DOCUMENTO ORIGINAL EN MAL
ESTADO

1.0 INTRODUCTION

1.1 WORKGHOP AND GUIDANCE DOCUMENT
OVERVIEW

The objeotive of this workshop and guidance document Is to
provide information on ssismic hazards to water purveyors to
asseus the sffects of sarthquakes on thelr systems. The
guidance document has been developed to bs used as the text
for the workshop.

One of the crucial elements of water aystem vulnarability
assessmonts Is earthquake hazard liquefaction and related
permanant grourndd deformation. One of the main thrusts of the
waorkshop Is to develop an understending by workshop particl-
pants of the sffects of that hazard,

The workehop and guidance document first focus on setablish-
ing the concern about water system seismio vulnerability.
Seiemicity and earthquake hazerds are desoribad. Vulnerability
of system components ls established, followed by a discussion
about overall system performanca, Information on earthquake
hazard informmation sources is provided, Supporting informaton
is provided us an axampls of vulnersblility sssosemaent. Basics
fot emergency planning for water purveyors are dascribed.

1.2 LIFELINE SYG‘I’E} DEFINITION AND REASONS FOR
SESMIC MITIGATION
Lifeline systeme difter from strugtures classically studied In

sarthquake snginesring. H{Shrrewstemcan-be.dafinedas
foliowe:

. Soclety is dependent on system parformance both
during normal function and during emergency
responge

System perforrnance depends on interaction of
components

System ie distributed over a large srea and raquires
hazard information for many sites.

Thare are three primary reasons for water purvayore to pureus
oarthqueke mitigation:

. Rasponsible to community
Minimize sconomic impacts
. Liability.

The non-performance of the hfsline eystem, and the financial
impacts associated with non-performance, are usually much

lsrgar than the cost to repair direat damage. In other words, the
financiel impact of business Interruption snd/or fire dsmage
rasuiting from sn Inaperable watar system sre usually much
{erger then tha cost of repsiring pipefines, tankage. or treatment
plants damaged in an sarthquake. The finanéial impacts of
water system non-performance are bome by soclety (.e., local
businesses, property owners, taxing suthorities) whers ds the
o«tofnegirnuvbobomdimﬂybytlnpumwa may be
sligible for,Federsl Emargency Management Agency (FEMA)
greant for repeirl.

The cost of esrthquake mitigation should be weighed against
potentisl aconomic impacts {selemio risk will be discussed in the
tollowing subsection), and the least sxpensive cost slternatives
should be pursued.

Water purveyore may be liable for financisl impacts related to
water systom non-performance.

13 SEISMIC RISK

Selsmic mitigstion ahould be pursued at & level commensurate
with selsmic risk, Seismic risk Is a function of tha size of an
earthquake that might occur, the probability of occurrence, snd
the consequences of ocourrence.

The size of the sarthquake and probability of occurrence are
combinad to generate ssismic zonation maps, as includad in ths
Uniform Building Code (UBC).

The UBC zonation maps see-divided into five zones, O through 4
Lateral force design coefficients ere provided for each zone.

The dasign cosfficients sre selacted to achieve the desired
consequences described below, The basis for selection of these,
design coefficients is as follows.

. Moderats or Operating Basis Earthquake {OBE).
Structure may undar go minor repairable damage,
but will romain functional. An OBE has 8 S0 percent
probaebility of occurrence in 50 years {typical life of a
structure], with a raturn pefiod of 72 yeers.

. Large or Deasign Basis Earthquake {DBE). Structure
may bo heavily damaged and ultimately condemned,
but remaing standing for egregs of building
occupanta, A DBE has & 10 percent probability of

occurrance 1n 50 years with a return pariod of 475
years.

The design coefficiants are diffarent for each zone



A higher level of parformance is required for water systems.
Design coefficients should be more conservative than thosa
presented in the UBC. The UBC does make provisions to
Incresse the design coetficients for important faciliies.

For some facilities whers failure consequences would be
catasaophic, maxdmum credible sarthquakes (MCE) are
considered. Facilities in this catagory include dema and nuclear
power plants,

14 POST-EARTHQUAKE SYSTEM PERFORMANCE
OBJECTIVES
141 Performance Objective Priorditization

This section defines and discusses service categories and
associated prioritiss to mitigate sarthquake damage end provide
water service, Mitigating water system earthquske demage in
order to maintain their function can be prioritized as follows.

