 0.53% 0.48%
1.03%. 1.00% 0.95% 0.89% 0.84% 0.79% 0.73% 0.66% 0.62% 0.57% 0.51%
0.12% 0.12% 0.11% 0.41% . - 0.10% 10.00% 0.09% 0.08% - 0.07% 0.07% - 0.06%
0.62% 0.60% 0.57% 0.54% 0.50% 0.47% 0.44% 0.41% 0.37% 0.34% 0.31%
104% - 099% 0.89% 0.79% © 0.70% 0.60% "0.50% 0.40% 0.30% 0.20% 0.10%
1.64% 1.57% 1,43% 1.30% 1.16% - 1.02% 0.88% 0.74% 0.60% 0.47% 0.33%

- 1.58% 151% 1.41% 1.31% 1.22% 1.12% 1.02% 0.92% 0.82% 0.72% 0.62%
252% | 2.40% 2.16% . 1.92% 1.69% 1.45% - . S 1.21% 0.97% - 0.73% - 0.49% 0.25%
2:62% 2.54% 2.37% 2.21% - 2.04% 1.B7% .- 1.71% 1.54% 1.38% 1.21% 1.05% .
0.68% 0.65% 0.58% 0.52% 0.45% 0.39% 0.33% ' 0.26% 0.20% 0.13% 0.07%
0.69% 0.67% 0.62% $ 0.58% 0.54% 0.49% 0.45% - 0.41% 0.36% | 0.82% 0.27%
346% 3.42% 2.35% 5.28% 3.21% 3.13% 3.06% 2.99% 291% 2.84% 277%
5.80% 6.76% 5.51% 5.27% 5.02% 4.77% 452% 4.28% 4.08% 3.78% 3.53%
5.68% 5.57% . - 5.46% 5.34% . 5.22% 5.10% 4,98% 4.86% 4.74% 4.83% 4.51%
12.»33:6 - 5B7% 5.48% 5.84% . 5.22% 5.10% 4.08% 4.86% 4.74% 4.63% - 4.51%
: s'ogf’?' 16.47% 16.12% 15.77% 16.42% 15.07% 14.72% 14.36% 14.01% 13.66% 13.31%
8.03% 7.95% 7.78% 7.61% 7.44% 7.27%. . 7.10% + 6.93% 6.76% 6.59% - 6.42%
212% 2.03% 1.85% 1.67% 1.60% 1.32% 1.14% 0.96% 0.78% 0,60% 0.42%
1.09% 1.09% 1.08% 1.07% 1.05% 1.04% 1.08% 1.02% 1.01% 1.00% 0.99%
0.70% 0.67% 0.61% 0.55% - 0.49% 0.43% 0.37% 0.32% 0.26% 0.20% 0.14%
6.30% 6.17% 5.90% 5.64% 5.37% 5.11% 4.84% 4.57% 431% 4.04% 3.78%
11.79% 11.84% 11.33% 11.02% 10.70% - 10.39% . 10,08% 9.77% 9.46% 9.15% 8.84%
0.25% 0.25% . 0.24% 0.22% - 0.21% 0.20% . 0.19% 0.18% 0.17% 0.16% 0.15%
100.00% 98.06% 94.18% 90.30% 86.43% 82.55% 78.67% - 74.79% 7091% 67.04% 63.16%
100% . 98% 94% 90% 86% 83% 79% - T5%. % 67% 63%



] Table D-12  Residual Value-Added After Loss of Capacity--Electric Lifeline
2 ‘
Q ,
[+4)]
0% 10% 20% 30% 40% 50% 60% L 70% 80% 20% 100%
0.45% 0.44% 0.42% 0.89% 0.87% 0.35% 0.829 0
1.06% 1.08% 0.98% 0.52% 0.86% 0.81% 0760 0.70% ot 0 509, .53,
0.11% a11% 0.10% 0.10% 0.09% 0.08% 0.08% 0.07% 0.07% 0.06% 0.06%
3.80% 3.70% 3.94% 2.97% 2.60% 2,030 1.86% 1.49% 1.45% 0.76% 0.39%
5.62% 5.40% 5.17% 4.94% 4.71% AA7% 4.24% 4.01% 3.78% 4.54% 3.81%
" 2.41% 2.29% 2.06% 1,849 1.61% " 1.28% 1.15% 0.98% 0.70% 0:47% 0,249
B 0.37% 0.35% 0.31% 0.27% 0,24% 0.20% 0.16% 0.12% 0.08% 0.04% 0.00%
d 0.73% 0.69% 0.61% 0.54% 0.46% 0.38% 0.21% 0.28% 0.15% 0.08% 0.00%
4 0.62% 0.49% 0.43% 0.38% 0.93% 0.27% 0.22% 0.16% 0.11% 0.05% 0.00%
H 0.34% 0.32% - 0.29% 0.25% 0.21% 6.18% 0.14% 0.11% 0.07% 0.04% 0.00%
5 0.07% 0.83% 0.73% 0.64% 0.55% 0.46% 0.87% . 0.28% 0.18% 0.09% 0.00%
o 1.31%, 1.24% 1.10% 0.97% 0.83% 0.69% 0.55% 0.41% 0.28% 0.14% 0.00%
o 1.40% 1.34% 1.20% 1.07% 0.94% 0.81%% 0.67% 0.64% 0.41% 0.27% 0.14%
b 0.96% 0.91% 0.81% 0.71% 0.61% 0.51% 0.41% 0.80% 0.20% 0.10% 0.00%
Q 1.08% 0.98% 0.87% 0.76% 0.65% 0.54% 0.43% 0.33% 0.22% 0.11% - 0.00%
g 0.12% 0.12% 0.10% 0.00% 0.08% 0.06% 0.05% 0,04% 0.03% 0.01% 0.00%
o 0.62% 0.60% 0.52% g 9 g 269 20% 18% 0.07% 00%
? ? 52% 0.46% 0.49% 0.83% 0.26% 0.20% 0.13% 0.07% 0.00%
) 1.04% 0.99% 0.89% 0.79% 0.70% 0.60% 0.50% 0.40%, 0.30% 0.20% 0.10%
a 1.64% 1.55% 1.38% 1.21% 1.04% 0.86% 0.69% 0.52% 0.35% 0.17% 0.00%
E’ 1.56% 1.48% 1.81% 1.15% 0.99% 0.82% 0.66% 0.49% 0.33% 0.16% 0.00%
2609 2.30% 2.12% 1.86% 1.50% 1.88% 1.06% 0.80% 0.53% 0.27% . 0.00%
a 2.62% 2.48% 2.21% 1.69% 1.66% 1.38% 1.10% 0.83% 0.65% 0.28% 0.00%
i 0.68% 0.64% 0.57% 0.50% 0.43% 0,36% 0.29% 0.21% 0.14% 0.07% 0,00%
& 060% 0% 0.56% 0.51% 0.43% 0.36% 0.29% 0.22% 0.14% 0.07% 0.00%
al A% 3.41% 3.30% 3.10% 3.08% 2.97% 2 B6% 2.75% 2.64% 2.63% 2.42%,
5.80% 5.64% 5.14% 4.65% 4.15% 8.66% a.16% 2.66% 2.17% 1.67% s
% 5.69% 5.87% 4.88% 4.30% 3.77% 3.28% 2.70% 2.16% 163% 1'13'; g,;g;;.,
6.63% 5.87% 4.83% 4.30% 8.77% 8.20% 2.70% 2,16% 1.69% 1.10% 0.56%
16.64% 16.85% 14.28% 12.70% 14.12% 9,55% 7.97% 6.30% 4.82% 8.24% 1.66%
8,08% 7.65% 8.89% 6.13% 5.37% 4619 3,659 : Az 69 0.60%
? 61% 2.65% 8.00% 2.32% 1.66% 0.80%
2.12% 2.08% 1.85% 1.67% 1.60% 1.82% 1.14% 0.96% 0.78% 0.60% 0.42%
1.00% 1.04% 0.94% 0.84% 0.73% 0.63% 0.52% 0.42% 0.32% 0.21% 0.11%
0.70% 0.67% 0.61% 0.56% 0.40% 0.43% 0.27% 0.32% 0,26% 0,20% 0.14%
6.30% 6.08% 5.50% 4877 ; 019 3.36% 86% 3% '79% 26%
: ? 7% 4.44% 3.91% 3.36% 2.86% 2,30% 1,70% 1.26%
11.79% 11.42% 10.67% 0.93% 9.18% B.44% 7.70% 6.95% 1% .:. 729
0.25% 0.24% 0.22% 0.20% 0,18% 2 3% 1% .00 0.0 005
: . 289, 20% 0.18% 0.16% 0.13% 0.11% 0,09% 0.07% 0.05%
100.00% 98,73% 87.19% 78.66% 70.12% 61.58% £3.04% 44.50% : 2748 '
00? ¢ 192 £6% 2% 58% 04% B0% 35.97% 27.43% 18.80%
100% 8% 87% 79% 70% 62% 5a% A5, 36% 27% 19%
.
el
)
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Table D-13  Residual Value'-Added After Loss of Capacity--Oil Supply Lifeline

