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Included in this appendix. are vulnerability
functions used to describe the expected or
assumed earthquake performance
characteristics of lifelines as well as the time
required to restore damaged facilities to their
pre-earthquake capacity, or usability. Functions
have been developed for all lifelines inventoried
for this project, for lifelines estimated by proxy,
and for other important lifelines not available
for inclusion in the project inventory. The
methodology used to calculate the quantitative
relationships for direct damage and residual
capacity are described in Chapter 3.

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

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

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

B.1 Highway

B. 1.I Major Bridges

1. General

Description: Major bridges include all
highway system bridges with individual spans
over 500 feet. Steel bridges of this type
include suspension, cable-stayed, or truss.
Reinforced concrete arch or prestressed
concrete segmental bridges are also
common. The main components include the

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

Typical Seismic Damage: Major bridges are
typically well- engineered structures
designed for lateral loading (seismic loading
was not typically considered until the 1970s).
In most cases, damage will be limited to
ground and structural failures at bridge
approaches. However, major ground failures
including liquefaction and submarine
landsliding could lead to significant damage
to bridge foundations and superstructures.

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

2. Direct Damage

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

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

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

MMI
Intensity

Shift
0

+1
+1
+1
+2

The modified motion-damage curves for
major bridges are shown in Figure B-1.
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VII Vill IX
Modified Mercalli Intensity (MMI)

Figure B-1 Damage percent by intensity for major bridges.
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Figure B-4 Residual capacity for major bridges (Al other areas).

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

2. Direct Damage

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

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

Present Conditions: In the absence of data
on the type of lining, age, etc., use the
following factors to modify the mean curves,
under present conditions.:

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

MMI
Intensity

Shift
'0
+O

+1

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

Time-to-restoration: The Social Function
class time-to-restoration data assigned to SF
25b, tunnel for highway system, are assumed
to apply to all tunnels. By combining these
data with the damage curves for FC 38, the
time-to-restoration curves shown in Figures
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Tunnel (Highway)
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Figure B-5 Damage percent by intensity for I

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

B.1.3 Conventional Bridges

1. General

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

highway tunnels.

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

Typical Seismic Damage: The most
vulnerable components of a bridge include
support bearings, abutments, piers, footings,
and foundations. A common deficiency is
that unrestrained expansion joints are not
equipped to handle large relative
displacements (inadequate support length),
and simple bridge spans fall. Skewed bridges
in particular have performed poorly in past
earthquakes because they respond partly in
rotation, resulting in an unequal distribution
of forces to bearings and supports. Rocker
bearings have proven most vulnerable.
Roller bearings generally remain stable in
earthquakes, except they may become
misaligned and horizontally displaced.
Elastomeric bearing pads are relatively
stable although they have been known to
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Figure B-7 Residual capacity for highway tunnels (All other areas).
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"walk out" under severe shaking. Failure of
backfill near abutments is common and can
lead to tilting, horizontal movement or
settlement of abutments, spreading and
settlement of fills, and failure of foundation
members. Abutment damage rarely leads to
bridge collapse. Liquefaction of saturated
soils in river channels and floodplains and
subsequent loss of support have caused
many bridge failures in past earthquakes.
Pounding of adjacent, simply supported
spans can cause bearing damage and
cracking of the girders and deck slab. Piers
have failed primarily because of insufficient
transverse confining steel, and inadequate
longitudinal steel splices and embedment
into the foundation. Bridge superstructures
have not exhibited any particular
weaknesses other than being dislodged from
their bearings.

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

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

2. Direct Damage

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

Standard construction is assumed to
represent typical California bridges under

- present conditions (i.e., a composite of older
and more modern bridges).

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

NEHRP Map Area

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

MM/
Intensity

Shift
a FC24 FC25

NA NA*
+1 +1

7 +1 +1
0 +1
+3 +3

* Special case, damage half of FC 25
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Figure B-8 Damage percent by intensity for conventional major bridges.

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

Time-to-restoration: The time-to-
restoration data assigned to SF 25c,
conventional bridges for the highway system,
are assumed to apply to all bridges with
spans shorter than 504 feet. By combining
these data with the damage data from FC
25, the attached time-to-restoration curves
for conventional bridges within California
NEHRP Map Area 7 were derived. By
combining the time-to-restoration data for
SF 25c with the damage curves derived by
using the data for FC 24 and 25, the time-to-
restoration curves shown in Figures B-9
through B-11 were derived for the various
NEHRP Map Areas.

B-1.4 Freeways/Highways

1. General

Description: Freeways/highways includes
urban and rural freeways (divided arterial
highway with full control of access), divided
highways, and highways. Freeway/highway
includes roadways, embankments, signs, and
lights. Roadways include pavement, base,
and subbase. Pavement types may be either
portland cement concrete or asphaltic
concrete. Base and subbase materials
include aggregate, cement treated
aggregate, and lime-stabilized, bituminous,
and soil cement bases. Embankmrents may or
may not include retaining walls.

Typical Seismic Damage: Roadway damage
can result from failure of the roadbed or
failure of an embankment adjacent to the
road. Roadbed damage can take the form of
soil slumping under the pavement, and
settling, cracking, or heaving of pavement.
Embankment failure may occur in
combination with liquefaction, slope failure,
or failure of retaining walls. Such damage is
manifested by misalignment, cracking of the
roadway surface, local uplift or subsidence,
or buckling or blockage of the roadway.
Sloping margins of fills where compaction is

ATC-25 Appendix B: Lifeline Vulnerability Functions 203
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Figure B-9 Residual capacity for conventional bridges (NEHRP California 7).
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Figure B-10 Residual capacity for conventional bridges (NEHRP Map Area 3-6, Non-California 7, and
Puget Sound 5).
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Residual capacity for conventional bridges (All other areas).

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

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

2. Direct Damage

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

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

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

MMI
Intensity

Shift
3Th-

01
0

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

Time-to-restoration: The time-to-
restoration data assigned to SF 25d,
freeways and conventional highways, are
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Figure B-1 2 Damage percent by intensity for freeways/highways.

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

B.1.5 Local Roads

1. General

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

Typical Seismic Damage: Roadway damage
can result from the failure of the roadbed or

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

Seismically Resistant Design: Seismically
resistant design practices are not typically
incorporated into local road design, expect
perhaps for bridges. Proper gradation and
compaction are necessary for good seismic
performance. Cuts and fills should be
constructed as low as practicable and the
stability of slopes adjacent to roads in steep
terrains should be evaluated. Seismically
resistant design practices for bridges include
providing restraint for spans and/or
adequate bearing lengths to accommodate
motions. Approach fills should be properly
compacted and graded and pier foundations
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- should be adequate to support bridge spans
if soil failure occurs.

2. Direct Damage

following factors were used to modify the
mean curves for the two facility classes listed
above, under present conditions:

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

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

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

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

MMI
Intensity

Shift
FC25 FC48

o 0
+1 0
+1 0
+1 0
+2 0

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

Time-to-restoration: The time-to-
restoration data assigned to SF 25e, city
streets for highway systems, are assumed to
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apply to all local roads. By combining these
data with the damage curves derived using
the data for FC 25 and 48, the time-to-
restoration curves shown in Figures B-15
through B-17 were derived.

B.2 Railway

B.2.1 Bridges

1. General

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

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

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

Seismically Resistant Design: Seismically
resistant design practice should include
proper siting considerations and details to
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prevent foundation failure. Restraint for
spans and/or adequate bearing lengths to
accommodate motions are effective ways to
mitigate damage. Reinforced concrete piers
should be provided with proper confinement
and adequate longitudinal splices and
embedment into the foundation.

2. Direct Damage

Basis: Damage curves for railway system
bridges are based on ATC-13 data for FC.
25, continuous/monolithic bridges (see
Figure B-18). Railroad bridges tend to be
both older and simpler than highway bridges
and have survived in some areas where
highway bridges (simple-span bridges) have
collapsed. Possible reasons for this superior
performance are the lighter superstructure
weight of the railroad bridges due to the
absence of the roadway slab, the beneficial
effects of the rails tying the adjacent spans
together, and the design for other transverse
and longitudinal loads even when no seismic
design is done, Consequently, railroad
system bridge performance is assumed to be
represented by shifting the mean damage

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

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

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

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

MMI
Intensity

Shift
-1
-1
0
0

+1

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

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

B.2.2 Tunnels

1. General

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

may change in shape and/or construction
material over their lengths.

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

Seismically Resistant Design: Lined tunnels
have performed better than unlined tunnels.
Consequently, general Seismically resistant
design practices for tunnels, include
providing reinforced concrete lining;
strengthening areas that have been
traditionally weak such as intersections,
bends, changes in shape and in construction
materials; and siting tunnels to eliminate
fault crossings. Slope stability at portals
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Sound 5).
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should be evaluated and stabilization
undertaken if necessary.

factors were used to modify the mean
curves, under present conditions:

2. Direct Damage

Basis: Damage curves for railway tunnels
are based on ATC-1¶3 data for FC 38,
tunnels passing through alluvium (see
Figure B-22). Tunnels passing through
alluvium are less vulnerable than cut-and-
cover tunnels, and more vulnerable than
tunnels passing through rock; they were
chosen as representative of all existing
tunnels. If inventory data identify tunnels as
cut-and-cover or passing through rock, then
use ATC-13 FC 40 or 39, respectively, in
lieu of FC 38.

Standard construction is assumed to
represent typical California railroad tunnels
under present conditions (Le., a composite
of older and more modem tunnels). Only
minimal regional variation in construction
quality is assumed.

Present Conditions: In the absence of data
to the type of lining, age, etc., the following

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

mm[
Intensity

Sh ift 
0
0
0
0
1

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

Time-to-restoration: The time-to-
restoration data assigned to SF 26b, railroad

- system tunnels, are assumed to apply to all
tunnels. By combining these data with the
damage curves for FC 38, the time-to-
restoration curves shown in Figures B-23
and B-24 were derived.
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B.23 Tracks/Roadheds

I. General

Description: In general, track/roadbed in
the railway system includes ties, rail, ballast
or roadbed, embankments, and switches.
Ties may be wood or prestressed concrete.
Rail is exclusively steel and is periodically
fastened to ties with spikes and/or steel clips.
Roadbed typically includes imported
aggregate on prepared subgrade.

Typical Seismic Damage: The most
frequent source of damage to track/roadbed
is settlement or slumping of embankinents.
Landslides can block or displace tracks.
Settlement or liquefaction of roadbeds in
alluvial areas is also a source of damage.
Only in extreme cases are rails and roadbeds
damaged by shaking alone.

Seismically Resistant Design: Seismic
design practice includes providing special
attention to the potential for failure of
slopes adjacent to the tracks; cut slopes and
fills are particularly susceptible. The

potential for track failure can be reduced by
properly grading and compacting imported
track bed materials and by keeping cuts and
fills as low as practicable. Track alignments
must be precise and the track clear of debris
for train operations.

2. Direct Damage

Basis: Damage curves for railroad system
tracks/roadbeds are based on ATC-13 data
for FC 47, railroads (see Figure B-25).
Standard construction is assumed to
represent typical California tracks/roadbeds
(i.e., a composite of older and more modern
tracks/roadbeds). Age may not be as
important a factor for tracks/roadbeds as it is
for other facilities, because the compaction
*of soils in poor grounds through usage may
improve their behavior significantly. Only
minimal regional variation in construction
quality is assumed.

Present Conditions: In the absence of data
to the type of material, age, etc., the
following factors were used to modifr the
mean curves, under present conditions:
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MMI Desc
Intensity or snr

NEHRP Map Area Shift may I

California 7 0 from
California 3-6 0 b
Non-California 7 0 beal
Puget Sound 5 inclu
All other areas 0 well

comE

Upgraded Conditions: It is not anticipated Limit
that it will be cost-effective to retrofit termi
facilities for the sole purpose of improving
seismic performance, except perhaps in very Typil
isolated areas where the slopes and soils are termi
unstable. The effect on overall facility expel
performance in earthquakes will be minimal, dame
and no intensity shifts are recommended. crack

total

Time-to-restoration: The time-to- anch,
restoration data assigned to SF 26c, railways, expe
are assumed to apply to all tracks/roadbeds. pipin
By combining these data with the damage the s
curves for FC 47, the time-to-restoration shaki
curves shown in Figure B-26 were derived.

Seis]

B.2.4 Terninal Stations resist
all bi

1. General seisn

ription: Terminal stations may be large
WaIl. The structure housing the station
generally be any type of construction
steel frame to unreinforced masonry
ng walls. The terminal station typically
des switching and control equipment, as
is electrical and mechanical equipment
nonly found in commercial buildings.

ted lengths of rails are also included in
inal stations.

cal Seismic Damage: In general,
inal stations in railway systems may
rience generic building and equipment
age. Building damage may range from
ks in walls and frames to partial and
collapse. Unanchored or improperly
ored equipment may-slide or topple,
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ig and conduit to fail. Rail damage in
witching yard will occur due to severe
ing or ground failure only.
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iic provisions of national or local
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building codes. All critical equipment should
be well-anchored. Provisions should be
made for backup emergency power for
control and building equipment essential for
continued operations..

1. Direct Damage

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

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

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

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

MM!
Intensity

Shift
FC OFC 47FC 68

0 0 0
+1 0 0
+1 0 0
+1 0 0
+2 0 +1

Standard construction is assumed to
represent typical California railway system
terminals under present conditions (i.e., a
composite of older and more modern
terminals). It is assumed that there is no
regional variation in construction quality of

Upgraded Conditions: For areas, where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
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shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 26d, terminal
stations for railway systems, are assumed to
apply to all terminal stations. By combining
these data with the damage curves derived
using the data for FC 10, 47, and 68, the
time-to-restoration curves shown in Figures
B-28 through B-30 were derived.

B.3 Air Transportation

B.3.1 Terminals

1. General

Description: In general, air transportation
terminals include terminal buildings, control
towers, hangars, and other miscellaneous
structures (including parking garages and
crash houses). These structures may be
constructed of virtually any building
material, although control towers are
typically reinforced concrete shear wall
buildings and hangars are either steel or

wood long-span structures. Equipment at air
terminals ranges from sophisticated control,
gate, and x-ray equipment to typical
electrical and mechanical equipment found
in commercial buildings. Airplane refueling
is accomplished by either on-site or off-site
fuel tanks and underground pipelines.