Photograph 1-1. Chlorine cylinders rapiaced after topphing in
Limon, Costa Rica Water Treatment Plant, bresking connectihg
plpe, and releasing a chiorine plume. Cne person went to the
hospital,

Wik FPC TR EARITRWUARE: .

1. Life Safety. Prevention of casusities caused directly October 17, 1689

from facllity failure; examplos are chlorine releass

and occupiad building collapse. night, Fice fightars

£ontalned the blaze

2. fire Suppression. Fire suppression is required ":.:f; ;;'.“::.‘;.g_g

immaediately following an earthquake s
3.  Crtical Services. Servicas for hospitals, critical

communication equipment cooling, ney ———r

dlsiysis patients: sre required as soon as posaible WHY 4

following &1 sarthquake. enyra
4.  Drinking Water snd Public Hoalth. Thesa are

required In some form within thres days following an

sarthquake; they could be provided using tank truck

delivary or bottled watar.

Phatograph 1-2. Fre in the Maring District in San Francisco

5. Water for Domestic, Commercisl, and Industriel Uge. following the Loma Prieta ssrthquaks. Both the municipal snd

Water for these uses is raquired 1o restore normal
function to society for such items as fire sprinklers,
cooling water for HVAC, computers {e.g., banking
and gommunication}, and industrial process water,
REpain. om

6. Property Damage.ﬁDirect damage to water system
components or secondary effects from flooding due
to resarvoir/pipeline failure.

7. Irngation.
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auxiliary water supplies were out of service in the sres. No
wind the evening of the earthqueke helped fimit the spread of
fire,
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Photograph 1-3. Water truck distributing drinking water in
Erzincan, Turkey. The water system was stif being repsired one
week following the svent.
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Photograph 1-4. A water buffslo Is used to distribute drinking
water following the 1392 Landers sarthquake in Landers/Big
Bear. California.

Photographs 1-5 and 1-6. Portable water tank and shower unit
serving sres nesr Loma Prists epicenter six weeks asftsr the
sarthquake.

The objactive of pnontization 1a to eliminate life-safety neke snd
optimize reduction of sconomic riek. Watar for dnnking and
public health can be supplisd using emergency responas
approaches such as hauling and distibuting water with tank
trucks and distribution of bottled watar supplied by ragional
botding faciites. Thare ie no evsdance that paople In civilized
countrios have disd following an aarthqueko as a rasult of
dehydration. Sprasd of diseass as a result of inoparable sanitary

systems [water and wastewatar) has baan a problem in gsome
earthquakea,

1-3



Dysfunction of lifelinag has the potential for very large
sscondary (oages resulting from businass intarruption. Most
business cannot funotion without water or other lifeline sanvces
such as powaer, communications, transportation, and ges or
liquid fuel. A decision on astablishing a level of post-aarthquake
sarvice should consider an acosptablas fifeline outage durstion’s
impact on funotion of bueiness. Direat loss of proparty such se
pipaline or pump station damage will be small 1o society as s
whole comparsd to the losses from business interruption.

Different service function prioritias require diffarent combina-
tions of system componants to be functional. Components
raquired to produce watar for fire supprossion usually include
systemn storage reservoirs and the distribytion system conneot-
Ing the resarvoir to fire locations, 7 would not necessarily
include the transmission systom connecting the dems and
resarvoirg. Restoradon of sarvice for domestic, commarcial, and
industrial use would Include all system components required to
make the system functional after tha earthquake. Restoration of
service to all customers could ba achieved at s reduced flow
with soma of the system componants being dysfunctional.

Ufsline systam function is dependent both on performance of
system components and the interrelationehip of those
components operating as a eystem. A simple sxample is &
reservoir, transmission lina, snd pump station configured in
series. AN must be operable for the "system® to deliver water.
Systems with paraliel and/or interconnecting flow pathe are
more complex. Defining that interrelationshin le orucial to under-
standding system performance.