0%

&50% -

80%

79%

2% -

- 66%

- 54%

48%

0% 10% . 20% 30% 60% 70% 0% 100%
0.45% 0.44% 0.42% 0.39% - 0.87% 0,36% 0.32% 0.30% 0.27% - 0.26% 0.23%
1.06% 1.01% 0.93% 0.84% 0.75% 0.66% . 0.57% 0.48% 0.39% 0.30% 0.21%
0.11% 0.11% 0.10% 0.05% 0.08% 0.07% 0.06% 0.05% 0.04% 0.03% 0.02%
3.89% 3:70% 3.34% 2.97% 2.60% 2.23% 1.86% 1.49% 113% 0.76% - 0.39%
5.52% 5.26% 4.73% 4.21% ©3.60% 3.17% 2.64% 2.12% 1.60% 1.07% - 0.55%
2.41% 2.34% 2.22% 2.08% 1.96% 1.84% 1.71% 1.58% 1.46% . 1.33% 1.20%
0.37% 0.36% 0.34% 0.32% 0.30% - 0.28% 0.26% 0.26% 0.23% 0.21% 0.19%
0.78%. 0.71% 0.67% 0.63% 0.58% 0.55% 0.52% 0.48% 0.44% 0.40% 0.36%
0.52% 0.50% 0.48% 0.45% 0.42% 0.39% 0.37% 0.34% 0.31% 0.28% 0.26%
0:34% 0.33% 0.31% 0.29% 0.28% 0.26% 0.24% 0.22% 0.21% 0.15% - 0.17%
0.87% 0.85% 0.80% 0.76% 0.71% 0.86% 0.62% 0.57% 0.53% 0.48% 0.44%
1.31% 1.28% 1.21% 1.14% 1.07% 1.00% 0.93% 0.86% 0.79% 0.72% 0.66%
1.40% 1.37% 1.29% 1.22% 1.15% 1.07% 1.00% 0.92% 0.85% 0.78% 0.70%
0.96% 0.91% 0.81% 0.71% . 0.61% 0.51% 0.41% 0.30% 0.20% 0.10% 0.00%-
1.03% 1.00% 0.95% 0.89% - 0.84% 079% - 0.73% 0.68% 062% 0.57% 0.51%
0.12% 0.12% 0.11% 0.11% 0.10% 0.09% 0.09% 0.08% 0.07% 0.07% 0.06%
0.62% 0.60% 0.57% “0.54% 0.50% 0.47% C0.44% 0.41% 0.37% 0.34% ° 0.31%
1.04% 0.99% 0.89% 0.79% 0.70% 0.60% " 0.50% - 0.40% 0.30% 0.20% 0.10%
1.64% 1.60% 1.51% 1.42% 1.34% 1.25% 1.17% 1.08% 0.89% 0.91% 0.82%
1.56% 1.62% 1.44% 1.35% 1.27% 1.19% 1.11% 1.03% 0.94% 0.86% 0.78%
2.52% 2.46%" 2,32% 2.19% 2.068% i.92% 1.79% 1.66% 1.53% 1.38% 1.26%
2.62% 2.49% 2,25% 2.00% 1.75% 1.50% - 1.25% 1.01% 0.76% 0.51% 0.26%
0.68% 0.66% 0.63% 0.59% 0.55% 0.52% 0.48% -0.45% 0.41% 0.38% 0.34%
0.69% 0.67% 0.63% 0.60% 0.56% 0.52% 0.49% 0.45% 0.42% 0.38% 0.34%
3.46% 3.30% 2.97% 2.64% 2.31% 1.89% 1.66% 1.33% 1.00% . 0.67% 0.35%
5.89% 5.73% §.42% -5 1% 4.80% 4.49% 4.18% 3.87% 3.56% 9.25% 2.94%

- 5.63% 5.49% 5.19% 4.89% 4.60% 4.30% 4.00% 371% - 3.41% 3.11% 2.82%
5.63% 5.37% 4.83% 4.30% 377% 3.23% 2.70% 216% - 1.63% 1.10% - 0.56%
16.64% 16.12% 15.07% 14.01% 12.96% 11.91% 10.86% 9.81% - 8.76% 7.71% 6.66%
8.03% - 7.78% 7.27% 8.76% 6.26% 575% 5.24% 4.73% 4.23% 3.72% 34.21%
2.12% 2.03% 1.86% 1.67% 1.50% 1.32% .- 1.14% 0.96% 0.78% 0.60% - 0.42%
1.09% 1.04% 0.94% 0.84% 0.73% 0.63% 0.52% - 0.42% 0.32% 0.21% 0.11%
0.70% 0.66% 0.60% 0.53% ©-0.47% 0.40% - 0.33% 0.27% 0.20% 0.14% 0.07%
6.30% 6.23% 6.10% 5.97% 5.83% . 5.70% 557% 5.44% 5.30% 517% 5.04%
11.79% . 11.67% 11.42% 11.17% 10.92% 10.67% 10.43% 10.18% 9.93% 9.68% 9.43%
0.25% 0.24% 0.23% 0.22% 0.21% 0.19% 0.18% 0.17% - 0.15% 0.14% 0.13%

- 100.00% 96.94% 90.83% 84.71% 78.60% 72.48% 66.37% 60.25% 54.14% 48.02% 41.91%
100% 97% 91% 85% 60% 2%
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Table D-14 Residﬁal Value-Added After Loss of Capacity--Natural Gas Lifeline