Typical Seismic Damage: Damage may
include generic building and equipment
damage. Building damage may range from
broken windows and cracks in walls and
frames to partial and total collapse.
Unanchored or improperly anchored
equipment may slide or topple, experiencing
damage or causing attached piping and
conduit to fail. The source of this damage
can be ground shaking or soil failure, as
many airports are located in low-lying
alluvial regions. Gate. equipment may
become misaligned and inoperable. Fuel
tanks and fuel lines may rupture or
experience damage, reducing or eliminating
refueling capacity. Tank damage may
include wall buckling, settlement, ruptured
piping, or loss of contents, or even collapse.
Such collapses could lead to fires and
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explosions. Damage to ground access and
egress routes may seriously affect
operations. Airports in low-lying areas may
be subject to damage due to flooding or
tsunamis.

Seismically Resistant Design: Building
design should be performed in accordance
with seismic provisions of building codes.
Control-tower design should receive special
attention based on its importance and the
fact that the geometry of the tower makes it
prone to earthquake damage. Enhanced
design criteria (e.g., a higher importance
factor) may be appropriate for control
towers. All critical equipment should be
anchored. Provisions should be made for
backup emergency power for control
equipment and landing lights.

2. Direct Damage

Basis: Damage curves for air transportation
system terminals are based on ATC-13 data
for FC 10, mid-rise reinforced masonry
shear wall buildings; FC 43, on-ground liquid
storage tanks; and FC 91, long-span

nal stations (All other areas).

structures (see Figure B-31). FC 10 was
chosen to represent a generic building,
based on review of damage curves for all
buildings. Air transportation system
terminals are assumed to be a combination
of 40% generic buildings, 40% long-span
structures, and 20% on-ground liquid
storage tanks.

Standard construction is assumed to
represent typical California air terminals
under present conditions (i.e., a composite
of older and more modern terminals). Only
minimal regional variation in construction
quality of long-span structures is assumed, as
design wind and seismic loads may be
comparable.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:
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MMI
. In tensity

Shift
FC 10 FC 43 FC 91
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+2 +2 +1

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 27a, air
transportation terminals, are assumed to
apply to all terminals. By combining these
data with the damage curves derived using
the data for FC 10; 43, and 91, the time-to-
restoration curves shown in Figures B-32
through B-34 were derived

B.3.2 Runwaysand Taxiways

1. General

Description: In general, runways and
taxiways in the air transportation system
include runways, taxiways, aprons, and
landing lights. Runways and taxiways
comprise pavements, grades, and subgrades.
Pavement types include portland cement
concrete and asphaltic concrete.

Typical Seismic Damage: Runway damage
is a direct function of the strength
characteristics of the underlying soils.
Airports tend to be located in low-lying
alluvial areas or along water margins subject
to soil failures. Hydraulic fills are especially
prone to failure during ground shaking.
Runways can be damaged by liquefaction,
compaction, faulting, flooding, and tsunamis.
Damage may include misalignment, uplift,
cracking, or buckling of pavement.

Seismically Resistant Design: Seismic
design practices include providing proper

- gradation and compaction of soils or
imported fills, grades, and subgrades-
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Figure B-32 Residual capacity for airport terinals (NEHRP California 7).
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2. Direct Damage

Basis: Damage curves for air transportation
system runways and taxiways are based on
ATC-13 data for FC 49, runways, (see Figure
B-35). Standard construction is assumed to
represent typical California runways and
taxiways under present conditions (ie., a
composite of older and more modern
runways).

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

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

Mm/
Intensity
Shift

0,
0
0
0
0

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

40 278 308 330 365

result in a beneficial intensity shift of one
unit (e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 27b, runways
and taxiways, are assumed to apply for all
runways and taxiways. By combining these
data with the damage curves for FC 49, the
time-to-restoration curves shown in Figure
B-36 were derived.

B.4 Sea/Water Transportation

B.4.1 PortslCargo Handling Equipment

1. General

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

Typical Seismic Damage: By far the most
significant source of earthquake-induced
damage to port and harbor facilities has
been pore-water pressure buildup in the
saturated cohesionless soils that prevail at
these facilities. This pressure buildup can
lead to application of excessive lateral
pressures to quay walls by backfill materials,
liquefaction, and massive submarine sliding.
Buildings in port areas are subject to generic
damage due to shaking, as well as damage
caused by loss of bearing or lateral
movement of foundation soils. Past
earthquakes have caused substantial lateral
sliding, deformation, and tilting of quay walls
and sheet-pile bulkheads. Block-type quay
walls are vulnerable to earthquake-induced
sliding between layers of blocks. This
damage has often been accompanied by
extensive settlement and cracking of paved
aprons. The principal failure mode of sheet-
pile bulkheads has been insufficient anchor
resistance, primarily because the anchors
were installed at shallow depths, where
backfill is most susceptible to a loss of
strength due to pore-water pressure buildup
and liquefaction. Insufficient distance
between the anchor and the bulkhead wall
can aso lead to failure. Pile-supported
docks typically perform well, unless soil
failures such as major submarine landslides
occur. In such cases, piers have undergone
extensive sliding and buckling and yielding
of pile supports. Batter piles have damaged
pier pile caps and decking because of their
large lateral stiffness. Cranes can be derailed
or overturn by shaking or soil failures.
Toppling cranes can damage adjacent
structures or other facilities. Misaligned
crane rails can damage wheel assemblies and
immobilize cranes. Tanks containing fuel
may rupture and spill their contents into the

water, presenting fire hazards. Pipelines
from storage tanks to docks may be ruptured
where they cross areas of structurally poor
ground in the vicinity of docks. Failure of
access roads and railway tracks can severely
limit port operations. Port facilities,
especially on the West Coast, are also
subject to tsunami hazard.

Seismically Resistant Design: At locations
where earthquakes occur relatively
frequently it is the current Seismically
resistant design practice to use seismic
factors included in local building codes for
the design of port structures. However, past
earthquakes have indicated that seismic
coefficients used for design are of secondary
importance compared to the potential for
liquefaction of the site soil materials. Quay
wall and sheet-pile bulkhead performance
could be enhanced by replacing weak soils
with dense soils, or designing these
structures to withstand the combination of
earthquake-induced dynamic water
pressures and pressures due to liquefied lls.
Pier behavior in earthquakes has been good
primarily because they are designed for large
horizontal berthing and live loads, and
because they are not subject to the lateral
soil pressures of the type applied to quay
walls and bulkheads. However, effects on
bearing capacity, and lateral resistance of
piles due to liquefaction and induced slope
instability should also be considered.

2. Direct Damage

Basis: Damage curves for ports/cargo
handling equipment in the sea/water
transportation system are based on ATC-13
data for FC 53, cranes, and FC 63,
waterfront structures (see figure B-37).
Ports/cargo handling equipment were
assumed to be a combination of 60%
waterfront structures and 40% cranes.

Standard construction is assumed to
represent typical California ports/cargo
handling equipment under present
conditions (ie., a composite of older and
more modern ports/cargo handling
equipment). Only minimal regional variation
in construction quality is assumed, as seismic
design is performed only for selected port
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Port/Cargo Handling Equipment
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Damage percent by intensity for ports/cargo handling equipment.

structures, and soil performance is the most
critical determinant in port performance.

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

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

MM!
Intensity

Shift
FC 53 FC 63

o 0
o 0
o 0
o 0

+1 +1

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

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

and SF 28b, cargo handling equipment, were
assumed to apply to all ports/cargo handling
equipment. Ports/cargo handling facilities
were assumed to be a combination of 60%
ports and 40% cargo handling facilities. By
combining these data with the damage
curves derived using the data for FC 53 and
63, the time-to-restoration curves shown in
Figures B-38 and B-39 were derived.

B.4.2 Inland Waterways

1. General

Description: In general, inland waterways of
the sea/water transportation system can be
natural (rivers and bays) or human-made
(canals). The sides and/or bottoms of inland
waterways may be unlined or lined with
concrete. Portions of the waterway may be
contained through the use of quay walls,
retaining walls, riprap, or levees.

Typical Seismic Damage: Damage to inland
waterways will be greatest near ruptured
faults. Channels or inland waterways may be
blocked by earthquake-induced slumping.
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Figure B-40 Damage percent by intensity for inland waterways.

Quay walls, retaining walls, or levees can be Stand
damaged or collapse. Deep channels typica
dredged in soft mud are subject to prese.
earthquake-induced slides that can limit the nature
draft of ships that can pass. Channels lined water
with unreinforced concrete are susceptible variat
to damage due to differential ground
displacement. Loss of lining containment Prese
can lead to erosion of soil beneath lining. on the
Waterways can be blocked by fallen bridges follov
and are made impassable by spilled fuel or under
chemicals from tanks or facilities adjacent to
the waterway.

Seismically Resistant Design: Seismically
resistant design practices include providing C
walls of waterways with slopes appropriate C
for the embankment materials used, and/or p
designing quay walls and retaining walls to Al
restrain soils in the event of soil failure.

2. Direct Damage appeg
assurr

Basis: Damage curves for inland waterways result
in the sea/water transportation system are unit (
based on ATC-13 data for FC 61, canals condi
(see Figure B-40).

Time
restoi

ard construction is assumed to present
al California inland waterways under
nt conditions (i.e., a composite of
al as well as new and old human-made
ways). It is assumed that the regional
ion in construction quality is minimal.

nt Conditions: In the absence of data
e type of lining, age, etc., use the
wing factors to modify the mean curve,
r present conditions:

MMI
Intensity

EtHJRP Map Area Shift
alifornia 7 0
alifornia 3-6 0
on-California 7 0
uget Sound 5 0
1i other areas +1

aded Conditions: For areas where it
irs cost-effective to improve facilities,
ie on a preliminary basis that upgrades
in a beneficial intensity shift of one

i.e., -1), relative to the above present
tions.

-to-restoration: The time-to-
ration data assigned to SF 35b, levees
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Residual capacity for inland waterways (NEHRP Map Area: California 3-6, California 7,
Non-California 7, and Puget Sound 5).

in flood control systems, are assumed to
apply to all inland waterways. By combining
these data with the damage curves for FC
61, the time-to-restoration curves shown in
Figures B-41 and B-42 were derived.

B.5 Electrical

B.5.1 Fossil-fu el Power Plants

1. General

Description: In general, fossil-fuel power
plants can be fueled by either coal or oil.
Structures at fossil-fuel power plants are
commonly medium-rise steel braced frames.
A generation building typically comprises
turbine, boiler, and fan areas. The turbine-
generators are typically supported on
reinforced concrete pedestals that are
seismically isolated from the generation
building. Boiler feed pumps are usually
located below the turbine-generators. The
boiler area typically includes the boilers
(which are usually suspended from the
support structures), steam drums, coal silos,

conveyors, de-aerators, heaters, and
associated equipment and piping. The fan
area houses the air preheaters as well as the
forced-draft fans and related duct work.
Other components include instrumentation
and control systems, water and fuel storage
tanks, stacks, cooling towers, both
underground and above ground piping,
cable trays, switchgear and motor control
centers, fuel handling and water treatment
facilities, water intake and discharge, and
cranes. Associated switchyards step up
voltage and include transformers and circuit
breakers.

Typical Seismic Damage: Damage to steel
structures at power plants in past
earthquakes has usually been limited to
overstressed connections or buckled braces.
Turbine pedestals may pound against the
surrounding fldor of the generation building
and damage the turbine-generators. Boilers
may sway and impact the support structure,
causing damage to the expansion guides and
possibly the internal tubes of the boiler.
Structural damage to older timber cooling
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towers may occur due to deterioration and
weakening of the structures with age. Fan
blades and gearboxes in cooling towers have
been damaged attributable to impact with
fan housing. Water and fuel tanks may
experience buckled walls, ruptured attached
piping, stretched anchor bolts, or collapse.
Piping attached to unanchored equipment
or subjected to differential movement of
anchor points or corrosion may lose its
pressure integrity. Coal conveyors can
become misaligned, and coal bins without
proper seismic design may be severely
damaged. Unrestrained batteries may topple
from racks, and equipment supported on
vibration isolators may fall off supports and
rupture attached piping. In the switchyard,
improperly anchored transformers may slide
and topple, stretching and breaking attached
electrical connections and/or ceramics.

Seismically Resistant Design: Seismically
resistant design practices include, as a
minimum, designing all structures to satisfy
the seismic requirements of the applicable
local or national building code. In addition,
well-designed seismic ties should be

provided between the boiler and the
generation building to prevent pounding; all
equipment should be anchored; sufficient
clearance and restraints on piping runs
should be provided to prevent interaction
with equipment and other piping; and piping
should be made-flexible to accommodate
relative movement of structures and
equipment to which it is attached. Generous
clearances between adjacent equipment
should be provided to prevent interaction.
Sufficient joints between the turbine
pedestal and the generation building are
required to prevent pounding. Maintenance
programs for some systems, including wood
timber cooling towers, piping transporting
corrosive materials, and steel tanks, should
be established so that these components are
not in a weakened condition when an
earthquake strikes. An emergency power
source consisting of well-braced batteries
and well-anchored emergency generators is
necessary to permit restart without power
from the outside grid. Heavy equipment and
stacks should be anchored with long bolts
anchored deep into the foundation to allow
for ductile yielding of the full anchor bolt
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Figure B-43 Darnage percent by intensity for fossil-fuel power plants.

length in extreme seismic load conditions.
Expansion anchor installation procedures
should be subject to strict quality control.

2. Direct Damage

Basis: Damage curves for fossil-fuel power
plants in the electrical system are based on
ATC-13 data for FC 13, m edium-rise steel
braced-frame buildings; FC 66, electrical
equipment, and FC 68, mechanical
equipment (see Figure B-43). Fossil-fuel
power plants are assumed to be a
combination of 20% mid-rise steel braced-
frame structures, 30% electrical equipment,
and 50% mechanical equipment. Over the
years power plants have been designed using
seismic provisions that equal or exceed
those used for conventional construction.
Consequently, the beneficial intensity shifts
indicated below are assumed appropriate.

Standard construction is assumed to
represent typical California fossil-fuel plants
(and geothermal power plants) under
present conditions (i.e., a composite of older
and more modern plants). Only minimal

regional variation in construction quality of
mechanical equipment is assumed, as
operational loads frequently govern over
seismic requirements.

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

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

MM
Intensity

Shift
FC 13 C 66FC 68

-1 -1 -1
10 0 0
10 0 0

0 o 0
1 1 0

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1) relative to the above present
conditions.
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Figure B-44 Residual capacity for fossil-fuel power plants (EHRP California 7).

Time-to-restoration: The time-to-
restoration data assigned to SF 29a,
electrical generating facilities, are assumed
to apply to all fossil- fuel power plants. By
combining these data with the damage
curves derived using data for FC 13, 66, and
68, the time-to-restoration curves shown in
Figures B-44 through B-46 were derived.

