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
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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
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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

ATC-25
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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
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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).

~ L 1 -~ ¥ =T i Al 0
F N X . F ‘%\1-.. o ‘\.\,._L. _I.J \ ' .
] - 1 i £ o= h 1 u Wl ”
- : . L - [ - s N -~
b Yy, oo N . ..m\ -~ ¥ ¥
.“,..r.,. i 1 AU P A b i Mb
e 1 [ X v 0 LA
PSR B FR AL AR LS
s e % v e nr _. A% ' ._.. \.... (g
: . . & \ /
4 .«:Q, PR .ﬁlqm.nl..ﬂ\ Y it
. 1 - -k £ - 1
S RSuNEEE FIEME (L A=
SRS = e Sa b - ._.f. b=
1 g1 .m: T A T 'YL e
' to s K 2 T ar Il Lk ? ..r_r.mmr\ e
o r . - . RPN
o =L - - T P | .
W ¥ PLO I " v N !
% A E A . ' 1 A 1 e
S - ros h i + - )
LIS - ¢ sy . | i o t
v, S ” v_.x 1y o ity v g
oy [} - - 1 -L
TR L et T
..“ L -2, NS ..,__J_ 4( - *l#%‘ [ a
Hd 7 .1..1.\.1:«.“ ' .v..... Loy 1o «Vl#l{.}. N [
3 ol RSt Y .,..Jr\.f....n.n_. N SN DU S
1 I PR y 14 . i .
g 4 v ! o . g
R f
] i a

94

5: Estimates of Direct Damage

ATC-25



Figure 5-15

w“ T -
2 -~
2 e
-~ -
PR -~ ) '
. = 1l
- E
—_
“u.l - s £ * 1 4
. - r ) |
¥
“. ;
- 1
- b -
] . - 2 ]
v "
- - " -
R " - - f
(4 Y

H ) 9
s\*ﬁ.‘_ ud =
E -~ o g
% \..__. 1 LIS T
AL TN
o T -
- B
5 ! '
EA
8
=
=3
1
2

Damage to highways following Puget Sound event (M=7.5).

ATC-25

5: Esiimates of Direct Damage

95



.. s 7 3 g — - I LI e f T ¥
< SR N PR I D= L
SR ST o DOITS RN SRS st M
-.&...r i .ﬁ—x\.—l-fh.,h-l)u\ “Itl ~ Lit » _...Trr “a
r.i.__r..n J 1 . f{vrq. ¥ Py P
yh S H e DA S CRTal '
: B e : AR L (. ' L
S Y .ﬂr ~ -y’ M [
F -~ & - H . _.
- ' - 1 _I.F\I.II-‘J./ 1 ] ¥
, 1S Lo} ! . ' ' '
, V¥ oL ! - a P 4 1
. ) 1 ¢ - - 4 1
[ J T . ¥ St
i : - . .
‘ Yoo 4 0 S OEE ]
a 0 A A . ' - !
¢ ! S AL 3 e & I
A SRR B ¢ ¢ ¢
: RSN ~ o b
J I -
s. IR ot ~ ’ F N - .
SR G § 000X
4 nﬁ.ull..\l..k\ Yoo L P -
k== " TR VR I A . ™
h ,
< ’ 4 [ I . ~ 8 3 4
e ' o - > _
. g.r ’ \ ) ‘- . _ _ 1 1.
r - ' 4 -
IR v Dl om0
’ rv..|~I.L hs : J.u' 1 " ’
L L -4 i - . .
BN 50 S AR A S U s G /o T
L Oy - P R S o
4._ L...h\c 1 s . 4 ;0 LA
¥ .h,..ff.m ' PR r = YT
| ol . ! ’ [ R )
" ¢ - ~ ] - [ (MR Pl b
' 1 ‘ . [ ¥ »-v\ Taa
Y . 7 L - P—— u J.Lx
.P _. e (.l&\..*. v 7 PR
. - . 4 hY
v, v A ;a..\x.r.uv,.r ’ 'y ¢ -
) r ‘A } -~ ., by
B R P i, ! 1---1 3y : ¥
k] \f-! & L - ...-.r.r...ﬂ...;_..v-.’_. . .__.. : .q....-l.lllucc‘
R T . o ’ . - . B .
ks f.r,...u._.u\.\ L] f‘\ [ e ._..._..
o . [Y wmr . H Y 1 ’
> -
e |
|

100

Figure 5-16  Damage to highways .qozog.am Wasatch Front event (M=7.5).

.96

§: Estimates of Direct Damage

ATC:25



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.
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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

126 ~ 6: Estimates of Indirect Economic Losses

 ATC-25



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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Figure 6-2 Residual capacity of Arkansas air fransportation following New Madrid event (M=8.0).
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Restoration %
i
2
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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).
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Figure 6-7 Residual capacity of South Carolina broadcast stations following Charleston event
{M=7.5).

ATC-25 ‘ 4: Estimates of Indirect Economic Losses 131



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.
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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).
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* 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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Figure 6-16 Residual refined oil delivery from Texas to Chicago following New Madﬁd event (M =8.0). |
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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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Print & Publish
Chemical & Drugs
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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%



9 Se-OLY

$O5S0'] STWOUOST IOBIPUT JO SSIDWST

=134

dgiﬂ_
B3 PO e 30 00~ O LN B GO R -

15
17

—_
[=>]

EERISBBURRRERRRES

35
36

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
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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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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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