10%

0% 20% 30% 40% 50% 80% 70% 80% 0% 100%
©0A5% 0.45% 0.46% 0.44% 0.44% 0.43% 0.43% - 0.42% 0.42% 0.41% 0.41%
1.06% 1.04% 1.01% 0.98% 0.84% 0.91% 0.88% 0.84% 0.81% 0.77% 0.74%
0.11% 0.11% 0.11% 0.10% 0.10% 0.00% 0.00% 0.00% - 0.08% 0.08% 0.08%
. 8.89% 3.87% 3.83% 8.79% 8.75% - A70% 3.66% 3.62% 8.58% 3.64% 8.50%
5.62% 5.52% 5.50% 652% . 553% 5529, 5.52% 5.52% B.62% 5.50% 6.52%
2.41% 2.AT% 2.31% 2,059, - 2.16% 2.12% © 2.06% 1.99% 198% 1.87% 1.80%
0.37% 0.87% 0.36% 0.35% 0.85% 0.84% 0.33% 0.80% 0.31% 0.31% 0.30%
0.78% 0.72% - 0,70% 0.60% 0.67% 0.66% 0.64% 0.63% 0.61% 0.60% 0.56%
0.52% 0.51% 0.50% 0.49% 0.48% 0.47% 0.46% 0.45% 0.45% 0.42% 0.41%
0.34% 0.34% 0.99% 0.32% 0.31% 0.31% 0.30% . 0.29% 0.20% 0.28% 0.27%
0.87% - 0.85% 0.82% 0.78% 0.74% 0.71% 0.67% 0.63% 0.60% 0.56% 0.52%
1.31% 1.30% 1.27% 1.24% 1.22% 1.19% 1.16% 1.13% 1.10% - 1.08% 1.05%
1.40% 1.84% 1.20% 1.07% 0.94% 0.81% 0.67% 0.54% 0.41% 0.27% 0.14%
0.96% 0.94% 0.89% 0.84% 0.79% 0.7% 0.66% 0.63% 0.58% 0.53% 0.48%
1.08% 1.00% 0.95% 0.80% 0.84% 0.76% 0.73% 0.68% 0.62% 0.67% 0.51% -
0.12% 0.12% 0.12% 0.12% 0.11% 0.11% 0.11% 0.11% 0.10% 0.10% 0.10%
0.62% 0.60% 0.57% 0.54% 0.50% 0.47% 0.44% 0.41% 0.37% 0.94% 0.81%
1.04% 1.01% 0,96% 0.90% 0.85% 0.79% 0.74% 0.68% 0.63% 0.58% 0.52%
1.64% 1,60% 1.51% 1.42% 1.34% 1.25% 1.17% 1.08% 0.00% 0.91% 0.82%
1,56% 1.52% 1,.44% 1.35% 1.27% 1.19% 1.11% 1.03% 0.94% 0.86% 0.78%
2.52% 2.46% 2.82%, 2.10% 2.06% 1.92% 1.79% 1.66% 1.63% 1.39% 1,26%
2.62% 2.55% 2.41% 2.27% 2.14% 2.00% 1.86% 1.72% 1.59% 1.45% 1.91%
0.66% 0.65% 0.60% 0.55% 0.49% 0.44% 0.38% 0.33% 0.26% 0,20% 0,17%
0.59% 0.67% 0.63% 0.80% 0.56% 0.52% 0.49% 0.45% 0.42% 0.38% 0,34%
8.46% 3.46% 3.46% 3.46% 3.46% 8.46% 8.46% 8.46% 3.46% 8.46% 3.46%
5.89% 5,76% 5.61% 5.27% 5.00% 4.77% 4.62% 4.26% 4.00% 8.78% 8.53%
6.63% 5.60% 5.54% 5.49% 5.43% 5.87% 5.31% 6.25% 5.19% 5.18% 5.07%
6.68% 5.57% 5.46% 5.94% 5.22% 6,10% - 4.98% 4.86% 4.74% 4.63% 4.51%
16.64% 16.47% 16.12% 16.77% 15.42% 15.07% 14.72% 14.86% 14.01% 18.66% 13.81%
B.03% 7.96% 7.78% 781% 7.44% 7.27% 7.10% 6.99% 8.76% 6.50% - 6.42%
2.12% 2.08% 1.99% 1.90% 1.81% 1.72% 1.69% 1.54% 1.45% 1.36% 1.27%
1.00% 1.09% 1.00% 1.08% 1.07% 1.07% 1.06% 1.06% 105% . 1.06% 1.04%
0.70% 0.68% 0.65% 0.62% 0.60% 0.56% 0.54% 0.51% 0.48% 0.45% 0.42%
8.80% 6.20% 6.10% 5.97% 5.839% 6.70% 5.57% 5.44% 5.80% 5.17% 6.04%
11.79% 11.67% 11.42% 1.17% 10.92% 10.67% 10.43% 10,18% 9.94% 9,68% 9.49%
0.25% 0.26% 0.24% 0.23% 0,22% 0.21% 0.20% 0.19% 0.18% 0,17% 0.16%
100.00% 98.72% 96,15% 93.58% 91.01% 88.45% BE.88% 83.81% £0.74% 78.17% 75.61%
100% 99% 96% 91% B8% B6% 8% B1% 78% 78%

4%
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Tablé D-1§ ~Residual Value-Added After Loss of Capacit-y--Highways Lifeline

- 0% 10% 20% 30% C o 40% 50% 80% 70% 80% 90% 100%
045% 0.44% 0.42% - 0.39% 0.397% 0.35% 0.32% 0.30% 0.27% 0.25% 0.23%
1.06% 1.01% - 0.93% 0.84% - 0.75% 0.66% 0.57% 0.48% 0.39% 0.30% 0.21%
0.11% 0.11% - 0.10% 0.09% 0.08% - 007% 0.06% . 0.05% 004% 0.03% . 0.02%
3.85% 3.82% 3.67% . 3.53% 3.39% 3.24% 3.10% 2.96% - 281% 2.67% 2.53%
5.52% 5.40% . 5147% 4.94% 4.71% 4.47% 4.24% 4.01% - 3.78% 3.54% 39%
241% 231% - 2.10% 1.80% 1.70% 1.49% 1.29% 1.09% 0.89% 0.68% . 0.48%
0.37% 0.26% 0.33% 0.30% 0.27% 0.24% 0.21% 0.18% 0.15% 0.12% 0.09%
0.73% 0.70% 0.64% 0.58% 0.53% 047% . 0.41%. 0.35% 0.20% 0.24% 0.18%
0.52% 0.49% 0.44% 0.39% 0.34% 02305 0.25% 0.20% .0.15% 0.10% 0.05% .
0.34% 0.33% . . 0.30% 0.27% 0.26% 0.22% 0.19% 0.16% 0.14% C011% - -0.08%
087% 0.83% - 0.76% 0.69% - 061% 0.54% - 0.47% 0.39% 0.32% 0.25% 0.17%
1.31% 1.26% 1.16% - 1.05% 0.95% 0.85%. 0.74% . 064% 0.54% 0.43% 0.33%
1.40% 1L.34% 1.23% 1.11% 0.89% 087% ° 0.75% . 0.64% 0.52% 0.40% 0.28%
0.96% 0.82% 0.83% 0.73% 0.64% 0.55% 0.46% 037% 0.26% 0.19% - 0.10%
1.03% 0:89% 0.91% 0.83% . 0.75% - 0.66% 0.58% 0.50% 042% - 0.34% 0.26%
0.12% 0.12% 0.11% 0.10% '0.09% 0.08% 0.07% - 0.06% 0.056% 0.04% 0.03%
0.62% 0.59% .0.54% 0.50% 0.45% 0.40% 0.35% 0.30% 0.25% - 0.20% 0.15%
1.04% ©1.00% 091% 0.82% 0.73% 0.65% 0.56% 047% - 0.38% " 0.30% 0.21%
1.64% 1.67% 1.43% 1.30% 1.16% 1.02% 0.86% . 0.74% - 0.60% 0.47% 0.33%
1.56% . 1.49% 1.36% . 1.23% 1.10% 0.97% 0.84% 0.71% 0.57% 0.44% 0.31%
2.652% 2.42% 2.22% 202%. 1.83% 1.63% 1.43% 1.23% 1.03% 0.83% 0.63%
2.62% 251% . 2.29% 2.07% 1.85% 1.63% 1.41% "1.18% 0.96% 0.74% 0.52%
0.68% 0.65% 0.59% 0.54% 0.48% 0.42% 0.36% 0.31% 0.25% 0.19% 0.14%
0.68% 0.66% 0.61% 0.55% 0.50% 0.44% ' 0.39% 0.33% 0.28% 0.23% 0.17%
3.46% 331% . 3.02%% 2.73% 2.44% 2.15% 1.86% 1.57% 1.27% 0.98% 0.69%
5.89% 5.76% 2.51% 5.27% 502% 4.77% 452% 4.28% 4.03% 4.78% 3.53%
5.63% 9.43% 5.01% 4.60% -4.18% 3.77% 3.35% 294% 2.52% 211% 1.69%
5.63% 5.47% 5.14% 4.82% - 4.49% 417% 3.84% 351% 3.19% 2,869 2.54%
16.64% 16.25% 15.46% 14.67% 13.88% 13.09% 12.31% 11.52% 10.73% 9.94% 9.156%
8.03% 7.84% 7.46% 7.08% 6.70% 6.32% 5.94% 5.56% 5.18%: 4.80% 4.42%
2.12% 2.06% 1.95% 1.84% 1.73% 1.62% 1.51% 1.40% 1.28% 1.47% 1.06%.
1.09% 1.068% 1.00% 0.94% 0.87% 081% 0.75% - 0.68% 1062% 0.56% 0.49%
0.70¢% . 0.68% 0.64% 0.60% 0.57% 0.53% 0.49% 0.46% 0.42% 0.38% 0.35%
6.30% 6.12% 5.75% 5.39% 5.02% 4.66% A429% 3.93% 3.56% 3.20% 2.83%
C11.79% 11.60% 11.23% 10.86% 10.49% 10.12% 9.74% 9.37% 9.00% B.63% 8.25%
0.25% 0.25% . 0.24% 0.22% 0.21% 0.20% 0.19% ~0.18% 0.17% 0.16% 0.15%
100.00% 97.16% - 91 47% 85.79% -80.10% 74.41% 68.73% 63.04% 57.36% 5167% 45.98%
100% 97% 21% 86% < 80% 74% 69% o 63% 57% - 48%