B.5.2 Hydroelectric Power Plants

1. General

Description: In general, hydroelectric power
plants consist of a dam and associated
equipment including water-driven turbines,
a control house and control equipment, and
a substation with transformers and other
switching equipment. The dam may be
earthfill, rockfill, or concrete and may
include canals, penstocks, spillways, conduit,
tunnels, and intake structures. Gantry
cranes are frequently located on top of the
concrete dams. Equipment inside the dam
typically includes turbines, pumps, piping,
switchgear, and emergency diesels.

Typical Seismic Damage: Hydroelectric
powerhouses and dams are more likely to be
seriously damaged by rock falls and
landslides than by ground shaking. When
slides do occur, turbines may be damaged if
rocks or soils enter the intakes. Penstocks
and canals can also be damaged by slides.
Intakes have been damaged by the
combination of inertial and hydrodynamic
forces. Most engineered dams have
performed well in past earthquakes,
although dams constructed using fills of fine-
grain cohesionless material have
experienced failures. Equipment in power
plants typically performs well in earthquakes
unless unanchored. In such cases the
equipment may slide or topple and
experience substantial damage.
Unrestrained batteries have toppled from
racks. Piping may impact equipment and
structures and damage insulation. Piping
attached to unrestrained equipment may
rupture due to equipment movement. The
control house may experience generic
building damage ranging from dropped
ceiling tiles and cracks in walls and frames to
partial and total collapse. Substation
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Figure B-47 Damage percent by intensity for hydroelectric power stations.

equipment, and ceramics in particular, are other critical systems function with turbine
vulnerable to damage. Higher-voltage trip and loss of power from the outside grid.
ceramics tend to experience the most
damage. 2. Direct Damage

Seismically Resistant Design: Seismically Basis: Damage curves for hydroelectric
resistant design practices for earthfill dams power plants in the electrical system are
include providing ample freeboard, based on ATC-13 data for FC 35, concrete
mechanically compacting soils, and using dams; FC 36, earthfill or rockfill dams; and
wide cores and transition zones constructed FC 68, mechanical equipment (see Figure
of material resistant to cracking. Generally, B-47). Hydroelectric power plants are
reducing slopes of earthfill dams can reduce assumed to be a combination of 35%
vulnerability. Thorough foundation concrete dams, 35% earthfill or rockfill
exploration and treatment are important. dams, and 30% mechanical equipment. Over
Dynamic analyses can be used to determine the years power plants have been designed
the liquefaction or settlement potential of using seismic provisions that equal or exceed
embankments and foundations, and the those used for conventional construction.
cracking potential of concrete dams and Consequently, the beneficial intensity shifts
dam appurtenances. All buildings should be indicated below for mechanical equipment
designed, as a minimum, to satisfy the Bare assumed appropriate.
seismic requirements of a national or local
building code. All equipment should be Standard construction is assumed to
anchored and generous clearances between represent typical California hydroelectric
adjacent equipment provided to prevent power plants under present conditions (i.e.,
interaction. An emergency power source a composite of older and more modern
consisting of well-braced batteries and well- plants). Only minimal regional variation in
anchored emergency generators is necessary construction quality is assumed for
to ensure that control systems, lighting, and mechanical equipment, as operational loads
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Figure B-48 Residual capacity for fossil-fuel power plants (NEHRP California 7).

frequently govern over seismic
requirements.

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

Time-to-restoration: The time-to-
restoration data assigned to SF 29a,
generating facilities, and SF 30c, storage
reservoirs, are assumed to apply to all
hydroelectric power plants. By combining
these data with the damage curves derived
using the data for FC 35, 36, and 68, the
time-to-restoration curves shown in Figures
B-48 through B-50 were derived.

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

MM
Intensity

Shift
FC 35 FC 36 FC 68

0 0 -1
+1 +1 0
+1 +1 0
+1 +1 0
+2 +2 0

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

B.5.3 Transmission Lines

1. General

Description: In general, transmission lines
may be underground or above ground
(supported by towers). Towers are usually
steel and carry several circuits at high
voltages (64 kV or higher). Each circuit
consists of three conductors, one for each
phase. Towers are, provided with reinforced
concrete footings and may be supported on
piles. Most transmission systems are ac, but
some long-distance lines are dc. The dc
systems require convertor stations at each
end of the line.
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Transmission Lines (Electrical)
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Modified Mercalli Intensity (MMI)

Damage percent by intensity for electric transmission lines.

Typical Seismic Damage: Transmission
towers and the lines they support are
principally subject to damage through
secondary effects such as landslides, and
rock falls, liquefaction, and other ground
failures. This is also true for the
underground lines. It is possible that the
conductors supported by towers can slap
against each other and bum down. Ceramics
used on transmission towers typically
perform well in earthquakes because they
are in compression rather than in tension or
bending. Fault slippage is unlikely to
damage underground lines, (unless the line
crosses the fault fracture) because
transmission lines have a thick-wall, welded-
steel pipe jacket.

Seismically Resistant Design: Seismic loads
do not generally have much influence on the
design of transmission lines and towers. The
towers are designed to, withstand heavy wind
and ice loads, as well as loads due to broken
wires. The primary Seismically resistant
concern is siting towers and conductors in
locations where soils are stable, or providing
special foundations designed to survive
effects of soil failure.

1. Direct Damage

Basis: Damage curves for transmission lines
in the electrical system are based on ATC-13
data for FC 56, major electrical transmission
line towers (over 100 feet tall, see Figure B-
51). Standard construction is assumed to
represent typical California transmission
lines and towers under present conditions
(i.e., a composite of older and more modern
towers). It is assumed that no regional
variation in construction quality exists, as
seismic loads are relatively unimportant in
the design of transmission towers.

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

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

MMI
Intensity

Shift
0

U 
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Transmission Lines (Electrical)
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Residual capacity for electric transmission lines (NEHRP Map Area: California 3-6,
California 7, Non-California 7, and Puget Sound 5, and all other areas).

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
transmission towers or lines unless
supporting or adjacent soils are known to be
unstable. Therefore, no intensity shifts for
retrofitting are recommended.

Time-to-restoration: The time-to-
restoration data assigned to SF 29b,
transmission lines for the electrical system,
are assumed to apply to all transmission
lines and towers. By combining these data
with the damage curves for FC 56, the time-
to-restoration curves shown in Figure B-52
were derived.

B.5.4 Transmission Substations

1. General

Description: Transmission substations in the
electrical system generally receive power at
high voltages (220 kV or more) and step it
down to lower voltages for distribution. The
substations generally consist of one or more
control buildings, steel towers, conductors,

ground wires, underground cables, and
extensive electrical equipment including
banks of circuit breakers, switches, wave
traps, buses, capacitors, voltage regulators,
and massive transformers. Circuit breakers
(oil or gas) protect transformers against.
power surges due to short circuits. Switches
prevent long-term interruption of the
circuits. Wave traps enable transmission of
supervisory signals through power lines.
Buses provide transmission linkage of the
many and varied components within the
substation. Capacitors are used to keep the
three phases of a transmission circuit in
proper relation to each other. Transformers
and voltage regulators serve to maintain the
predetermined voltage, or to step down or
step up from one voltage to another.
Porcelain lightning arresters are used to
protect the system from voltage spikes
caused by lightning. Long, cantilevered
porcelain components (e.g., bushings and
lightning arresters) are common on many
electrical equipment items.
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Typical Seismic Damage: Control buildings
are subject to generic building damage
ranging from dropped suspended ceilings
and cracks in walls and frames to partial and
total collapse. Unanchored or improperly
anchored control equipment may slide or
topple, experiencing damage or causing
attached piping and conduit to fail. In the
yard, steel towers are typically damaged only
by soil failures. Porcelain bushings,
insulators, and lightning arresters are brittle
and vulnerable to shaking and are frequently
damaged. Transformers are large, heavy
pieces of equipment that are frequently
unanchored or inadequately anchored.
Transformers may shift, tear the attached
conduit, break bushings, damage radiators,
and spill oil. Transformers in older
substations that are mounted on rails
frequently have fallen off their rails unless
strongly anchored. Other top-heavy pieces
of electrical equipment can topple or slide
when inadequately anchored, damaging
connections. Frequently, inadequate slack in
conductors or rigid bus bars result in
porcelain damage resulting from differential
motion.

Seismically Resistant Design: Porcelain is
used extensively in ways that make it
susceptible to damage (bending and
tension). Recent developments including
gas-insulated substations and installation
details that base isolate, reinforce, or add
damping, may reduce the problem in the
future. Seismically resistant design practice
includes the use of damping devices for
porcelain; proper anchorage for equipment
(avoid the use of friction clips); provision of
conductor slack between equipment in the
substation; use of breakaway connectors to
reduce loads on porcelain bushings and
insulators; and replacement of single
cantilever-type insulator supports with those
having multiple supports. Transformer
radiators that cantilever from the body of
transformer can be braced. Adequate
spacing between equipment can reduce the
likelihood of secondary damage resulting
from adjacent equipment falling. Control
buildings and enclosed control equipment
should be designed to satisfy the seismic
requirements of the local or national
building code, as a minimum.

2. Direct Damage

Basis: Damage curves for transmission
substations for the electrical system are
based on ATC-13 data for FC 66, electrical
equipment (see Figure B-53). High-voltage
porcelain insulators, bushings, and supports
are vulnerable to damage, even when the
porcelain components have been designed
and qualified to enhanced seismic criteria.
Consequently, the detrimental intensity shift
indicated below is assumed appropriate.

Standard construction is assumed to
represent typical California transmission
substations under present conditions (e., a
composite of older non-seismically designed
substations as well as more modern
substations designed to enhanced seismic
requirements).

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

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

MM!
.intensity

Shift
+1
+2
+2
+2
+3

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

Time-to-restoration: The time-to-
restoration data assigned to SF 29c,
transmission substations, are assumed to
apply to all transmission substations in
California. For transmission substations in
other areas, response planning is not as
complete, and the restoration time is
assumed to be 1.5 times longer. By
combining these data with the modified
damage curves for FC 66, the time-to-
restoration curves shown in Figures B-54
through B-56 were derived.
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Figure B-57 Damage percent by intensity for electric distribution lines.

B.S.S Distribution Lines

1. General

Description: In general, distribution lines
may be underground or above ground
supported by towers or poles. Towers are
usually steel, and poles are usually treated
wood. Towers are provided with concrete
footings, and poles may have footings or
may be embedded directly into the ground.
Transformers on poles may be supported on
platforms or anchored directly to poles.
Distribution lines typically operate at lower
voltages (64 kV or less).

Typical Seismic Damage: Unanchored pole-
mounted transformers may be knocked
down and some will burn. Towers and poles
are generally undamaged except by
secondary effects such as landslides,
liquefaction, and other ground failures.
Conductor lines swinging together can cause
burnouts and/or start fires. Settlement of
soils with respect to manholes can
sometimes cause underground line routed
through the manhole to fail.

Seismically Resistant Design: Seismic loads
do not generally have much influence on the
design of distribution lines and towers. The
towers are typically designed to withstand
wind loads. The primary concern is siting
towers and poles where soils are stable to
prevent foundation failures.

2. Direct Damage

Basis: Damage curves for distribution lines
in the electrical system are based on ATC-13
data for FC 55, conventional electrical
transmission line towers (less than 100 feet
tall, see Figure B-57). In general, less
conservative design criteria are used for
distribution lines than for lines in the
transmission system.

Standard construction is assumed to
represent typical California distribution
lines, towers, and poles, under present
conditions (i.e., a composite of older and
more modern lines and towers). Only
minimal regional variation in the
construction quality is assumed.

Present Conditions: In the absence of data
on the type of tower/pole or conductor, age,
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etc., the following factors were used to modify
the mean curves, under present conditions:

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

MMI
Intensit

Shift
0
0
0
0

+1

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
transmission towers, unless supporting or
adjacent soils are known to be unstable.
Therefore, no intensity shifts for upgrading
are recommended.

Time-to-restoration: The time-to-
restoration data assigned to SF 29d,
distribution lines, are assumed to apply to all
distribution lines. By combining these data
with the damage curves for FC 55, the time-
to-restoration curves shown in Fiugres B-58
and B-59 were derived.

B.516 Distribution Substations

1. General

Description: Distribution substations in the
electrical system generally receive power at
low voltages (64 kV or less) and step it down
to lower voltages for distribution to users.
The substations generally consist of one
small control building, steel towers,
conductors, ground wires, and electrical
equipment including circuit breakers,
switches, wave traps, buses, capacitors,
voltage regulators, and transformers.

Typical Seismic Damage: Control buildings
are subject to generic building damage
ranging from cracks in walls and frames to
partial and total collapse. Unanchored or
improperly anchored control equipment
may slide or topple, experiencing damage or
causing attached conduit to fail- In the yard,
steel towers are typically damaged only by
soil failures. Porcelain bushings, insulators,
and lightning arresters are brittle and
vulnerable to shaking and are frequently

Appendix B: Lifeline Vulnerability Functions

lil a. b
S 8.448 1.375
7 0.445 e.882
8 .443 8. 59
9 8.432 8.174

10 8.393 0.08

R = 3 * Jays + a

Figure B-58

l l l l l l l

1.v.alu

ATC-25 243



R= 100

8488x

co

0-

° R= Sex
iaC5
W
(U

Rz _

H= 
1

listribution Lines
29d 1.08 55

4 a

I I I I~~~~~~~~~~~~~~~

AYS: 30 68

Figure B-59 Residual capacity for electric distrit

damaged. Transformers are large, heavy
pieces of equipment that are frequently
unanchored or inadequately anchored.
Transformers may shift, tear the attached
conduit, break bushings, damage radiators,
and spill oil. Transformers in older
substations that are mounted on rails
frequently have fallen off their rails unless
strongly anchored. Other top-heavy pieces
of electrical equipment can topple or slide
when inadequately anchored, damaging
connections. Frequently, inadequate slack in
conductors or rigid bus bars result in
porcelain damage resulting from differential
motion.

Seismically Resistant Design: Porcelain in
distribution substation is susceptible to
damage but is less vulnerable than porcelain
in transmission substations by virtue of its
shorter cantilever lengths. Seismically
resistant design practices include the use of
installation details that base isolate,
reinforce, or add damping devices to the
porcelain. Proper anchorage details should
be used for all yard equipment. Breakaway
connectors for porcelain; replacement of

98 120 150 188 218 240 Z78 300 338 365

Elapsed Time in Days

)ution lines (All other areas).

single cantilever-type insulator supports
with those having multiple supports; and
provision of adequate slack in conductors
and bus bars connecting components that
may experience differential movement will
significantly reduce seismic vulnerability.

2. Direct Damage

Basis: Damage curves for distribution
substations for the electrical system are
based on ATC-13 data for FC 66, electrical
equipment (see Figure B-60). It is believed
that this facility class best approximates the
expected performance of distribution
substations.