52%
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Table D-16

Residual Value-Added After Loss of Capacity--Railroads Lifeline
0% 10% 20% 0% 0% 50% 60% 70% 80% 90% 100%
0.45% 0.44% 0.42% 0.41% 0.39% 0.37% 0.35% 0.34% 0.31% 0.29% 0.27%
1.06% 1.04% 0,99% 0.95% 0.90% 0.86% 0.81% 0.77% 0.72% 0.68% 0.64%
0.11% 0.11% 0.10% 0.10% 0.09% 0.09% 0.08% 0.08% 0.08% 0.07% 0.07%
8.89% 3.82% 8.67% 8.53% 3.39% 8.24% 3.10% 2.96% 2.81% 2.67% £.55%
5.52% 5.50% 5.48% 5.45% 5.42% 5,39% 5.36% 5.33% 5.30% 5.27% 5.24%
241% 2.88% 2.33% 2.20% 2.29% 2.18% 2.19% 2.08% 2.08% 1.98% 1.98%
0.37% 0.37% 0.36% 0,35% 0.35% 0.34% 0.33% 0.32% 0.31% 0.31% 0.30%
0.73% 0.72% 0.70% 0.69% 0.67% 0.66% 0.64% 0.63% 0.61% 0.60% 0.568%
0,52% 0.50% 0.48% 0.46% 0.44% 0.42% 0.40% 0.37% 0.35% 0.93% 0.31%
0.34% 0.34% . 0.23% 0.32% 0.31% 0.31% 0.80% - 0.29% 0.20% 0.28% 0.27%
0.87% 0.85% 0.81% 0.77% 0.73% 0.69% 0.64% 0.60% 0.56% 0.52% 0.48%
1.31% 1.30% 1.27% 1.24% 1.22% 1.15% 1.16% 1.13% 1.10% 1.08% 1.05%
1.40% 1.80% 1.36% 1.33% 1.30% - 1.27% 1.24% 1.21% 1.18% 1.15% 1.42%
0.96% 0.94% 0.90% 0.86% 0.82% 0.78% 0.74% 0.70% 0.66% 0.62% 0.58%
1.03% 1.02% 1.00% 0.98% 0.95% 0.93% 0.91% 0.89% 0.87% 0.85% 0.82%
0.12% 0.12% 0.12% 0.12% 0.11% 0.11% 0.11% 0.11% 0.10% 0.10% 0.10%
0.62% 0.61% 0.60% 0.59% 0.57% 0.56% 0.55% 0.53% 0.52% 0.51% 0.49%
1.04% 1.01% 0.96% 0.90% 0.85% 0.79% 0.74% 0.68% 0.64% 0.58% 0.52%
1.64% 1.60% 1.52% 1.45% 1.37% 1.29% 1.21% 1.14% 1.06% 0.98% 0.90%
1.56% 1.52% 1.45% 1.28% 1.30% 1.25% 1.15% 1.08% 1.01% 0.93% 0.86%
2.52% 2.50% 2.44% 2.39% 2.24% 2.20% 2.23% 2.18% 2.12% 2.07% 2.02%
2.62% 2.56% 2.43% 2.31% 2.18% 2.06% 1.94% 1.81% 1.69% 1.56% 1.44%
0.68% 0.68% 0.67% 0.67% 0.67% 0.66% 0.66% 0.66% 0.65% 0.65% 0.65%
0.69% 0.68% 0.67% 0.65% 0.64% 0.62% 0.61% 0.59% 0.56% 0.56% 0.85%
2.46% 8.41% 3.30% A.19% 8.08% 2.97% 2.86% 2.76% 2.64% 2.59% 2.42%
5.89% 5.69% 5.89% 5.89% 5.89% 5.89% 5.89% 5.89% 5.80% 5,89% 5.80%
5.60% 6.59% 5.50% 541% 5.82% 5.28% 5.14% 5.06% 4.97% 4.808% 4,79%
5.69% 5,67% 5.46% 5.34% 5.20% 5.10% 4.96% 4.86% A4.74% 4.69% 4.51%
16.64% 16.56% 16.8% - 16.20% 16.00% - 16.85% 15.60% 15.50% 15.99% 15.15% 14.98%
8.03% 7.99% 7.90% 7.82% 7.74% 7.65% 7.57% 7.48% 7.40% 7.81% 7.29%
2.18% 2.12% 2.10% 2.09% 2.08% 207% 2.06% 2.05% 2.04% 2.03% 2.01%
1.09% 1.09% 1.09% 1.00% 1.09% 1.09% 1.09% 1.09% 1.09% 1.09% 1.09%
0.70% 0.69% 0.69% 0.69% 0.68% 0.68% 0.68% 0.67% 0.67% 0.67% 0.66%
6.30% 6.20% 6.25% 6.22% 6.18% 6.15% 6.12% 6.08% 6.06% 6.02% 5.96%
11.79% 11.73% 11.60% 11.48% 11.36% 11.20% 1.11% 10.98% 10.86% 10.74% 10.61%
0.26% 0.25% 0.25% 0.25% 0.25% 0.25% 0.25% 0.26% 0.25% 0.25% 0.26%
100,00% 99.17% 97.50% 05.83% 94.16% 92.49% 90.83% £9.15% 87.48% 85.61% 84.14%
100% 99% 97% 96% 4% 92% 9% 89% 87% B6% B84%
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Table D-17  Residual Value-Added After Loss of Capacity--Sanitary Sewer Lifeline

" 40%

70%

- 80%

. 0% 10% 20% 30% 50% 60% 90% - 100%
0.45% 0.46% S 0.46% 0.46% 0.46% 0.46% 0.46% 0.46% 0.46% 0.48% 0.46%
1.06% 1.08% 1.09% 1,08% 1.09% 1.09% 1.09% 1.09% 1.09% 1.00% . 1.09%
0.11% T 0.11% 0.11% S 0.11% 0.11% 0.11% 0.11% 0.11% S01% 0% 0.71%
3.89% 3.91% 3.91% 291% 3.91% 3.91% 391% 3.91% 3.91% 3.81% 3.91%
6.52% 5.58% * B5.58% 5.58% 5.58% 5.58% 5.58% 5.58% 5.58% 5.58% 5.58%
2.41% 2.60% 2.50%. 2.50% 2.50% 2.50% 2.50% 2.50% 2.50% 2.50% ' 2.50%
0.37% 0.39%, 0.39% 0.39% 0.39% 0.39% - 0.39% 0.99% - 0.39% 0.39% 0.39%
0.73% 0.75% . 0.75% . . 0.75% 0.75% 0.75% 0.75% 0.75% 0.75% 0.75% 0.75%
0.52% 0.53% 0.53% 0.53% . 0.53% " 0.53% 0.53% 0.53% 0.53% 0.53% 0.53%
0.34% 0.35% 0.36% 0.35% 0.35% 0.35% 0.35% 0.35% 0.35% 0.35% . 0.25%
0.87% 0.91% 0.91% 0.91% 0.91% 0.91% 091% 0.91% 0.91% 0.91% 0.91%
1.31% 1.33% 1.33% 1.33% 1.43% 1.33% 1.33% 1.33% - 1.83% 1.33% 1.33%
1.40% 1.46% 1.46% 1.46% 1.46% - 1.46% 1.46% 1.46% 1.46% 1.46% 1.46%
0.96% 0.99% 0.99% 0.99% 0.99% 0.99% 0.99% 0.99% -0.99% "0.80% 0.99%
1.03% 1.06% 1.06% 1.06% - 1.06% 1.06% - 1.08% 1.06% 1.06% 1.08% - 1.06%
0.12% .0.13% 0.13% 0.13% 0:13% 0.13% 0.13% - 0.13% 0.13% . 019% . 0.13%
0.62% 0.63% 0.63% 0.63% 0.63% 0.63% 0.63% . 0.63% 0.63% .0.83% 0.63%
1.04% 1.08% 1.08% 1.08% 1.08% 1.08% - 1.08% 1.08% - 1.08% 1.08% 1.0B%
-1.64% 1.71% 1.71% 1.71% 171% 1.71% 1.71% 1.71% 1.71% 1.71% 1.71%
1.56% 1.63% - 1.63% 1.63% 1.63% 1.63% 1.63% 1.68% 1.63% 1.63% 1.63%
252% 2.64% 2.64% 2.64% 2.64% 2.64% 2.64% " 2.64% 2.64% 2,64% 2.64%
262% 2.73% 2.73% 2.73% 2.73% 2.73% - 2.73% 2.73% 2.73% 2.73% 2.73%
. 0.88% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70%
0.69%. 0.71% 0.71% 0.71% " 0.71% 0.71% 0.71% 0.71% 0.71% 0.71% 0.71%
3.46% - 3.48% 3.48% 3.48% 3.48% 3.48% 3.48% 3.48% '3.48% 3.48% 3.48%
585% 5.96% 5.96% 5.96% 5.96% 5.96% 5.96% 5.96% 5.96% 5.96% 5,96%
5.63% E66% - 5.66% 5.66% 5.66% 5.66% - 5.66% 5.66% 5.66% 5.68% 5.:66%
5.63% 5.60% 5.69% 5.69% 5.69% 5.69%. * 5.69% 5.69% 5.69% £.60% 5.69%
16.64% 16.82% 16.82% 16.82% 16.82% 16.82% 18.82% 16.82% 16.82% 16.82% 16.82%
8.03% 8.12% B.12% 8.12% 8.12% B.A2% 8.12% 8.12% - 8.12% 8.12% 8.12%
2.12% 2.21% 2,21% 2.21% 2.21% 221% 2.21% 3.21% 2.21% 2.21%. 2.21%
1.09% 111% 1.41% - 1.11%. 1.11% 1.11% 1.11% 1.11% 1% 1.11% 1.11%
0.70% 0.73% 0.73% 0.78% 0.73% 0.73% 0.78% 0.73% 0.73% 0.73% 0:73%
6.30% 6.56% 6.56% 6.56% 6.56% 6.56% 6.56% 6.56% 6.56% 6:568% 6.56%
11.78% 11.91% 11.91% 11.91% 11.91% 11.91% 11.91% 11.01% 11.91% 11.91% 11.91%
0.25% © 0.28% 0.26% 0.26% 0.26% 0.26% 0.26% 0.26% 0.26% 0.26% 0.26%
100.00% 101.88% 101.88% 101.88% 101.88% 101.88% 101.88% 101.88% 101.88% 101.88% 101.88%
100% 102% 102% 102% 102% 102% 102% 102% 102% 102%

102%



% Table D-18  Residual Value-Added After Loss of Capacity--Air Transportation Lifeline
B2
[<]]
0% 10% 20% 20% 40% 50% 60% 70%  80% 90% 100%
0.45% 0.45% 0.45% 0.44% 0445 5 g ”
0.45% 045% 0.457% 0 41% 044% 040 0.43% 0.42% 0.42% 0.41% 0.41%
10s% 106 Log, . 02% 1.01% 1.00% 0.99% 0.98% 0.96% 0.95%
041% 0415% 011% 0.11% 0.11% 0.11% 0.10% 0.10% 0:10% 0.10% 0.10%
389% dera a8 8.79% - a.75% 8.70% 3.66% 3.62% 3.68% 3.54% 4.50%
N 5.52% 5.52% 5.52% 552% 5 52% B2 5.52% 5.52% 5.52%, 552% 5.52%
g 097 0.87% 0.36% 0.35% 0.35% 0.84% 5 s Yo Pyt o hyoes
g 073 072% 0.70% 0.69% 0.67% 0.66% 0.64% 0.63% 0.61% 0.60% 0.58%
o 082k 051% 0.50% 0.49% 0.46% 0.47% 0.46% 0.45% 0.43% 0.42% 0.41%
3 034% 024% 33% 0.32% 0.31% 031% 0.30% 0.29% 0.20% 0.28% 0.27%
W Yar 1 30% Py 120 Pt T1o% i o Yo% oo 08
3 , R 4 Q, D, D, 0, 0,
L8t G Y ) 2% 19% 8% 1.13% 1.10% 1.08% 1.06%
2 10, g]ggﬁ é‘gg;ﬁ’ 133% 1.80% 1.27% 1.24% 1.21% 1.16% 1.15% 1124
b 096% 0.96% 0.967% 0.96% 0.96% 0.86% 0.96% 0.96% 0.96% 0.06% 0.96%
Q Lo, 1o2% 100% 0.58% 0.95% 0.93% 0.91% 0.89% 0.87% 0.85% 0.82%
g 0.12% 0.12% 0.129% 0.12% 0.11% - 0.11% 0.11% 0.11% 0.10% 0.10% 0,10%
: 0.62% 051% 0% 0.59% 0.57% 0.56% 0.65% 0.53% 0.62% 0.51% 0,49%
d 104 toa% 1.02% 1.01% 1.00% 0.00% 0.98% 0.97% 0.96% 0.95% 0,94%
: 164 1.86% ez 1.80% :gg,}a :ggsf:,:g 1.56% 1.53%, 1.51% 1.49% 1.48%
56% 4% 5% 48% 45% 1% 1.88% 1.35%, 1.31% 1.26% 1,259
5 5:2332 249 2.40% 2.32% 2.24% 2.16% 2.06% 2.00% 1.92% 1.85% 1.77%
A 26z 250% 240% 2.41% 2.09% 2.25% 2.16% 2.08% 2.00% 1.929% 1.83%
< 0sa% 0.5 064% 0,61% 0.58% 0.66% 0.62% 0.49% 0.46% 0.44% 0.41%
@ 066% 068t 057% 0.65% 0.64% 0.62% 0.61% 0.59% 0.58% 0.56% 0.55%
a 345 41% 30% a.19% 2.08% 2.07% 2 86% 2.75% 2,64% 2 53% 2.49%
g 389, gg% 5.80% 5.80% 5.60% 5.89% 5.80% 5.89%, 5.89% 5.80% 5.89%
a e 56rt s S iy ol Pt Py ot e et
6 £7° 46% 5.84% 5.20% 0% 4.98% 4,857 4.74% 4.63% A5%
13:?;;, 16.47% 13.;53, 15.77% 16.42% 15.07% 14.72% 14.36% 14.01% 18.66% 13.31%
6o r.95% r.76% 7.61% 7.44% 7.87% 7.10% 6.93% 6.76% 6.59% 6.42%
2.12% 2.00% 150 1.90% 1.81% 1.72% 1.68% 154% 1.45% 1.26% 1.97%
Log 10 00% 1.08% 1.09% 1.09% 1.09% ©1.08% 1.09% 1.00% 1.09%
70% 68% 0.65% 0.62% 0.59% 0.56% 4% g 48° 9
070% 0.86% 08 : 56% 0.54% 0.51% 0.48% 0.45% 0.42%
e 27% 204, 6.13% 6.07% 6.00% 5.93% 6.87% 5.80% 5.73% 5.67%
79% 11.67% 11,429, 1117 10,92 ; 5 : ,
L% 167% 142 : 92% 10.67% 10,43% 10.16% 9.93% 9.66% 9.43%
e 245% '55% 0.25% 0.95% 0.25% 0.250% 0.25% 0.25% 0.25% 0.25%
009 96.00% B7.27% 05,45% 03.69% 01.81% 90.00% 88.15% 66,369
. K . nn 3.63% , kb .00% 18% 36% 84.54% 82.72%
100% 99% a7 95% 942, 929, 90% 86% 6% - 85% B,
B
th
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Table D-19 - Resadual Value-Added After Loss of Capacity--Water Transportation Lifeline