Standard construction is assumed to
represent typical California distribution
substations under present conditions (i.e., a
composite of older non-seismically designed
substations as well as more modern
substations designed to enhanced seismic
requirements).

Present Conditions: In the absence of data
on the type of equipment, substation
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Figure B-60 Damage percent by intensity for

voltage, age, etc., the following factors were
used to modify the mean curves, under
present conditions:

Mm/
Intensity

NEHRP Map Area Shift
California 7 0
California 3-6 +1
Non-California 7 +1
Puget Sound 5 +1
All other areas +2

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

Time-to-restoration: The time-to-
restoration data assigned to SF 29e,
distribution substations, are assumed to
apply to all distribution substations in
California. For distribution substations in
other areas, response planning is not as
complete and restoration time is assumed be
1.5 times longer. By combining these data

electric distribution substations.

with the damage curves for FC 66, the time-
to-restoration curves shown in Figures B-61
through B-63 were derived.

B.6 Water Supply

B.6.1 Transmission Aqueducts

1. General

Description: In general, various types of
transmission aqueducts can be used for
transporting water, depending on
topography, head availability, construction
practices, and environmental and economic
considerations. Open channels are used to
convey water under conditions of
atmospheric pressure. Flumes. are open
channels supported above ground. Channels
may be lined or unlined. Lining materials
include concrete, bituminous materials,
butyl rubber, vinyl, synthetic fabrics, or other
products to reduce the resistance to flow,
minimize seepage, and lower maintenance
costs. Flumes are usually constructed of
concrete, steel, or timber. Pipelines are built
where topographic conditions preclude the
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use of canals. Pipelines may be laid above-
-or below ground, or may be partly buried.
Most modern pressure conduit are built of
concrete, steel, ductile iron, or asbestos
cement. Tunnels are used where it is not
practical to lay a pipeline, such as mountain
or river crossings. They may be operated
under pressure or act as open channels.
Linings may be unreinforced concrete,
reinforced concrete, steel, or brick.

Typical Seismic Damage: Channels are
most susceptible to damage from surface
faulting and soil failures such as differential
settlement, liquefaction, or landsliding.
Unreinforced linings are more susceptible to
damage than are reinforced linings. Small
fractures in the lining can result in a
transmission aqueduct being taken out of
service, as water leaking through the lining
could erode supporting embankments or
surrounding soils and cause significant
damage. Regional uplift could result in long-
term loss of function by changing the
hydraulic flow characteristics of the
aqueduct.

ATC-25 Appendix B: Lifeline

Seismically Resistant Design: Seismically
resistant design practices include providing
reinforced concrete linings for channels and
tunnels. Channels should have slopes
appropriate for embankment materials to
prevent slumping. Tunnels, should be
strengthened at intersections, bends, and
changes in shape and construction materials.
Aqueducts should be sited to eliminate or
minimize fault crossings. Aqueducts that
cross faults can be routed through pipe
buried in shallow loose fill or installed above
ground near the fault, to allow lateral and
longitudinal slippage.

1. Direct Damage

Basis: Damage curves for transmission
aqueducts of the water supply system are
based on ATC-13 data for FC 3, tunnels
passing through alluvium, and FC 61, canals
(see Figure B-64). Aqueducts are assumed
to be a-combination of 50% tunnels and
50% canals. Tunnels passing through
alluvium are less vulnerable than cut-and-
cover tunnels and more vulnerable than
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Figure B-64 Damage percent by intensity for transmission aqueducts.

tunnels passing through rock; they were
chosen as representative of all tunnels.

Standard construction is assumed to
represent typical California aqueducts under
present conditions (i.e., a composite of older
and more modern aqueducts). Only minimal
regional variation in construction quality of
aqueducts is assumed.

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

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

MM!
Intensity

Shift

FC 38
0
0

. 0
0

+1

FC 61
0
0
0
0
+1

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,

assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 30a,
transmission aqueducts, are assumed to
apply to all transmission aqueducts. By
combining these data with the damage
curves derived using the data from FC 38
and 61, the time-to-restoration curves shown
in Figures B-65 and B-66 were derived.

B.6.2 Pumping Stations

1. General

Description: Pumping equipment forms an
important part of the water supply system
transportation and distribution facilities. In
general, pumping stations include larger
stations adjacent to reservoirs and rivers,
and smaller stations distributed throughout
the water system intended to raise head.
Large pumping stations typically include
intake structures. Pumping stations typically
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Figure B-65 Residual capacity for transmission aqueducts (NEHRP Map Area: California 3-6, Californa
7, Non-California 7, and Puget Sound 5).
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Figure B-66 Residual capacity for transmission aqueducts (All other areas).
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comprise shear-wall-type buildings, intake
structures, pump and motor units, pipes,
valves, and associated electrical and control
equipment. Requirements vary from small
units used to pump only a few gallons per
minute to large units capable of handling
several hundred cubic feet per second.
Vertical turbine (most common) and
displacement pumps are the two primary
types used. Horizontal centrifugal pumps,
air-lift and jet pumps, and hydraulic rams are
also used in special applications. Centrifugal
pumps have impellers, which impart energy
to the water. Displacement pumps are
commonly the reciprocating-type where a
piston draws water into a closed chamber
and then expels it under pressure. Pumps
may be in series or in parallel. Often an
emergency power supply comprising a
standby diesel generator, battery rack, and
diesel fuel tank is included in primary
pumping stations to operate in emergency
situations when electric power fails.

Typical Seismic Damage: Pumping stations
will suffer damage closely related to the
performance of the soils on which they are
constructed. Intake structures are typically
tower-type structures that are vulnerable to
inertial effects, and settlement and
landslides at bottoms of reservoirs and
rixcrs. Toppling of these towers allows
coarse sediment to enter the distribution
system, plugging pipelines and causing
extensive damage to pump bearings and
seals. Piping attached to heavy pump
structures is susceptible to damage caused
by differential settlement. Unanchored
electrical and control equipment may be
severely damaged. Pumps with long shafts
may suffer misalignment, and shafts may be
cracked or sheared by ground movement.
Pipe hangers may be damaged by relative
settlement of building and associated
equipment. Damage to substation
transformers can result in the loss of power.

Seismically Resistant Design: Seismically
resistant design practice includes avoiding
unstable soils in siting the pumping stations,
or providing foundations for structures and
equipment capable of resisting expected soil
failures without damage. Design of intake
structures should consider inertial forces
developed from self-mass and surrounding

water, and these structures should be built
on stable soil. Also, pumps and heavy
equipment should be provided with positive
means (anchorage) of resisting lateral
forces; base isolators should be used only
when adequate snubbers are provided.
Buildings enclosing plant equipment should
be designed with seismic provisions of local
or national building codes. The casings of
wells should be separated from the pump
house by at least 1 inch to allow for relative
movement and settlement. Pumps that are
hung from the motor at the top of the well
by a non-flexible drive shaft inside the pump
column are not recommended. Submersible
motor-driven, vertical turbine pumps do not
require the long drive shaft, and the need
for a perfectly straight well casing is
therefore eliminated. Horizontal pumps and
their motors should be mounted on a single
foundation to prevent differential
movement. Provisions for emergency power
should be made for pump stations critical to
systems operation.

1. Direct Damage

Basis: Damage curves for pumping stations
for the water system are based on ATC-13
data for FC 10, medium-rise reinforced
masonry shear wall buildings; FC 66,
electrical equipment, and FC 68, mechanical
equipment (see Figure B-67). FC 10 was
chosen to represent a generic building,
based on review of damage curves for all
buildings. Pumping stations are assumed to
be a combination of 30% generic buildings,
20% electrical equipment, and 50%
mechanical equipment.

Standard construction is assumed to
represent typical California pumping
stations for water systems under present
conditions (i.e., a composite of older and
more modern stations). Only minimal
regional variation in construction quality of
mechanical equipment is assumed, as
operational. loads frequently govern over
seismic requirements.

Present Conditions: In the absence of data
on the type of pumps, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
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Figure B-67 Damage percent by intensity for water supply pumping stations.

classes listed above, under present
conditions:

B.6.3 Storage Reservoirs

MM!
Intensity

Shift
FC I OFC 66 FC 68

o 0
+1 +1
+1 +1

*+1 +1
+2 +2

1

+1

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (ie., - or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 30b,
pumping stations for water systems, are
assumed to apply to all pumping stations. By
combining these data with the damage
curves derived using the data for FC 10, 66,
and 68, the time-to-restoration curves shown
in Figures B-68 through B-70 were derived.

1. General

Description: In general, storage reservoirs
for the water system comprise earthfill,
rockfill, or concrete dams with gates,
spillways, conduit, tunnels, and intake
structures. Earthfill dams include an
impervious, core, typically a clay material,
transition zones, drains, and sand filters
adjacent to the core. Grout is frequently
provided under the impervious core in the
foundation material, and in the abutments
to prevent water penetration through cracks
and fissures in bedrock or flow through
permeable native soils. Rockfill dams
typically have concrete linings to prevent
water penetration. Concrete dam types
include gravity and arch. Roadways and/or
gantry cranes are commo nly located at the
crest of the dam.

Typical Seismic Damage: Most engineered,
mechanically compacted earthfill dams have
performed well in earthquakes. Additionally,
earthfill dams, constructed predominantly
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Figure B-70 Residual capacity for water supply pumping stations (All other areas).

with clayey soils have performed well. Dams
constructed of hydraulic fill using saturated,
poorly compacted, fine-grain cohesionless
material; dams constructed on natural
cohesionless deposits that are not as dense
as the embankments; and dams with
unusually steep embankments have
experienced failures in past earthquakes.
Dam embankments may respond to soil
failures by cracking (usually at the crest or
near the crest and abutments), spreading or
settling, or by slope stability failures. or zonal
separations. Liquefaction may occur in
saturated zones of cohesionless materials
that are loose or marginally compacted, such
as hydraulic fills. Both soil and rock
foundations may be damaged by fault
rupture, resulting in loss of continuity or
integrity of internal design features, (drains,
imperious zones, etc.) and water-release
features (conduit and tunnels). Earthquake-
induced landslides may block water outlet
features or spillways, Or cause waves that
overtop the dam and cause erosion. Where
cracks are opened in the embankment or
foundation, the danger of piping exists if
cracks remain open. Rockfill dams have
performed well, with some damage to
material near the crest of the dam.

Settlement of rockfill dams is also a
possibility. Concrete dams have also
performed well with little damage known.
Cracking of dams and foundation failures
are possible.

Seismically Resistant Design: Seismically
resistant design practices for earthfill dams,
include providing ample freeboard to allow
for settlement and other movements, and
using wide cores and transition zones
constructed of material resistant to cracking.
Current design typically used dynamic
analyses for all but small dams on stable
foundations. These analyses are used to
determine the liquefaction or strain
potential of embankments and foundations,
and to estimate the settlement of
embankments. Conservative crest details
include providing transition and shell zones
that extend to the crest to control any
seepage that develops through cracks, and
providing camber for static and dynamic
settlement. Conservative zoning consists of
providing confined clay cores, wide
cohesionless transitions, and free draining
shells. Reduction of embankment slopes and
elimination of embankment saturation
through linings can reduce susceptibility to
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Damage percent by intensity for storage reservoirs.

embankment failures. Seismically resistant
design of concrete dams includes thorough
foundation exploration and treatment, and
selection of a good geometrical
configuration. Dynamic analyses similar to
those used for earthfill dams may be used to
check designs, and to determine stresses and
cracking potential of dams and dam
appurtenances. Effective quality control is
necessary in the design and construction of
all dams. Stabilization of existing dams can
be achieved by buttressing, draining, or
reduction in reservoir storage. Potentially
liquefiable soils have been densified by
blasting, vibratory probing, adding backfill,
and driving compaction piles.

1. Direct Damage

Basis: Damage curves for storage reservoirs
in the water supply system are based on
ATC-13 data for FC 35, concrete dams, and
FC 36, earthfill or rockfill dams (see Figure
B-71). Storage reservoirs are assumed to be
a combination of 50% concrete dams and
50% earthfill or rockfill dams. If inventory
data identify dams as concrete, or earthfill or

rockfill, then the appropriate damage curves
will need to be developed (see ATC-13).

Standard construction is assumed to
represent typical California reservoirs (i.e., a
composite of older and more modern
reservoirs).

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

NEHRP Map Area

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

MM/
Intensity

Shift
FC35 FC36

o O 0

0 0
+1 +1
+-1 +1

+2 +2

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

Time-to-restoration: The time-to-
restoration data assigned to SF 30c, storage
reservoirs for water supply systems, are
assumed to apply to all storage reservoirs.
By combining these data with the damage
curves derived using the damage data for FC
35 and 36, the time-to-restoration curves
shown in Figures B-72 through B-74 were
derived.

B.6.4 Treatment Plants

1. General

Description: Water treatment plants are
complex facilities. In general, the typical
water sources for a treatment plant are
shallow or deep wells, rivers, natural lakes,
and impounding reservoirs. Treatment
processes used depend on the raw-water
source and the quality of finished water
desired. Water from wells typically requires
the least treatment, and water from rivers

requires the most. Types of water treatment
plants include aeration, split treatment, or
chemical treatment plants. Flexibility and
room for growth are typically provided to
handle changing quality of water.
Consequently, plants commonly contain
components of different vintages and
construction types. Current pre-treatment
processes are screening, pre-sedimentation
or desilting, chemical addition, and aeration.
Components in the treatment process
include pre-sedimentation basins, aerators,
detention tanks, flocculators, clarifiers,
backwash tanks, conduit and channels, coal-
sand or sand filters, mixing tanks, settling
tanks, clear wells, and chemical tanks.
Processes used for flocculation include
paddle (most common in modem facilities),
diffused air, baffles (common in older
facilities), transverse or parallel shaft mixers,
vertical turbine mixers, and walking-beam-
type mixers. Sedimentation basin
construction may vary from excavation in
the ground to a structure of concrete or
steel construction. Most modern
sedimentation basins are circular concrete
tanks (open or covered), equipped with
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mechanical scrapers for sludge removal.
Depths typically vary from 8 to 12 feet and
diameters from 30 to 150 feet. Sludge
processing components include holding
tanks and clarifier thickeners. Control
equipment, pumps, piping, valves, and other
equipment are ypically housed in a control
building. Yard equipment generally includes
transformers and switchyard equipment.