©e8% . 97% T D% - | 95% . 4% 93% ©92% 91%

(Porls)

0% 10% 20% 30% - 40% _ 50% . - 60%: - 70% 80% . 90% 100%
0.45% 0.44% 0.42% 0.41% 0.39% 0.37% 0.35% - 0.33% 0.31% . 0.20% 0.27%
1.06% 1.04% 0.89% 0.95% 0.80% - 0.88% 0.81% 0.77% C0.72% - 0.68% 0.64%
0.11% C0.11% 0.10% 0.10% C U 0.09% " 0.09% 0.08% 0.08% .008% 0.07% 0.07%
3.89% 3.85% 3.77% 3.66% 360% - 352% 3.44% 3.36% 3.27% 3.18% 3.11%
5.52% 5.46% 5.34% 5.23% 5E11% "5.00% 4,88% . 4.76% 465% 4,53% 4.42%
241%. '2.38% 2.83% . 2.28% C228% o 218% 2.13% C o 2.08% 2.03% 1.98% 1.93%
0.37% 0.27% 0.36% = 0.35% . 035% 0.34% ©0,33% 0.32% 0.31% 0.31% 0.30%
0.73% 0.72% 0.70% 0.69% 0.67% 066% 0.64% 0.63% 0.51% 0.60% 0.68%
0.52% 0.51% 0.50% 0.49% - 0.4B% © 047% 0.46% 0.45% = -~ 048% - 0.42% 0.41%

- 0.24% © 0.94% 0.33% - . 0.82% 0.31% . 0.31% 0.30% 0.29% - 0.20% - 0.28% 0.27%
0.87% - 0.86% "0.83% 0.80% - D77% 0.75% L 072% 0.69% " 0.66% 0.64% - 0.61%
L 1.81% 1.30% 1.27% 1.24% 1.22% Co11%% o 118% o113 C1.10% 1.08% 1.05%
1.40% - 1.3%% 1.36% 1.33% 1.30% 1.27% 1.24% C121% 1.18% 1.15% 1.12%
0.96% . 0.82% 0.84% 0.76% - 0.68% - 0.60% 0.52% C D44 . 0.35% 0.27% 0.19% .
1.08% 1.02% 1.00% 0.98% 0.95% 0.93% . 0.91% 0.89% 087% 0.85% 0.82%
0.12% 0.12% 0.12% o.12% - 0.11% 0.11% 0.11% 0.11% 0.10% 0.10% 0.10%
0.62% 0.61% 0.60% 0.59% 057% - .. 0.56% 0.55% _0.53% .. 0.52% 0.51% 0.49%
1.04% 1.03% 1.01% 0.99% 0.96% 0.94%. 0.92% - 0:90% . 0.88% 0.85% 0,83%
1.64% 1.61% 1.56% CO1B1% . 1.46% 1.41% 1.36% 1.80% 1.25% 1.20% 1.15%
1.56% 1.54% 1.49% 1.44% 1.39% T 1.34% T 129% 1.24% 1.19% 1.14% 1.09%
252% 2.50% 2.44% 2.39% 2.34% . 2.26% 2.23% 2.18% 2.12% C2.07% 2.02%
262% 2.58% 2.40% 2.41% 2.33% 2.25% . 216% 208% 200% 1.92% 1.83%
0.68% 0.68% 0.67% 0.66% 0.65% - 0.85% . 084% 0.63% 0.63% 0.62% 0.61%
0.69% 0,66% . 0.67% 0.65% 0.64% 0.62% 061% 0.59% 0.58% 0.56% 0.65%
3.46% 3.41% 3.30% 3.19% 3.08% 2.97% 2.86% T 275% 2.64% 2.53% 2.42%
5.89% 5.85% 5.89% . &5B9% 5.89% 5.89% 5.89% 5.89% 5.89% 5.89% - 5,80%
563% 5.57% 5.46% 5.34% 5.20% - 5.10%. - 4.98% 4.86% 4.74% . 4.83% 4.51%
563% 5.63% 5.63% 5.63% -5.63% - 5.63%. 563% 563% 68.63% 5.63% 5.83%
16.64% 16.64% 16.64% 16.64% 16.64% 16.64% 16.64% 16.64% - 16.64% - 16.64% 16.64%
B03% 8.03% 8.03% 8.03% B03% = - 8.03% B.03% 8.03% - 8.03% B.03% 8.03%
212% 2.12% 2.12% 212% . 2.12% 2.12% 212% 2.12% 2.12% 212% 2.12%
1.09% 1.09% 1.09% 1.08% 1.00% 1.09% 1.09% - 1.09% 1.09% 1.09% 1.08%
0.70% 0.70% 0.70% 0.70% 0.70% S070% 0.70% 0.70% 0.70% 0.70% 0.70%
6.30% 6.30% . 6,30% T B.20% 6.20% 6.30% 6.30% 6.30% . 6.30% 6.30% 8.30%
- 11.79% 11.79% - 11.79% 11.79% 11.79% 11.79% 11.79% 11.79% 11.79% C11.79%- 11.79%
0.25% 0.25% 0.25% 0.25% 0.25% 0.25% - 0.25% 0.25% - 0.25% 0.25% . 0.25% -
100.00% 99.47% 98.40% . 97.33% 96.26% 95.19% 84.12% . 93.05% - 91.98% 9091% 89.84%
100% 89% 90%
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2 Table D-20  Residual Value-Added After Loss of Capacity--Telephone Lifeline
( ,
(4]
0% 10% 20% 30% 40% 50% 60% 0% 80% 90% 100%
0.45% 0.45% 0.44% 0.43% 0.42% 0.41% 0.40% 0.39% 0.38% 0.37% 0.36%
1.06% . 1.06% 1.03% 1.00% 0.98% 0.96% 0.94% 0% 0.89% 0.87% 0,85%
0.11% 0.11% 0.11% 0.10% 0.10% 0.10% 0.10% 0.10% 0.00% 0.09% 0.09%
8.80% 8.87% 2.83% 2.79% 8.75% 3.70% 2.66% 3.62% 3.68% 8.64% 3.50%
6.52% £.49% 5.43% 5.87% 5.32% 5.26% 5.20% 5.14% 5.08% 5.08% 4.97%
2.41% £.39% £.35% 2.81% 2.27% 2.24% 2.20% 2.16% 2.12% 2.08% 2.05%
0.37% 0.87% 0.86% 0.96% 0.35% 0.35% 0.34% 0.33% 0.33% 0.92% 0.32%
0.73% 0,72% 0.71% 0.70% 0.69% 0.87% 0.66% 0.66% 0.64% 0.63% 0.62%
0.52% 0.51% 0.50% 0.50% 0.49% 0.48% 0.47% 0.46% 0.45% 0,45% 0.44%
0.34% 0.34% 0.33% 0.33% 0.92% 0.31% 0.31% 0.30% 0.30% 0.29% 0.29%
0.87% 0.87% 0.86% 0.85% 0.84% 0.83% 0.82% 0.81% 0.80% 0.79% 0.78%
1.91% 1.30% 1.28% 1.26% 1.24% 1.22% 1.20% 1.18% 1.16% 1.14% 1.12%
1.40% 1.39% 1.87% 1,86% 1.33% 1.80% 1.28% 1.26% 1.24% 1.22% 1.19%
0.96% 0.96% 0.95% 0.94% 0.93% 0.92% 0.91% 0.90% 0.89% 0.88% 0.87%
1.03% 1.02% 1.01% 0.99% 0.57% 0.96% 0.94% 0.92% 0.91% 0.89% 0.68%
0.12% 0.12% 0.12% 0.12% 0.12% 0.11% 0.11% 0.11% 0.11% 0.11% 0.10%
0.62% 0.61% 0.60% 0.59% 0.66% 0.57% 0.56% 0.55% 0.64% 0,64% 0.63%
1.04% 1.08% 1.02% 1.00% 0.98% 0.97% 0.95% 0.93% 0.92% 0.90% 0.88%
1.64% 1.63% - 1.61% 1,60% 1.66% 1.56% 1.66% 1.59% 1.61% 1.48% 1.48%
1.56% 1.55% 1.54% 1.62% 1.50% 1.49% 1.47% 1.45% 1.44% 1.42% 1.40%
2.52% 2,50% 2.46% 2,42% 2.38% 2.34%. 2.30% 2.26% 2,22% 2.18% 2.14%
2.62% 2,81% 2.56% 2.55% 2,52% 2.40% 2.47% 2.44% 2.41% 2.38% 2,36%
0.68% 0.67% 0.65% 0.83% 0.60% 0.58% 0.56% 0.54% 0.52% 0.50% 0.48%
0.69% 0.68% 0.67% 0.66% 0.65% 0.54% 0.63% 0.62% 0.61% 0.60% 0.56%
8.46% 8,41% 8.30% 3,19% 8.08% 2.97% 2.86% 2.75% 2.84% 2.58% 2.42%
£,89% 5.79% 6.61% 5.42% 5.24% 5.05% 4.86% A.66% 4.49% 4.81% 4.12%
5.68% 6.49% 6.19% 4.89% 4.60% 4.30% 4.00% 8.71% 3.41% 8.11% 2.82%
6.63% 5.49% 5.19% 4.89% 4.60% 4.30% 4.00% a.71% 3.41% 83.11% 2.82%
16.64% 16.12% 15.07% 14.01% 12.96% 11.91% 10.86% 0.81% B.76% 7.71% 6.66%
8.08% 7.686% 7.52% 7.19% 6,85% 6.61% 6.17% 5.89% 5.49% 6.16% 4.82%
2.12% 2.08% 1.99% 1.90% 1.81% 1.72% 1.68% 1.54% 1.45% 1.36% 1.27%
1.09% 1.07% 1.08% '0.98% 0.99% 0.89% 0.84% 0.50% 0.75% 0.70% 0,66%
0.70% 0.68% 0.65% 0.62% 0.50% 0.56% 0.54% 0.51% 0.48% 0.45% 0.42%
6.30% 6.25% B.15% 8.05% 5.95% 5.85% 5.75% 5.65% 5.55% 5.45% 5,35%
11.79% 11.67% 11.42% 11.17% 10.92% 10.67% 10.43% 10.18% 9.93% 9.68% 9.43%
0.25% 0.26% 0.24% 0,24% 0.28% 0.28% 0.22% 0.22% 0.21% 0.21% 0.20%
100.00% 98,38% 95, 14% 91.91% 88.67% B5.48% 62.20% 76.96% 75.72% 72.48% 69.26%
O 100% 08% 95% 92% 89% 85% 82% 7% 6% 72% 69%
R
|



Figure D-1 Residual Value Added as a Function of f.Jil'SuppI'yr Lifeline Residual Capacity.
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Figure D-7
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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 iranslate 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 s 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 projects
that meet the following criteria:

1. The primary audience or benefactor is
the design practitioner in structural
engineering.

2. A cross section of consensus of

engineering opinion is required to be
obtained and presented by a neutral
SOULCE.

3.  ATCis 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-1: This proiect 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 Burean 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 of a
Response Spectrum Approach to Seismic Desigr
of Buildings, 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 analySﬁ and
design that was proposed by various
segments of the engineering profession.
Specific building designs, design
procedures and parameter values were
evalnated for future application. Eleven
existing buildings of varying dimensions
were redesigned according to the
procedures.

ATC-3: The report, Tentative Provisions for the
Development of Seismic Regulations for

* Buildings (ATC-3-06), was funded by NSF and

NBS. The second printing of this report, which
included proposed amendments, is available -
through the ATC office. {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 engincering. 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 concepis that were
significant departures from existing
seismic design prowvisions. The second
printing of this document contains
proposed amendments prepared by a joint
committee of the Building Seismic Safety
‘Council (BSSC) and the NBS; the
proposed amendments were published
Sep ai'::ltv:ﬂ}r by BSSC and NBS in 1982.

ATC-3-2: The project, Comparative Test
Designs of Buildings Using ATC-3-06 Tentative
Provisions, was funded by NSF. The project
consisted 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

ATC-25
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- Seismic Safety Council in its re_ﬁnerﬁént of the
- ATC-3-06 Tentative Provisions. :

ATC-3-4: The report, Redesign of Three

. Multistory Buildings: A Comparison Using ATC-
3-06 and 1982 Uniform Building Code Design

" Provisions, was published under a grant from
_ NSF. Available through the 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 of Seismic Regulations

- for Buildings, as amended by a joint _
committee of the Building Seismic Salety
Council and the National Bureau of -
Standards in- 1982. The evaluations are
based on studics of three f:xisling
California buildings redesigned in
‘accordance with the ATC-3-06 Tentative

Provisions and the 1982 Uniform Bu11d1ng o

"Code. Includedin the report are :
recommendations to code 1mplementmg
bodles '

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 Senior Consultant and other ATC

~ personnel to assist the BSSC in the conduct of
the first phase of its Trial Design Program. The
first phase prowded fortrial designs conducted -
for buildings in Los Angeles, Seattle, Phoenix,

“and Memphls B .

ATC-3-6: This project, Assistance for Second
Phase of ATC-3-06 Trial Design Program Being
Conducted by the Building Seismic Safety
Council, was funded by the Building Seismic

- Balety 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 of Single-Family

Dwellings, was published under a contract with

~ the Department of Housing and Urban

Developmernt (HUD). Available through the
ATC office. (576 pages)

Abstract: This report presents the results
of an in-depth effort to develop design
‘and construction details for single-family
residences that minimize the potential
economic loss and life-loss risk associated
with earthquakes. The report: (1)
discussed the ways structures behave
~when subjected to seismic forces, (2) sets
 forth suggested design criteria for
- conventional layouts of dwellings
constructed with conventional materials,
(3) presents construction details that do
not require the designer to perform
analytical calculations, (4) suggests
-procedures for efficient plan-checking, -
and (5) present recommendations
including details and schedules for use in
the field by construction personnel and
: bl.uldmg mspectors :

ATC-4-1: The report, The Home Builders Guzde
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 constraints are given
with respect to site selection and
architectural designs.

ATC-S; The report, Guidelines for Seismic
Design and Construction of Single-Story Masonry
Dwellings in Seismic Zone 2, was developed
under a contract with HUD Avallable through
the ATC ofﬁce (38 pages)

Absiract: 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 conducied at the University
of California at Berkeley Earthquake
Engineering Research Center. The
report is written 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
coniract with the Federal Highway :
Administration (FHWA). Awvailable through
the ATC office. (210 pages)

Absiract; The Guidelines are the
recommendations of a team of sixteen
nationally recognized experts that
meluded 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
imcloded.

ATC-6-1: The report, Proceedings of a
Workshop on Earthquake Resistance of Highway
Bridges, was published under a grant from MSF.
Available through the ATC office. (625 pages)

Abstract: The repori includes 23 state-of-
the-art and state-of-practice papers on
earthquake resistance of highway bridges.
Seven of the twenty-three papers were
authored by participanis from Japan, New
Zealand and Portugal. The Proceedings
also contain recommendations for future
research that were developed by the 45
workshop participants.