Typical Seismic Damage: Structures and
equipment in water treatment plants are
vulnerable to settling of foundations,
especially when founded on fill. Differential
settlement of adjacent structures and
components supported on different
foundations is a particular problem Pipes
are vulnerable at locations where they
connect to or penetrate treatment
structures. Equipment such as pumps can be
damaged by loads imposed by piping when
differential settlement occurs. Channels and
large conduit connecting processing units
are subject to seismic damage from several
mechanisms, including differential
movement from inertial loading, differential
settlement, and increased lateral earth
pressures. Liquefaction may cause some
underground structures in areas of high
groundwater to float. Concrete basins and
tanks are subject to cracking and collapse of
walls and roofs. Pounding damage or
permanent movement may result in the
opening of expansion joints in basins.
Within basins, sloshing and wave action, as
well as shaking, can damage anchor bolts
and support members for reactors and rakes.
Building damage may range from dropped
suspended ceilings and cracks in walls and
frames to partial and total collapse.
Unanchored or improperly anchored
equipment may slide or topple, experiencing
damage or causing attached piping and
conduit to fail. Damage to substation
transformers can result in loss of power
supply.

Seismically Resistant Design: Seismically
resistant design includes providing capability
to bypass plant treatment and to provide
emergency chlorination in the event of
damage caused by an earthquake. An
emergency power system for the chlorine
injection, controls, and radios is a minimum
and if gravity flow is not possible, sufficient

emergency power to provide pumping
capacity must be available. Slopes adjacent
to the plant should be studied to ascertain
their stability, and mitigating measures
should be taken if necessary. Damage to
channels and conduit can be mitigated by
providing wall penetrations that allow for
differential settlement. Similarly, flexibility
should be provided in connections and
piping where they span across erypansion
joints or between structures on difterent
foundation types. Equipment damage can be
reduced by using cast-in-place bolts rather
than expansion anchors and using
equipment with a low center of gravity.
Equipment and piping should be protected
from falling debris. Building design should
satisfy the seismic requirements of the local
building code, as a minimum. Heavy
equipment such as sludge-processing
equipment should be located as low as
possible in the building. Horizontal tanks on
saddles should be restrained to saddles to
prevent slippage and rupture of attached
piping. Design of equipment immersed in
water (e.g., paddles, rakes, baffles) should
consider both inertial effects and those due
to sloshing of water. Design of such
equipment should also consider ease of
replacement. Vertical turbine pumps
hanging in tanks should be avoided if
possible--or designed for seismic loads, as a
minimum. Chlorine cylinders should be
strapped in place on snubbed chlorine
scales. Standard safety and shutdown
systems for gas and chemical systems should
be installed and properly maintained.
Routine checks are recommended to ensure
that valves are operable, and that stockpiles
of spare parts and tools are available. Basins
or structures founded on separate
foundation materials should have separate
foundations and should be separated by a
flexible joint. All critical piping (exclusive of
corrosive chemical systems) should be
welded steel.

2. Direct Damage

Basis: Damage curves for treatment plants
in the water supply system (see Figure B-75)
are based on ATC-13 data for C 10,
medium-rise reinforced masonry shear wall
buildings; C 41, underground liquid storage
tanks, and FC 68, mechanical equipment.
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FC 10 was chosen to represent a generic
building, based on review of damage curves
for all buildings. Water treatment plants are
assumed to a combination of 20% generic
buildings, 30% underground storage tanks,
and 50% mechanical equipment.

Standard construction is assumed to
represent typical California treatment plants
under present conditions (i.e., a composite
of older and more modern treatment
plants). It is assumed that minimal regional
variation exists in construction quality of
underground storage tanks and mechanical
equipment. Seismic loads have little impact
on underground storage tank design, and
operational loads often govern over seismic
requirements in the design of mechanical
equipment.

Present Conditions: In the absence of data
on the type of material, age, etc., use the
following factors to modify the mean curves
for each of the three facility classes listed
above, under present conditions: 

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

MM/
Intensity

Shift
FC 10FC41FC68

o 0 0
+1 0 0
+1 0 0
+1 0 0
+2 +1 +1

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

Time-to-restoration: The time-to-
restoration data assigned to SF 30d,
treatment plants in the water supply system,
are assumed to apply to all treatment plants.
By combining these data with the damage
curves derived using the data for FC 10, 41,
and 68, the time-to-restoration curves shown
in Figures B-76 through B-78 were derived.
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B.6.5 Terminal ReservoirslTanks

1. General

Description: In general, terminal reservoirs
may be underground, on-ground, or
elevated storage tanks or impounding
reservoirs. Underground storage tanks are
typically reinforced or prestressed concrete
wall construction with either concrete or
wood roofs. They may be either circular or
rectangular. On-ground water supply
storage tanks are typically vertical anchored
and/or unanchored tanks supported at
ground level. Construction materials include
welded, bolted, or riveted steel; reinforced
or prestressed concrete; or wood. Tank
foundations may consist of sand or gravel, or
a concrete ring wall supporting the shell.
Elevated storage tanks consist of tanks
supported by single or multiple columns.
Most elevated tanks are steel and are
generally cylindrical or ellipsoidal in shape.
Multiple-column tanks typically have
diagonal braces, for lateral loads. Elevated
tanks are more common in areas of flat
terrain. There is large variation in tank sizes
(i.e., height and diameter), so volumes range
from thousands to millions of gallons.

Impounding reservoirs may be lined or
unlined, and with or without roofs.

Typical Seismic Damage: Failure modes for
underground tanks include damage to
concrete columns that support roofs,
sloshing damage to roofs, and cracking of
walls. In cases of liquefaction, empty tanks
can become buoyant and float upward,
rupturing attached piping. Impounding
reservoirs perform similarly to underground
tanks. At-ground tanks are subject to a
variety of damage mechanisms, including,
for steel tanks: (1) failure of weld between
base plate and wall, (2) buckling of tank wall
(elephant foot), (3) rupture of attached rigid
piping resulting from sliding or rocking of
tank, (4) implosion of tank caused by rapid
loss of contents and negative internal
pressure, (5) differential settlement, (6)
anchorage failure or tearing of tank wall, (7)
failure of roof-to-shell connection, (8)
failure of shell at bolts or rivets, and (9) total
collapse. Concrete tank failure modes
include: (1) failure of columns supporting
roofs, (2) spalling and cracking, and (3)
sliding at construction joints. Wood tanks
have not performed well in past earthquakes
and generally fail in a catastrophic manner.
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Elevated tanks typically fail as a result of
inadequate bracing or struts, although
column buckling or anchorage or
connection failure (clevises and gusset
plates) are common causes. If elevated tank
damage exceeds minor bracing or
connection failure, damage is usually
catastrophic- Piping and other
appurtenances attached to tanks can also
fail because of tank or pipe motion, causing
loss of contents.

Seismically Resistant Design: General
Seismically resistant design practices for
underground tanks include designing walls
for a combination of earth pressures and
seismic loads; densifyng the backfill used
behind the walls to reduce liquefaction
potential; designing columns supporting the
roof for seismic loads; tying the roof and
walls together; providing adequate
freeboard to prevent sloshing against the
roof; and recognizing the potential for
flotation and providing restraint Control of
buoyant forces can be achieved by tying the
tank to piles designed to resist uplift,
increasing the mass of the tank (e.g., provide
overburden on the roo, or providing a
positive drainage system. An annular space
that permits relative movement should be
provided where piping penetrates the wall.
Seismically resistant design practices for at-
ground tanks include the use of flexible
piping, pressure relief valves, and well-
compacted foundations and reinforced
concrete ring walls that prevent differential
settlement. Adequate freeboard to prevent
sloshing against the roof should be
maintained. Good practices, for steel tanks
include providing positive attachment
between the roof and shell, stiffening the
bottom plate and its connection to the shell,
protecting the base plate against corrosion,
and avoiding abrupt changes in thickness
between adjacent courses. Properly detailed
ductile anchor bolts may be feasible on
smaller steel tanks. For concrete tanks,
keying and detailing to prevent sliding is
good practice. Columns supporting roofs
should be detailed to prevent brittle failures.
In areas where freeze-thaw cycles are a
problem, minimum strength requirements
that ensure durability should be met. For
wood tanks, Seismically resistant design
practices include increasing hoop capacity,

and anchoring or strapping the tank to the
foundation. Maintaining a height-to-
diameter ratio of between 0.3 and i07 for
tanks supported on-ground controls seismic
loading. Because the damage to elevated
tanks typically involves the supporting
structure rather than the supported vessel,
the primary Seismically resistant design
practices for elevated tanks are design of the
braces for adequate lateral loads, providing
adequate anchorage at the column bases,
connecting the tank to the frames that
support it for load transfer, and providing
flexibility in the attached piping to
accommodate expected motions. The
bracing system should be designed to yield
prior to connection failure. Rods used for
bracing should have upset threads with large
deformable washers under retaining nuts to
absorb energy.

2. Direct Damage

Basis: Damage curves for water supply
terminal reservoirs are based on ATC-13
data for FC 43, on-ground liquid storage
tanks (see Figure B-79),. On-ground storage
tanks, are less vulnerable than elevated
tanks, and more vulnerable than
underground tanks, and were chosen as
representative of existing terminal
reservoirs. If inventory data identify tanks as
underground or elevated, then use FC 41 or
45, respectively, in lieu of FC 43.

Standard construction is assumed to
represent typical California terminal
reservoirs under present conditions [i.e., a
composite of older, non-seismically designed
tanks as well as more modern tanks designed
to seismic requirements (e.g., AWWA
DI00, Appendix A)].

Present Conditions: In the absence of data
as to type of material, age etc., use the
following factors to modify the mean curves,
under present conditions:

NEHRP Map Area

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

MMI
Intensity

Shift
0

+1
+1 '
+1
+2
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Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 30e, terminal
reservoirs for water supply, are assumed to
apply to all tanks. By combining these data
with the damage curves for FC 43, the time-
to-restoration curves shown in Figures B-80
through B-82 are derived.

B.6.6 Trunk Lines

1. General

Description: In general, trunk lines may be
underground, on-ground, or supported on
elevated frames above ground. However,
most trunk lines in the water supply system
are located underground. Pipe materials
include cast iron, welded steel, riveted steel,
concrete-lined steel, asbestos cement, and
plastic. Newer trunk lines (typically 20

inches or more in diameter) are usually
welded steel or reinforced concrete and may
carry water at high pressures (several
hundred psi). Joints in steel pipes may be
welded or bell-and-spigot types. Except in
areas of freezing, backfill measured from the
pipe crown is typically between 2.5 and 4.5
feet. In addition to the pipes themselves,
trunk lines include a number of other
components. Pipelines may require gate
valves, check valves, air-inlet release valves,
drains, surge control equipment, expansion
joints, insulation joints, and manholes.
Check valves are normally located on the
upstream side of pumping equipment and at
the beginning of each rise in the pipeline to
prevent back flow. Gate valves are used to
permit portions of pipe or check valves to be
isolated. Air-release valves are needed at
the high points in the line to release trapped
gases and to vent the lines to prevent
vacuum formation. Drains are located at low
points to permit removal of sediment and
allow the conduit to be emptied. Surge tanks
or quick-opening valves provide relief for
problems of hydraulic surge.
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Typical Seismic Damage: The performance Seismically Resistant Design: Seismically
of pipelines is strongly dependent on *resistant design practices for trunk lines
whether or not the supporting or include the use of ductile pipe materials,
surrounding soil fails. Failure of a piping such as steel, ductile iron, copper, or plastic.
system resulting from inertial loads only is The performance of welded steel pipelines
rare; more typically differential settlement is dependent upon the quality of welds, with
or severe ground failure (e.g., landslide, more modern pipes generally having
liquefaction, faulting) causes damage. superior welds. Use of flexible joints (e.g.,
Regional uplift can alter the hydraulic bell-and-spigot with rubber gaskets,
characteristics of a transmission system mechanical joints, expansion joints, rubber
rendering it nonfunctional. Pipe damage is or metallic bellows, and ball joints) and
most common in soft alluvial soils or at placement of pipes in dense native or
interfaces between soft and firm soils. Types compact soil not subject to liquefaction,
of pipe damage include bending or crushing slides, or surface rupture will mitigate much
of the pipe, shearing of the pipe, of the potential damage. Special precautions
compressional buckling, soil deposits in the should be taken to reduce earthquake
pipe, circumferential and longitudinal effects at pumping plants, tanks, bay or river
cracks, and joint failure. It has frequently crossings, and fault crossings. Shut-off valves
been observed that pipelines with rigid should be installed near active fault zones so
joints fail more frequently than those with that flow can be stopped if the pipeline
flexible joints. Damage has been substantial crossing is damaged. Trunk lines at fault
at locations of local restraint such as crossings should be located in a sacrificial
penetrations to heavy subsurface structures tunnel or culvert, or lubricated, wrapped in
(including manholes), tees, and elbows. sheathing, or buried in shallow loose fill,
Water hammer induced by ground motions installed or above ground near the fault to
can cause damage by temporarily increasing allow lateral and longitudinal slippage.
pressure in pipelines. Anchors such as thrust blocks or bends
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should be excluded within a distance of 300 (between 4
feet of a fault zone and strengthened pipe generally mc
should be used within the zone. Valve because of tL
spacing near fault zones, or in areas of assumed tha
expected soil failure should be reduced. approximate
Proper maintenance and cathodic use of one d
protection to limit corrosion, which weakens + 1).
pipes, is important for mitigating damage.
Supports for on- or above ground piping Standard coi
should provide restraint in all three represent y
orthogonal directions by using ring girders, under prese
and spacing between adjacent trunk lines of older and
should be sufficient to prevent pounding. minimal regi
Use of pressure relief valves can mitigate construction
damage caused by water hammer.
Redundancy should be built into the system Present Con
whenever possible; several smaller pipes on the type 
should be used in lieu of one large pipe. Any the followin
equipment attached to piping should be the mean cu
properly anchored.

2. Direct Damage

Basis: Damage curves for trunk lines in the
water supply system are based on ATC-13
data for FC 31, underground pipelines (see
Figure B-83). Distribution pipelines,

Ix
I13

and 20 inches in diameter) are
)re susceptible to damage
heir construction type, and it is
t their behavior can be
:d using these data through the
etrimental intensity shift (i.e.,

Instruction is assumed to
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Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
trunk lines in the water supply system,
except perhaps at fault crossings or in areas
of extremely unstable soils. Therefore, no
intensity shifts for retrofitting are
recommended.

Typical Seismic Damage: The time-to-
restoration data assigned to SF 30f, trunk
lines, are assumed to apply to all trunk lines
in the water supply system. By combining
these data with the damage curves for FC
31, the time-to-restoration curves shown in
Figures B-84 and B-85 were derived.
Distribution line restoration will take longer
based on prioritization of work. It is
assumed that restoration of distribution lines
will take approximately twice as long as
restoration of trunk lines.

I .00

27 3 338 365

ik lines (NEHRP Map Area: California 3-6,
get Sound 5).

B.6. 7 Wells

1. General

Description: The collection of groundwater
is accomplished primarily. through the
construction of wells or infiltration galleries.
A well system is generally composed of three
elements: the well housing structure, the
motor/pump, and the discharge piping. The
well system may or may not be located in a
well house.. The well contains an open
section (typically a perforated casing or
slotted metal screen) through which flow
enters and a casing through which the flow is
transported to the ground surface. Vertical
turbine pumps are often used for deep wells.

Typical Seismic Damage: Well casings will
move with the surrounding soils. This
movement can result in damage to pumps
and/or discharge lines without flexible
couplings. Additional problems include
fluctuation in production (disruption of
aquifer), bad sanding conditions due to local
soil disturbance (mostly in older wells with
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insufficient screen design), kinked tubing,
and collapse of the casing. The well shaft
can be crushed or sheared off by ground
displacement across, the shaft or by ground
vibration. Wells may be contaminated by
inflow from nearby sewers, septic tanks, and
cesspools that are damaged by the
earthquake. Damage to substation
transformers can result in loss of power
supply.

Seismically Resistant Design: As seismic
design practices may include providing
double casing at depths below where
horizontal movement is expected.
Submersible pumps/motors have a greater
probability of remaining in service than do
pumps connected to motors at the surface
with drive shafts. Because the well casing
will respond differently than the slab of the
surrounding well house, a flexible separation
joint should be provided between the casing
and the slab. Effects of differential
movement and settlement can be mitigated
by providing a flexible joint between the
pump discharge header and the discharge
piping. Other electrical and mechanical

equipment should be provided with
adequate seismic anchorage. The well-
housing structure should be designed with
seismic provisions of local or national
building codes.

2. Direct Damage

Basis: Damage curves for wells in the water
supply system (see Figure B-&6) are based
on ATC-13 data for FC 68, mechanical
equipment. It is believed that this facility
class best approximates the expected
performance of wells, which typically
comprise a vertical pump in a shaft.

Standard construction is assumed to
represent typical California wells under
present conditions (i.e., a composite of older
and more modern wells). Only minimal
regional variation in the construction quality
is assumed.

Present Conditions: In the absence of data
on the type of pump, etc., the following
factors were used to modify the mean
curves, under present conditions:
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Figure B-86 Damage percent by intensity for wells.

MMI
Intensity

NEHRP Map Area Shift
California 7 0
California 3-6 0
Non-California 7 0
Puget Sound 5 0
All other areas +1

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

Time-to-restoration: The time-to-
restoration data assigned to SF 30b,
pumping stations in the water supply system,
are assumed to apply to all wells. By
combining these data with the damage
curves for FC 68, the time-to-restoration
curves shown in Figures B-87 and B-88 were
derived.

B.7 Sanitary Sewer

B. 7.1 Mains

1. General

Description: In general, mains in the
sanitary sewer system are underground
pipelines that normally follow valleys or
natural streambeds. Valves and manholes
are also included in system. Pipe materials
commonly consist of cast iron, vitrified clay
concrete, asbestos cement pipe, brick, and
bituminized fiber. Pipe diameters are
generally greater than 4 inches. Joint
materials include welded bell-and spigot,
rubber gasket, lead caulking, cement
caulking, and plastic compression rings.
Bolted flange couplings are also sometimes
used. Manholes are typically provided at
changes in direction or pipe size, or where
flow is received from collecting sewers.
Wastewater pipelines are usually designed
as open channels except where lift stations
are required to overcome topographic
barriers. Sometimes the sanitary sewer
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system flow is combined with the storm
water system prior to treatment.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or not the surrounding soil fails
(e.g., landslide, liquefaction, or fault
rupture). Pipe damage is most common in
soft alluvial soils or at interfaces between
soft and firm soils. Failure of piping caused
by inertial loads is uncommon. Potential
types of damage include pipe crushing and
cracking caused by shearing and
compression; joint breaking because of
excessive deflection or compression; joints
pulling open in tension; and changes in
sewer grade, causing reduced flow capacity.
Tension and compression failures at joints
because of soil movement have been
common. Flexible joints have suffered
significantly less damage than rigid joints.
Welded bell-and-spigot joints have.
performed poorly when subjected to
longitudinal stress. Cast-iron pipes with
rubber gaskets or lead-caulked joints have
accommodated movements better than
those caulked with cement, but may still pull
apart with major soil movements.

Seismically Resistant Design: Seismically
resistant design practices for mains in the
sewer system include the use of flexible
joints (e.g., butt-welded and double-welded
joints, restrained-articulated joints, and
restrained bell-and-spigot joints with ring
gaskets on a short length of pipe section),
and avoiding longitudinally stiff couplings
such as cement or lead-caulked, plain bell-
and-spigot, and bolted flange. Placement of
mains in dense native or compact soil not
subject to liquefaction, slides, or surface
rupture will mitigate much of the potential
damage. Special precautions should be
taken to reduce earthquake effects at fault
crossings. Main lines at fault crossings can
be located in a sacrificial tunnel or culvert,
or lubricated, wrapped in sheathing, buried
in shallow loose fill, or installed above
ground near the fault to allow lateral and
longitudinal slippage. Anchors such as bends
should be excluded within a distance of 300
feet of a fault zone and strengthened pipe
should be used within the zone. Isolation
valves should be placed near fault zones or
in areas of expected soil failure. Proper

maintenance to limit corrosion of metal
pipes, which weakens pipes, is important to
mitigate damage. Any equipment attached
to piping should be properly anchored.

2. Direct Damage

Basis: Damage curves for mains in the
sanitary sewer system are based on ATC-13
data for FC 31, underground pipelines (see
Figure B-89). In general, mains in the.
sanitary sewer system are more vulnerable
than those used in other systems because of
the construction materials used. Unlike the
water supply system, larger pipes generally
operate at lower pressures and thus are of
similar construction quality to the smaller
pipes. Consequently, the above damage
curves may be used for all pipelines in the
sanitary sewer system.

Standard construction is assumed to
represent typical California mains in the
sanitary sewer system under present
conditions (i.e., a composite of older and
more modern mains). Only minimal regional
variation in the construction quality is
assumed.

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

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

MMI
Intensity

Shift
+1
+1
+1
+1
+2

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
mains in the sewer system, except perhaps at
fault crossings or in areas of extremely
unstable soils. Therefore, no intensity shifts
for retrofitting are recommended.

Time-to-restoration: The time-to-
restoration data assigned to SF 31a, effluent
and main sewer lines, are assumed to apply
to all distribution lines. By combining these
data with the damage curves for FC 31, the
time-to-restoration curves shown in Figures

270 Appendix B: Lifeline Vulnerability Functions ATC-25
270 Appendix B: Lifeline Vulnerability Functions: ATC-25-



Mains/Lines
bpk=20

ID

E

a
0

a-
CL_C

bpk=8

31

VI UVI VIII IX
Modified Mercalli Intensity (MMI)

Damage percent by intensity for sanitary sewer mains/lines.

B-'90 and B-91 were derived. Collector pipe
restoration will take longer because of its
relatively lower priority. It is assumed that
restoration of collector lines will take
approximately twice as long as restoration of
the mains.

B. 7.2 Pumping Stations

1. General

Description: Pumping stations or lift
stations are typically used to transport
accumulated wastewater from a low point in
the collection system to a treatment plant.
Pumping stations consist primarily of a wet
well, which intercepts incoming flows and
permits equalization of pump loadings, and
a bank of pumps, which lift the wastewater
from the wet well. The centrifugal pump
finds widest use at pumping stations. Lift
stations are commonly located in small,
shear-waIl-type buildings.

Typical Seismic Damage: Pumping stations
will suffer damage closely related to the soil
materials on which they are constructed.

Because of their function, these stations are
typically located in low-lying areas of soft
alluvium where soil failures may occur.
Buildings housing stations may experience
generic building damage ranging from
cracking of walls and frames to collapse, and
unanchored electrical and mechanical
control equipment may topple and slide,
experiencing damage and tearing piping and
conduit connections. Piping attached to
heavy pump/motor equipment structures is
susceptible to damage caused by differential
settlement. Pumps/motors may also
experience damage as a result of differential
settlement. Damage to substation
transformers can result in a loss of power
supply.

Seismically Resistant Design: Seismically
resistant design practice includes avoiding
unstable soils whenever possible and
addressing problems of expected differential
settlement and liquefaction in the design of
foundations. Flexibility of pipelines should
be provided when pipes are attached to two
separate structures on different foundations.
Annular space should be provided at pipe
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penetrations in massive structures. to
prevent pipe damage in the event of
differential settlement. All mechanical and
electrical equipment should be anchored
and equipment on isolators properly
snubbed. Buildings housing equipment
should be designed in accordance with
seismic provisions of a local or national
building code. Provisions for emergency
power should be made for pumping stations
critical to systems operation.

2. Direct Damage

Basis: Damage curves for pumping stations
for the sanitary sewer system (see Figure B-
92) are based on ATC-13 data for FC 10,
medium-rise reinforced masonry shear wall
buildings; FC 66, electrical equipment, and
FC 68, mechanical equipment (see attached
figure). FC 10 was chosen to represent a
generic building, based on review of damage
curves for all buildings. Pumping stations are
assumed to be a combination of 30%
generic buildings, 20% electrical equipment,
and 50% mechanical equipment. Pumping
plants in the sewage system are assumed to
be located in poor soil areas. Consequently,
the detrimental intensity shift indicated

below for mechanical and electrical
equipment is assumed appropriate.

Standard construction is assumed to
represent typical California pumping
stations for sanitary sewer systems under
present conditions (i.e., a composite of older
and more modern stations). Only minimal
regional variation in construction quality of
mechanical equipment is assumed.

Present Conditions: In the absence of data
on the type of pumps, age, etc., the
following factors were used to modify the
mean curves, for each of the threefacility
classes listed above, under present
conditions:

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

MMI
intensity

Shift
FC 10FC 66FC 68

0 0 +1
+1 +1 +1
+1 +1 +1
+1 +1 +1
+2 +2 +2
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Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit (i.e., -1), relative to the above present
conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 31b, booster
pumping and main sewer pumping stations,
are assumed to apply to all pumping stations
in the sanitary sewer system. By combining
these data with the damage curves derived
using the data for FC 10, 66, and 68, the
time-to-restoration curves shown in Figures
B-93 through B-95 were derived.

B.7.3 Treatment Plants

1. General

Description: Treatment plants in the
sanitary sewer system are complex facilities
which include a number of buildings
(commonly reinforced concrete) and
underground or on-ground reinforced
concrete tank structures or basins. Common
components at a treatment plant include
trickling filters, clarifiers, chlorine tanks, re-

274 Appendix B: Lifelinc

circulation and wastewater pumping
stations, chlorine storage and handling,
tanks, and pipelines. Concrete channels are
frequently used to convey the wastewater
from one location to another within the
complex. Within the buildings are
mechanical, electrical, and control
equipment, as well as piping and valves.
Conventional wastewater treatment consists
of preliminary processes (pumping,
screening, and grit removal), primary settling
to remove heavy solids and floatable
materials, and secondary biological aeration
to metabolize and flocculate colloidal and
dissolved organics. Waste sludge may be
stored in a tank and concentrated in a
thickener. Raw sludge can be disposed of by
anaerobic digestion and vacuum filtration,
with centrifugation and wet combustion also
currently used. Additional preliminary
treatments (flotation, flocculation, and
chemical treatment) may be required for
industrial wastes. Preliminary treatment
units vary but generally include screens to
protect pumps and prevent solids from
fouling grit-removal units and flumes.
Primary treatment typically comprises
sedimentation, which removes up to half of
the suspended solids. Secondary treatment
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removes remaining organic matter using
activated-sludge processes, trickling filters,
or biological towers. Chlorination of
effluents is commonly required.

Typical Seismic Damage: Sanitary sewer
treatment plants are commonly located in
low-lying areas on soft alluvium.
Consequently, soil failure (e.g., liquefaction
or settlement) is common. Many of the
heavy structures are supported on
foundations that include piles. Differential
settlements between these structures and
structures not supported on piles will result
in damage to pipes or conduit, especially at
structure penetrations. Liquefaction may
cause some underground structures to float
in areas of high groundwater. Pumps and
other equipment can be damaged by loads
imposed by piping when differential
settlement occurs. Generic building damage
ranging from cracked walls and frames to
collapse may occur. Unanchored equipment
may slide or topple, rupturing attached
piping and conduit. Damage to substation
transformers can result in a loss of power
supply. Damage as the result of sloshing or
wave action is likely in basins that contain
rotating equipment or other moving devices.
Basin walls may crack or collapse. Pounding
damage or permanent movement may result
in the opening of expansion joints in basins.

Seismically Resistant Design: Seismically
resistant design practice includes siting
treatment plants in areas of stable soil, or
designing foundations and systems to
perform adequately in the event of expected
soil failure. Each structure should be
supported on one foundation type only if
adjacent structures have different
foundation types; structures should be
adequately separated; and piping and other
systems spanning between structures should
be provided with adequate flexibility to
accommodate relative motions. Piping
should be provided with annular space
where it penetrates heavy structures to
accommodate settlement. Buildings should
be designed in accordance with the seismic
requirements of a local or national building
code. Walls for all basins should be designed
for a combination of soil and hydrodynamic
pressures, taking into consideration the
possibility of soil failure. All backfills should

be compacted properly to avoid liquefaction.
If buoyant loading is possible, foundations
should be designed to resist such loading.
All equipment should be properly anchored,
and equipment on base isolators properly
snubbed. Arms, rakes, and other equipment
in basins should be designed for
hydrodynamic forces associated with
sloshing. Embankment stability and
considerations for buried piping should be
taken into account for sewage outfalls.
Outfall diffusers are also subjected to
hydrodynamic forces, which should be
included in design consideration.

2. Direct Damage

Basis: Damage curves for treatment plants
in the sanitary system are based on ATC-13
data for FC 10, medium-rise reinforced
masonry shear wall buildings; FC 41,
underground liquid storage tanks; and FC
68, mechanical equipment (see Figure B-
96). FC 10 was chosen to represent a
generic building, based on review of damage
curves for all buildings. Sanitary sewer
treatment plants are assumed to a
combination of 20% generic buildings, 30%
underground storage tanks, and 50%
mechanical equipment. Treatment plants in
the sewage system are assumed to be located
in poor soil areas. Consequently, the
detrimental intensity shift indicated below
for mechanical equipment is assumed
appropriate.

Standard construction is assumed to
represent typical California treatment plants
under present conditions (i.e., a composite
of older and more modern treatment
plants). It is assumed that minimal regional
variation exists in construction quality of
underground storage tanks and mechanical
equipment. Seismic loads have little impact
on underground storage tank design, and
operational loads often govern over seismic
requirements in the design of mechanical
equipment.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
classes listed above, under present
conditions:
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Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in a beneficial intensity shift of one
unit, relative to the above present.
conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 3 ic,
treatment plants in the sanitary sewer
system, are assumed to apply to all
treatment plants- By combining these data
with the damage curves derived using data
for FC 1 41, and 68, the time-to-
restoration curves shown in Figures B-97
through B-99 were derived.