ATC-6-2: The report, Seismic Retrofitiing

- Guidelines for Higloway Bridges, was published
under a contract with FHWA. Available
through the ATC office. (220 pages)

Abstract: The Giidelines 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 use in all parts of the U.S,,
include a preliminary screening .
procedure, methods for evaluating an
existing bridge in detail, and potential
refrofitiing measures for the most
common seismic deficiencies. Also
included are special design requirements

-for various retrofitiing measures.

ATC-7: The report, Guidelines for the Design of
Horizontal Wood Diaphragms, was published
under a grant from NSE. Available through the
ATC office. {19¢ pages)

Abstract: Guidelines are presented for
designing roof and floor systems so these
can function as horizontal daphragms in a
lateral force resisting system. Analytical
procedures, connection details and design
examples are included in the Guidelines.

ATC-7-1: The report, Proceedings of a
Workshop of Design of Horizontal 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 inciuded
are recommendations for future research
that were developed b}r the 35
participants.-

ATC-8: This report, Proceedings of a Worlsshop
on the Design of Prefabricated Concrete Buildings
for Earthquake Loads, was funded by NSE.
Available through the ATC office. (400 pages)

Abstract: The report includes eighteen
state-of-the-art papers and six summary
papers. Alsoincluded ate
recommendations for future research that
were developed by the 43 workshop
participants.

ATC-%: The report, An Evaluation of the
Imperial County Services Building Earthquake
Response and Associated Damage, was published

ATC-25
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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
prOvis'ions and future research needs.

"ATC-10: This report, An Investigation of the
Correlation Between Earthquake Ground Motion
and Building Performance, 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 of selected 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-10-1: 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 on ground motion,
structural response, and structural design
issues presented by promment engmeers

 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. ' : o

ATC-11: The report, Seismic Resistance of
Reinforced Concrete Shear Walls and Frame
Joints: Implications of Recent Research for
Design Engineers, was published under a grant
from NSF. Available through the ATC office.
(184 pages) -

.Abstract This document presents the
resuits of an in-depth review and 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
cxperienced 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 lmpllcanons of recent research
results.

ATC-12: This report, Comparison of United
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 of Second
Joint U.5.-New Zealand Workshop on Seismic
Resistance of Highway Bridges, was published

- under a grant from NSF. Available lhrough the
. ATC office. (272 pdges)

Abstract: Thls report contains wﬁtten
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 refrofitting; case
studies using base isolation; strong-motion
data acquisition and interprefation; and
testing of bridge components and bridge
systems.

ATC-13: The report, Earthquake Damage
Eveluation Data for Californig, was developed
under a contract with the Federal Emergency
Management Agency (FEMA). Available
through the ATC office. (492 pages)

Abstract: This report presents expert-

_ opinion earthquake damage and Joss
estimates for existing industrial,
commercial, residential, utility and
transportation facilities in California.
Incleded 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 methedology

- used to develop the required data.

ATC-14: The report, Evalnating the Seismic
Resistance of Existing Buildings, was developed
under a grant from the NSF. Available through
the ATC office. (370 pages) -

Abstract: This report, writien for
practicing structural engineers, describes a
methodology for performing preliminary
and detailed building seismic evaluations.
The report contains a siate-of-practice
review; seismic loading criteria; data
collection procedures; a detailed
description of the building classification
system; preliminary and detailed analysis
procedures; and example case studies,
including non-structural considerations.

ATC-15: This report, Comparison of Seismic
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 States 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 Japan 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 Association.

ATC-15-1: The report, Proceedings of Second
U.5.Japan Workshop on Improvement of
Building Seismic Design and Construction
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
on regulatory, contractual, and licensing
issues. ’

ATC-15-2: The report, Proceedings of Third
U.S.-Japan Workshiop on Improvement of
Building Structural Design and Construction
Practices, was published jointly by TAC and the
Japan Structural Consultants Association.
Awailable through the ATC office.

Abstract: This report contains 217 - ,
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 topics, including braced steel
frame buildings, beam-column joints in
reinforced concrete buildings, summaries
of comparative U. S. and Japanese design,
and base isolation and passive energy
dissipation devices.

ATC-16: This project, Development of a 5-Year
Pian for Reducing the Earthquake Hazards
Posed by Existing Nonfederal Buildings, was.

ATC-25
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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 met 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" Streot S.W,, Washlngton, DC
20472,

ATC-17: _This report , Proceedings of a Seminar
and Workshop on Base Isolation and Passive
Energy Dissipation, was published under a grant
-~ from NSF. Available through the ATC 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-28: The report Procedures for
Postearthquake Safety Evaluation of Buildings,
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 ATC office (152 pages)

.Abstract This report prowdes _
procedures and guidelines for making on-
the-spot evaluations and decisions

regarding continued use and occupancy of

earthquake damaged buildings. Written
specifically for volunteer structural |

engineéers and building inspectors, the
report includes rapid and detailed
evaluation procedures for mspectmg
_buildings and posting them as mspected"
(apparently safe), "limited entry" o
"unsafe". Also included are special
procedures for evaluation of essential
 buildings (e.g., hospitals), and evaluation
procedures for nonstructural elements '
and geotechnical hazards.

ATC-20-1: Thc report, Field Manual:

- Postearthquake Safety Evaluation of Buildings,

was developed under a contract from OES and |
OSHPD. Available through the ATC office
(114 pages) :

Abstract: This Teport, a compamon 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, Raprd Visual Screening of
Buildings for Potential Seismic Hazards: A
Handbook, was developed under a contract |

‘from FEMA. Available through the ATC
office. (185 pages)

* Abstract: This report describes a rapld
visual scr screemng procedure for 1dent1fymg
those buildings that might pose serious
risk of loss of life and injury, or of severe
curtailment of community services, in case
of a damaging earthquake. The screening

- procedure utilizes a methodology based
on a "sidewalk survey" approach that
involves identification of the primary
structural load resisting system and -

_ building materials, and assignment of a -

- basic structural hazards score and :
performance modification factors based - -
on observed defects. - Application of the -

~ methodology identifies those buildings
that are potent1ally hazardous and should
be analyzed in more detail by a
professional engineer experienced in
seismic design.

ATC-21-1: The report, Rapid Visual_Screéniﬁg
. of Buildings for Potential Seismic Hazards:

Supporting Documentation, was developed
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under a contract from FEMA. Available
through the ATC office. (137 pages)

Abstract: Included in this repart are (1) a
review and evaluation of existing
procedures; (2) a listing of atiributes
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-21 report.

ATC-21-2: The report, Earthquake Damaged
Buildings: An Overview of Heavy Debris and
Victim Extricafion, was developed under a
contract from FEMA. Available through the
ATC office. {95 pages)

Abstract: Included in this report, a
companion volume to the ATC-21 and
ATC-21-1 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 handl]limg would require
special or heavy lifting equipment; (2}
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 eollapse of such
buildings.

ATC-22: The report, 4 Handbook for Seismic
Evaluation of Existing Buildings (Preliminary),
was developed under 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 of different
seismicity throughout the United States.
The methodology, which has been field
tested in several programs nationwide,
utilizes the information and procedures
developed for and documented in the
ATC-14 report. The handbook includes
checkligts, didgrams, and sketches
designed to assist the user.

" ATC-22-1: The report, Seismic Evaluation of
Existing Buildings: Supporting Documentation,

was developed under a contract from FEMA.
Available through the ATC office. (160 pages)

Abstract: Included in this report, a :
companion volume to the ATC-22 report,
are {1} a review and evaluation of existing
buildings seismic evaluation
methodologies; (2) results from field tests
of the ATC-14 methodology; and (3}
summaries of evaluations of ATC-14
conducted by the National Center for
Earthquake Engineering Research (State
University of New York at Buffalo) and
the City of San Francisca.
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