B.8 Natural Gas

B.8.1 Transmission Lines

1. General

Description: In general, transmission lines
in the natural-gas system are located
underground, except where they cross rivers
or gorges, or where they emerge for
connection to compressor or pumping
stations. They are virtually always welded
steel and operate at high pressures.
Transmission pipelines range between 2 and
25 inches in diameter, but most are larger
than 12 inches. Shut-off valves, which
automatically function when line pressure
drops below a certain threshold pressure,.
are frequently included.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or not the supporting soil fails,
Routes are often selected along the edges of
river channels to avoid urban buildup and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction potential. Failures in the
past have typically occurred at sharp vertical
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or lateral dislocations or ruptures of the
ground. Pipes may buckle under
compressive forces, especially where they
cross ruptured faults. Damage has also
occurred as a result of axial elongations
caused by relative movement of two
horizontally adjacent soil layers. Damage
may occur because of displacements of
unanchored compressors or pumps or other
above ground structures. Several past
failures have been attributed to corrosion
combined with surges in line pressure during
the earthquake. Failures of above ground
lines have been caused by support failure,
failure of pipeline attachment to support
structure, and relatively large support
movement. Rupture of pipes and loss of
contents could lead to fire and explosions.

Seismically Resistant Design: Modern high-
pressure gas lines provided with proper full
penetration welds and heavy walls are very
ductile and have considerable resistance to
earthquake damage. Welded steel pipeline
performance depends on the integrity of the
welds--modern butt-welded pipelines
perform well, whereas gas lines constructed
before and during the early 19310s using
oxyacetylene and electric-arc welds do not.

Special precautions should be taken to
reduce earthquake effects at bay, river, and
fault crossings. Transmission lines at fault
crossings should be buried in shallow loose
fill or installed above ground near the fault
to allow lateral and longitudinal slippage.
Anchors such as thrust blocks or bends
should be excluded within a distance of 300
feet of a fault zone, and strengthened pipe
should be used within the zone. Valve
spacing near fault zones or in areas of
expected soil failure should be reduced.
Automatic shut-off valves should not rely on
electricity to operate. Proper maintenance
to limit corrosion, which weakens pipes, is
important to mitigate damage.

1. Direct Damage

Basis: Damage curves for transmission lines
in the natural-gas system are based on ATC-
13 data for FC 31, underground pipelines
(see Figure B-1lO). Transmission pipelines
are typically large-diameter, welded steel
pipes that are expected to perform in
earthquakes in a manner superior to that of
typical underground pipelines, as indicated
by the beneficial intensity shift below.
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Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
natural-gas transmission lines, except
perhaps at fault crossings or in areas of
extremely unstable soils. Therefore, no

1. General

Description: In general, compressor stations
include a variety of electrical and
mechanical equipment, as well as structures
and buildings. A typical plant yard may
contain electrical equipment, heat
exchangers, horizontal gas-storage tanks on
plinths, compressors, fans, air-operated
valves, pumps, cooling towers, steel stacks
and columns, and piping. The control
equipment is usually located in a control
building. Cryogenic systems may also exist
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Figure B-1 03 Damage percent by intensity for compressor stations.

on the site. Compressors are typically used
to boost pressures in long distance
transmission lines.

Typical Seismic Damage: Damage
experienced at the site may include sliding
and toppling of unanchored equipment,
stretching of anchor bolts on stacks and
columns, damage to old timber cooling
towers, and sliding of unrestrained
horizontal tanks on plinths. Piping may
rupture because of movement of attached
unanchored equipment. Generic building
damage ranging from cracking of frames and
walls to partial or total collapse may be
experienced by the control building and
other buildings.

Seismically Resistant Design: Seismically
resistant design practices include designing
the buildings and structures in accordance
with the seismic requirements of a local or
national building code. In addition, all
equipment should be well anchored and
equipment on isolators properly snubbed.
Inspection and maintenance of timber
cooling towers and piping can mitigate
damage. Anchor bolts on stacks should be

designed to yield over a long length to
dissipate energy.

2. Direct Damage

Basis: Damage curves for compressor
stations in the natural-gas system are based
on ATC-13 data for FC 10, medium-rise
reinforced masonry shear wall buildings; FC
66, electrical equipment; and FC 68,
mechanical equipment (see Figure B-103).
Compressor stations are assumed to be a
combination of 30% generic buildings, 20%
electrical equipment, and 50% mechanical
equipment.

Standard construction is assumed to
represent typical California compressor
stations under present conditions (i.e., a
composite of older and more modern
stations). Only minimal regional variation in
construction quality of mechanical
equipment is assumed.

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

MMI
Intensity

Shift
NEHRP Mar Area
California 7
California 3-6
Non-California7
Puget Sound 5
All other areas

FC 0 FC 66 FC 68
o 0 0

+1 +1 0
+1 +1 0
+1 +1 0
+2 +1 +1

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

Time-to-restoration: Te time-to-
restoration data assigned to SF 32c,
compressor stations, high-pressure holders,
and mixer/switching terminals, are assumed
to apply to all compressor stations in the
natural-gas system. By combining these data
with the damage curves derived using the
data for C 10, 66, and 68, the time-to-

300 330 365

restoration curves shown in Figures B-104
through B-106 were derived.

B.&3 Distribution Mains

1. General

Description: n general, the distribution
mains in the natural-gas system are located
underground, except where they cross rivers
or gorges or where they emerge for
connection to compressor or pumping
stations. They typically are between 2 and 20
inches in diameter and may be composed of
steel, cast iron, ductile iron, or plastic.
Approximately 80% of all new distribution
piping is made of plastic. Shut-off valves,
which automatically function when line
pressure drops below a certain threshold
pressure, are frequently used

Typical Seismic Damage: The performance
of pipelines is, strongly dependent on
whether not the supporting soil fails.
Routes are often selected along the edges of
river channels to avoid urban buildup and
street crossings and to simplify the
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Figure B-1 07 Damage percent by intensity for natural gas distribution mains.

acquisition of real estate. Such routes have
high liquefaction potential Pipe damage is
most common in soft alluvial soils, at
interfaces between soft and firm soils, at
locations of fault ruptures, or at sharp
vertical or lateral dislocations or ruptures of
the ground. Pipes may buckle under
compressive forces, especially where they
cross ruptured faults. Damage may occur as
a result of displacements of unanchored
compressors or pumps or other above
ground structures. Several past failures have
been attributed to corrosion combined with
surges in line pressure during the
earthquake. Rupture of pipes and loss of
contents could lead to fire, explosions, or
both.

Seismically Resistant Design: Seismically
resistant design provisions for distribution
piping are typically minimal. Consequently,
large urban distribution systems should have
suitable valving installed so that large areas
can be broken down into zones. Special
precautions should be taken to reduce
earthquake effects at bay, river, and fault
crossings. Distribution mains at fault
crossings should be buried in shallow loose
fill or installed above ground near the fault

to allow lateral and longitudinal slippage.
Anchors such as thrust blocks or bends
should be excluded within a distance of 300
feet of a fault zone and strengthened pipe
should be used within the zone. Valve
spacing near fault zones or in areas of
expected soil failure should be reduced.
Automatic shut-off valves, which operate
when pressure reduces, should not rely on
electricity to operate. Proper maintenance
to limit corrosion, which weakens pipes, is
important for mitigating damage.

2. Direct Damage

Basis: Damage curves for distribution mains
in the natural-gas system are based on ATC-
13 data for FC 31, underground pipelines
(see Figure B-107). Standard construction is
assumed to represent typical California
distribution mains under present conditions
(i.e., a composite of older and more modern
mains). Minimal regional variation in
construction quality is assumed.

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

Appendix B: Lifeline Vulnerability Functions

bpk=2

to
a)
E
_

a

02toto
m>

bpk=l2

bp=0
X

o< -a

ATC-25 285



Distribution Hains
- 3 1.00 31 1.00-

111 a

6 -0.038
-7 -0.038

8 -0.038
9 -0.030

10 -0.036

b

0.373
0.373
0.280
0.228
0.095

B = b * days + a

I I I II I I I I HI I I0 I 

90 120 150 1883 210 240 270 308 330
Elapsed Time in Days

365

Figure B-1 08 Residual capacity for natural gas distribution mains (NEHRP Map Area: California 3-6,
California 7, and Non-California 7).

NEHRP Map Area

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

MM/
Intensity

Shift
0
0
0

+1
+1

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
natural-gas distribution mains, except
perhaps at fault crossings or in areas of
extremely unstable soils. Therefore, no
intensity shifts for retrofitting are
recommended.

Time-to-restoration: The time-to-
restoration data assigned to SF 32d,
distribution feeder mains, are assumed to
apply to all distribution mains in the natural-
gas system. By combining these data with the
damage curves for FC 31, the time-to-
restoration curves shown in Figures B-108
and B-109 were derived.

B.9 Petroleum Fuels

B. 9.1 Oil Fields

1. General

Description: In general, oil fields in the
petroleum fuels system may includes
pressure vessels, demineralizers, filters,
vertical tanks, horizontal water and oil
pumps, large heat exchangers, air
compressors, extensive piping, and air-
operated valves. Additionally they may
include their own water treatment plant,
which demineralizes and filters water before
it is injected as steam into oil wells in the
area. Control houses with control
equipment may monitor production and
flow in and out of the field.

Typical Seismic Damage: Building damage
may range from cracks in walls and frames to
partial and total collapse. Unanchored or
improperly anchored equipment may slide
*or topple, experiencing damage or causing
attached piping and conduit to fail. Well
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Figure B-1 09 Residual capacity for natural gas distribution mains (Puget Sound 5 and all other areas)'.

casings will move with the surrounding soils
and may result in damage to the oil pumps.
Reduction or increase in production may
occur after an earthquake as a result of
geological changes in the oil field.

Seismically Resistant Design: Buildings
should be designed in accordance with the
seismic provisions of a local or national
building code. All equipment should be well
anchored.

2. Direct Damage

Basis: Damage curves for oil fields in the
petroleum fuels system (see Figure B-110)
are based on ATC-13 data for FC 68,
mechanical equipment. It is believed that
this facility class best approximates the
expected performance of oil fields.

Standard construction is assumed to
represent typical California oil fields under
present conditions (i.e., a composite of older
and more modern fields). Only minimal
regional variation in the construction quality

is assumed, as shown in the intensity shift
factors below.

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

NEHRP Map2 Area
California 7
California 3-6
Non-California 7
Puget Sound 5
All other areas

Mm/
Intensity
Shift

0
01
0

+1

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

Time-to-restoration: The time-to-
restoration data assigned to SF 1Sa is
assumed to apply to all oil fields. By
combining these data with the damage
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curves for FC 68, the time-to-restoration
curves shown in Figures B-ill and B-112
were derived.

B.9.2 Refineries

1. General

Description: The typical oil refinery is a
complex facility with many different types of
buildings, structures, and equipment. Tank
storage for the various products produced at
the refinery can consist of unanchored
vertical storage tanks supported on the
ground, horizontal pressurized storage tanks
supported on steel or concrete plinths, and
spherical tanks supported on legs.
Refineries also include a large number of
steel stacks or columns anchored to
concrete foundations. Throughout the
refinery there are extensive runs of piping,
both on the ground and elevated.
Mechanical equipment throughout the
refinery includes pumps, heat exchangers,
furnaces, motors, and generators. Electrical
equipment includes transformers,
switchgear, and motor control centers.

Control rooms house control equipment.
Timber cooling towers, refueling stations,
administrative buildings, and wharf loading
facilities are also included in some
refineries.

Typical Seismic Damage: A major concern
after any earthquake that affects a refinery
is fire. Loss of contents from any one of a
large number of tanks could lead to a fire
that could spread throughout the facility.
Similarly, toxic release and air emissions are
also serious concerns. The large cylindrical
ground-mounted steel tanks are typically the
most vulnerable components at the refinery
and can suffer tank-wall buckling, bottom
rupture, wall-to-bottom weld failure, roof
damage, settlement, or pipe failure. Piping
systems can experience flange separations,
damage to supports, rupture at connections
to unanchored equipment, and valve
damage. Mechanical equipment with
inadequate anchorage can slide or topple.
Buildings and structures can experience
generic structural damage rangingfrom
cracks in walls and frames to partial or
complete collapse. Control room panels may
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Figure B-1 13 Damage percent by intensity for oil refineries.

slide or topple, or experience relay
problems. Stacks or columns may stretch
anchor bolts. Horizontal tanks may slide on.
their plinths and rupture attached piping.
Brick linings in boilers may break.

Seismically Resistant Design: Seismically
resistant design practices include design of
all buildings and structures (including tanks)
for seismic requirements in a local or
national code. Storage tanks should be
provided with flexible piping, pressure relief
valves, and well-compacted foundations
resistant to differential settlement.
Retention dikes with sufficient capacity to
retain all of the oil contained in the enclosed
tanks are necessary to mitigate the danger of
catastrophic fire after an earthquake.
Embankments for such dikes should be
stable when subjected to ground shaking.
Horizontal tanks on plinths should be
restrained to prevent attached pipes from
rupturing. Long anchor bolts that are
properly embedded in foundations should
be used for heavy equipment and stacks.
Mechanical and electrical equipment should
be anchored to prevent sliding and toppling.
Maintenance and inspection programs for
cooling towers and piping should be

implemented. Supports for piping should be
designed for seismic loads. An emergency
power system should be provided for control
and emergency equipment as a minimum.

2. Direct Damage

Basis: Damage curves for refineries in the
petroleum fuels system are based on ATC-
13 data for FC 43, on-ground liquid storage
tanks; FC 52, steel chimneys; and FC 68,
mechanical equipment (see Figure B-1 13).
Refineries are assumed to be a combination
of 40% on-ground storage tanks, 30%
chimneys, and 30% mechanical equipment.

Standard construction is assumed to
represent typical California refineries under
present conditions (i.e., a composite of older
and more modern refineries). Only minimal
regional variation in the construction quality
of mechanical equipment is assumed, as
operational loads frequently govern over
seismic requirements.

Present Conditions: In the absence of data
on the type of construction, age, etc., the
following factors were used to modify the
mean curves for each of the three facility
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Figure B-114 Residual capacity for oil refineries (NEHRP California 7).

classes listed above, under present
conditions:

NEFHRP Map Area

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

in Figures B-114 through B- 16 were
derived

MMI
Intensity

Shift
FC 43 FC 52 FC 68

0
+1
+1
+1
+2

0
+1
+1
+1
+2

0
0
0
0

+1

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

Time-to-restoration: The time-to-
restoration data assigned to SF lb,
refineries, are assumed to apply for all
refineries in the petroleum fuels system. By
combining these data with the damage
curves derived using the data for FC 43, 52,
and 68, the time-to-restoration curves shown

B.9.3 Transmission Pipelines

1. General

Description: In general, transmission lines
in the petroleum fuels system are located
underground, except where they cross rivers
or gorges, or where they emerge for
connection to compressor or pumping
stations. They are virtually always welded
steel and operate at high pressures. Shut-off
valves, which automatically function when
line pressure drops below a certain
threshold pressure, are frequently included.

Typical Seismic Damage: The performance
of pipelines is strongly dependent on
whether or not the supporting soil fails.
Routes are often selected along the edges of
river channels to avoid urban buildup and
street crossings and to simplify the
acquisition of real estate. Such routes have
high liquefaction potentials. Failures in the
past have typically occurred at sharp vertical

I~ I i I I
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Figure B-1 15 Residual capacity for oil refineries (NEHRP Map Area: California 3-6, Non-California 7,
and Puget Sound 5).
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Transmission Pipelines (Petroleum Fuels)
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Figure 8-117 Damage percent by intensity for petroleum fue[s transmission pipelines.

or lateral dislocations or ruptures of the
ground. Pipes, may buckle under
compressive forces, especially where they
cross ruptured faults. Damage has also
occurred because of axial elongations
caused by relative movement of two
horizontally adjacent soil layers. Damage
may occur as the result of displacements of
unanchored compressors or pumps or other
above ground structures. Several past
failures have been attributed to corrosion
combined with surges in line pressure during
the earthquake. Failures of above ground
lines have resulted from support failure,
failure of pipeline attachment to support
structure, and relatively large support
movement. Rupture of pipes and loss of
contents could lead to ignition, fire, and/or
explosions.

Seismically Resistant Design: Modern high-
pressure petroleum fuel lines provided with
proper full penetration welds, heavy walls,
and strong couplings are very ductile and
have considerable resistance to earthquake
damage. Welded steel pipeline performance
depends on the integrity of the welds--
modern butt-welded pipelines perform well,
whereas lines constructed before and during

the early 1930s may not. Special precautions
should be taken to reduce earthquake
effects at bay, river, and fault crossings.
Transmission lines at fault crossings should
be buried in shallow loose fill or installed
above wound near the fault to allow lateral
and longitudinal slippage. Anchors, such as
thrust blocks or bends should be excluded
within a distance of 300 feet of a fault zone,
and strengthened pipe should be used within
the zone. Valve spacing near fault zones or
in areas of expected soil failure should be
reduced. Automatic shut-off valves should
not rely on electricity to operate. Proper
maintenance to limit corrosion which
weakens pipes, is important for mitigating
damage.

2. Direct Damage

Basis: Damage curves, for transmission lines
in the petroleum fuels, system are based on
ATC-13 data for FC 31, underground
pipelines (see Figure -117). Transmission
pipelines are typically large-diameter welded
steel pipes that are expected to perform in
earthquakes in a manner superior to typical
underground pipelines, as indicated by the
beneficial intensity shift below.
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Transmission Pipelines (Petroleum Fuels)
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Figure B-118 Residual capacity for petroleum fuels transmission pipelines (NEHRP Map Area: California
3-6, California 7, Non-California 7, Puget Sound 5, and all other areas).

Standard construction is assumed to
represent typical California petroleum fuels
transmission lines under present conditions
(i.e., a composite of older and more modern
transmission lines). Only minimal regional
variation in the construction quality is
assumed.

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

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

MM/
Intensity

Shift
-1
-1
-1
-1
-1

Upgraded Conditions: It is not cost-
effective or practical to upgrade existing
petroleum fuels transmission pipelines,
except perhaps at fault crossings or in areas
of extremely unstable soils. Therefore, no

intensity shifts for retrofitting are
recommended.

Time-to-restoration: The time-to-
restoration data assigned to SF 18c,
transmission pipelines, are assumed to apply
to all transmission pipelines in the
petroleum fuels system. By combining these
data with the damage curves for FC 31, the
time-to-restoration curves shwon in Figure
B-i 18 were derived.

B.9.4 Distribution Storage Tanks

1. General

Description: Most oil storage tanks are
unanchored, cylindrical tanks supported
directly on the ground. Older tanks have
both fixed and floating roofs, while more
modern tanks are almost exclusively
floating-roofed. Diameters range from
approximately 40 feet to more than 250 feet.
Tank height is nearly always less than the
diameter. Construction materials include
welded, bolted, or riveted steel. Tank
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foundations may consist of sand or gravel, or
a concrete ring wall supporting the shell.

Typical Seismic Damage: On-ground oil
storage tanks are subject to a variety of
damage mechanisms, including: (1) failure of
weld between base plate and wall, (2)
buckling of tank wall (elephant foot), (3)
rupture of attached rigid piping because of
sliding or rocking of tank, (4) implosion of
tank resulting from rapid loss of contents
and negative internal pressure, (5)
differential settlement, (6) anchorage failure
or tearing of tank wall, (7) failure of roof-to-
shell connection or damage to roof seals for
floating roofs (and loss of oil), (8) failure of
shell at bolts or rivets because of tensile
hoop stresses, and (9) total collapse.
Torsional rotations of floating roofs may
damage attachments such as guides, ladders,
etc.

Seismically Resistant Design: Seismically
resistant design practices for ground oil
distribution storage tanks include the use of
fledbIe piping, pressure relief valves, and
well-compacted foundations and concrete
ring walls that prevent differential
settlement. Adequate freeboard to prevent
sloshing against the roof should be
maintained. Positive attachment between
the roof and shell should be provided for fix-
roofedtanks. The bottom plate and its
connection to the shell should be stiffened
to resist uplift forces, and the base plate
should be protected against corrosion.
Abrupt changes in thickness between
adjacent courses should be avoided.
Properly detailed ductile anchor bolts may
be feasible on smaller steel tanks.
Maintaining a height-to-diameter ratio of
between 0.3 and 0.7 for tanks supported on
the ground controls seismic loading.
Retention dikes are needed to retain spilled
oil and prevent it from reaching ignition
sources. These dikes should have sufficient
capacity to retain all oil that could spill
within their confines. Also, all retention dike
embankments should be stable in ground
shaking.

2. Direct Damage

Basis: Damage curves for distribution
storage tanks in the petroleum fuels system

are based on ATO-13 data for FC 43, on-
ground liquid storage tanks (see Figure B-
119). Standard construction is assumed to
represent typical California distribution
storage tanks under present conditions (ie.,
a composite of older, non-seismically
designed tanks as well as more modern tanks
designed to seismic requirements (e.g., API
650).

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

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

MMI
Intensity

Shift
0

+1
+1
+1
+2

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 18d,
distribution storage tanks, are assumed to
apply to all tanks. By combining these data
with the damage curves for FC 43, the time-
to-restoration curves shown in Figures B-
120 through B-121 were derived.

B.10 Emergency Service

B.10.1 Health Care

1. General

Description: Health care facilities
(hospitals) are typically housed in one or
more buildings. Construction type varies
significantly. Smaller hospitals may contain
only limited equipment associated with
building services. Large hospitals may
contain water treatment equipment,
emergency power diesels, chillers, and
boilers, as well as sophisticated equipment
used for treating patients.
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Figure B-1 19 Damage percent by intensity for petroleum fuelds distribution storage tanks.

,, :

R=111,/

..

Fi

Figure B-i 20

;a
.2

n
1)

D- £A .

Distribution Storage anks

l- A. I I I I I I I I I

DAYS: 30 60 90 120 150 1 210 248 Z70 300 330 365

Elapsed Time in Days

Residual capacity for petroleum fuelds distribution storage tanks (NEHRP California 7).

296 Appendix B: Lifeline Vulnerability Functions

Tanks
1.00: D=11.'

a)

Eo D=50z 

0 I
VI X

8d 1.00 43 1.0f1

hII a b

6 0.408 0.110

7 0.403 0.891
8 0.3U30 H.041

9 8.352 0.020
10 0.258 0.009

R b * days + a

Other

CA 36
Non CA 7

lid

I I

41
,

296- ATC-25



ribution Storage Tanks
4a lt Af 1 O1

68 so 128 158 188 218;

Elapsed Time in Days
Z48 278 388 33 35

Figure B-1 21 Residual capacity for petroleum fueldsc distribution storage tanks (NEHRP Map Area:
California 3-6, Non-California 7, and Puget Sound 5).

Distribution Storage anks
1.88 43 1.0

ml
6

7

9
1

a
8.388

O .258
8.142
80.860

b

8.841

0.828
. 809

8. BO

.00,

R b * days + a

I I I
I I I 

9B 128 158 188 218

Elapsed Time in Days
24 278 3881 330 35

Figure B-1 22 ResiduaE capacity for petroleum fuelds distribution storage tanks (AlI other areas).

Appendix B: Lifeline Vulnerability Functions

>

R=tlx

.6,
C1Ca

-0

Ln
aCC

R= E0x

"ml a b
6 0.403 0.091
7 0113 :80 0.841

8 352 0.828
9 0.258 8.889

10 8.142 0.006

R = * days a

I I I IRz 07 I
DAYS: 3D

5=1808

'U
a
a

0 R= 96c

£/2
. ) -
CE

R rvD.- ur
DAYS: 38 G

I i I I

I I ,, 

297ATC-25

_



D= A08V

80

0)o
CU D=SO;.
E
Ca0

UI

Health Care

Vil ViII Ix
Modified Mercalli Intensity (MMI)

Figure B-1 23 Damage percent by intensity for health care facilities.

Typical Seismic Damage: Buildings may
experience generic building damage ranging
from cracks in walls and frames to partial
and total collapse. Unanchored or
improperly anchored equipment may slide
or topple. Equipment supported on isolation
mounts with no snubbers may fall off the
mounts and rupture attached piping and
conduits. Unrestrained batteries on racks
may fall, rendering the emergency power
systems inoperable. Suspended ceilings may
fall and impede operations. Equipment
necessary for treating patients may be
damaged, especially if it is supported on
carts or on wheels, or is top-heavy.
Equipment that requires precise alignment
is also susceptible to damage. In garages,
structural damage may result in ambulances
being unavailable when they are needed.

Seismically Resistant Design: As essential
facilities, hospital should be designed to
remain operational in the event of a major
earthquake. Typically this involves using
larger design forces and meeting more
restrictive design requirements than those
required by building codes for the building

design. However, equipment and
nonstructural items also require special
attention if the hospital is to remain
functional. All critical equipment should be
anchored. Equipment on isolators should be
snubbed. The emergency power system
should be closely scrutinized, and the
emergency diesel-generator system should
be maintained and tested frequently.
Equipment used to treat patients should be
stored and restrained properly. Medicine in
cabinets should be stored in a manner that
prevents it from falling to the floor.

2. Direct Damage

Basis: Damage curves for health care
facilities are based on ATC-13 data for FC
10, medium-rise reinforced masonry shear
wall buildings (see Figure B-123). FC 10 was
chosen to represent a generic building,
based on review of damage curves for all
buildings.

Standard construction is assumed to
represent typical California health care
facilities under present conditions (i.e., a
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Figure B-124 Residual capacity for health care facilities (NEHRP California 7).

composite of older and more modern health
care). It is assumed that such facilities were
designed using enhanced seismic
requirements and that the beneficial
intensity shifts, indicated below are
appropriate.

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

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

Mm/
Intensity

Shift

-1
0
0
0

Upgraded Conditions: For areas, where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 8, health
care services, are assumed to apply to all
health care facilities. By combining these
data with the damage curves for FC 10, the
time-to-restoration curves shown in Figures
B-124 through B-126 were derived.

B. 0.2 Emergency Response Services

1. General

Description: Emergency response services
include fire and police stations. Both fire
and police stations may be housed in low- to
medium-rise structures of virtually any type
of construction. In many urban areas these
structures are old and were built prior to the
adoption of earthquake design codes.
Firehouses typically include garages to
house engines, sleeping quarters, kitchens,
utility rooms, and communications rooms.
Some stations have hose towers used to dry
hoses after use. Police stations typically
include a dispatch center, detention area,
and squad room.
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Emergency Response Seruice
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Modified Mercalli Intensity (MM])

Damage percent by intensity for emergency response service facilities.

Typical Seismic Damage: Buildings housing
fire and police stations may experience
generic building damage ranging from
cracking of frames and walls to partial or
total collapse. Fire stations may be more
susceptible to damage than most buildings
because of the presence of the large garage
door openings and the hose towers, which
interrupt the continuity of the roof
diaphragm and frequently have
discontinuous shear walls or frames.
Significant damage to a fire station could
lead to loss of use of engines housed within
them. UJnanchored communications
equipment in both stations could severely
hinder operations immediately after an
earthquake.

Seismically Resistant Design: Both fire and
police stations are critical buildings that
should remain operational after a major
earthquake. Accordingly, these facilities
should be designed to meet the seismic
requirements for critical buildings of a
national or local building code. Geometric
irregularities that will result in poor seismic
performance should be avoided (e.g.,

separate hose towers should be provided).
Communications equipment should be
properly restrained and provided with
backup emergency power. All equipment,
especially boilers, should be well anchored.
Engines and patrol cars should be stored in
areas that are expected to escape serious
damage.

2. Direct Damage

Basis: Damage curves for emergency
response service are based on ATC-13 data
for FC 10, medium-rise reinforced masonry
shear wall buildings (see Figure B-127). FC
10 was chosen to represent a generic
building, based on review of damage curves
for all buildings. Although more modern
facilities may be designed to enhanced
seismic design criteria, many old police and
fire stations are still in use. Consequently,
no intensity shifts from typical FC 10
performance are assumed.

Standard construction is assumed to
represent typical emergency response
facilities under present conditions (Le., a
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Figure B-128 Residual capacity for emergency response service facilities (NEHRP California 7).

composite of older and more modern police
and fire stations).

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

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

MM/
Intensity

Shift

0,
+1
+1
+1
+2

Upgraded Conditions: For areas where it
appears cost-effective to improve facilities,
assume on a preliminary basis that upgrades
result in one or two beneficial intensity
shifts (i.e., -1 or -2), relative to the above
present conditions.

Time-to-restoration: The time-to-
restoration data assigned to SF 23,
emergency response services, are assumed
to apply to all emergency response service
facilities. By combining these data with the
damage curves for FC 10, the time-to-
restoration curves shown in Figures B-128
through B-130 were derived.
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Figure B-1 29 Residual capacity for emergency response service facilities (NEHRP Map Area: California
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Figure B-130 Residual capacity for emergency response service facilities (All other areas).
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