16 POSGIBLE POST-EARTHQUAKE PERFORMANCE
POLICY QGJECTIVES

Baged on the systsm/component performance cbjective
pricrities, post-sarthqueke system perfomance/flggestion are
suggested in Teble 1-1. Suggosted performance policlss are
provided for moderate ssrthquakes (OBE) that have a higher
probability of occurrence and large sarthquakes (DBE) that have
a lower probability of ocsurrence. Dual levels of parformance
are typical in sarthquake snginesrng. Ae part of each statement
describing performance, the related priorities described sbove
are shown,

TABLE 1-1

POST-EARTHQUAKE SYSTEM PERFORMANCE POLICY OBJECTIVES

e —— ————__——~ —— ——_

- — ——

Sarvice Catagory/Paigeity Operating Basis Earthquake Deslgn Basle Earthruske
Earthqueke B0 percent chance of ocourring in 10 percent chance of ocourring in SO years; 1/475 veer
60 years; 1/72-yaar retum. return,
Pipefinas Several failures. Sevaral tans of failures.
Facilitios

Continuous power service, Minor,
easily repairable damage to pump
stations and reservoirs.

Power out for 72 hours, Minor damage to 70 percent
of pump stations, tanks, and reservoirs; sl remaining
operable. Significant damagas to remaining 30 percent
making them inoperable.

1. Life Safety

Minimnal Sife safety risk.

Minimal lifs safaty risk,

2.  Fire Suppression

Available in all areas.

Available from 70 percent of scurces and/or reservoirs
after valving off limited areas of damage.

3. Critical Service

4,  Dnnking Water/Public
Health

S. Domaeastic, Commarcial,
and Industial Supply

8, Proparty Damage

Continuous full marvice to all aress
at winter demend rates.

Maintain good water quality.

Service to 70 percent or service area at 70 percent of
winter flows; potable water made aveilable at central-
1zed locations, both within 72 hours. 8oil water order
may ba required.

Full sarvice to all but a faw areas within 7 days at
winter demand rates. Full servica ta all within 1 month
atl wintar damand ratesa.

7. lrrigation

Full sarvice to all areas at summar
demand rates within 7 daye.

Full service to all withun 6 monthe at summer demand
ratos.
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1.6 EXERCISE YO FOCUS ATTENTION ON
RESPONSIBILITY FOR S8YSTEM FAILURE

This exarcise ls designed to help focus attention on responsibili-
ty for potential system failura and implementation of earthquake
dsmage mitigation programs. Tha axerciee is a scenario located
in the Pacifio Northwest.

Seismic City is located In the Pacific Northwest with a popula-
tion of spproximately 30,000 pecpla. It is loceted within
commute distance of a larga city. As aresult, itie both a
badroom community as well as homa to some light industry.
The city grew rapldly in the 1970s and 1980s as it was
considered a preferred location to raise a family. The central
business district dates back to the 1930s. In recent years,
many strip mells have baan daveloped on the cutskirts of town.

Question 1 - With what you have basn told, haw would you rate
the quality of lifs in Selsmic City?

Poor Good
L] 2 3 4 &

Seismic City’s water supply comas from a river flowing through
the canter of town, and s supplemanted by several welis. Solls
along the river are liquefiable in an earthquake. Tho water
distribution system pipelines ars constructed of both cast iron
and ductile iron, depending on when thay ware installed.

Tha area has been subjected 10 one OBE and one DEE over the
past 50 yoars, the most recent being 25 yesrs ago. Some
damage occurred form each, but none was catastrophic.
Locally, no one was injured.

Many people in town havs heard of the potential for a subduc-
tion DBE earthquake. The police and fire dapartments have
congidered earthquake praparsedness in some of their emergency
planning documents. Tha public works departmont/water utility
continues with a tight budget. The new EPA Safe Drinking
Watar Act is placing expansive demands on the City, requiring
significant levels of spending te comply.

Question 2 - How concermed should local residents be sbout
theic safety and getting services following a DBE?

Not Concerned Very Concernad
1 2 3 4 5

Quaestion 3 - How concamad should public officials be about
providing municipal services foliowing an sarthquake?

Not Concerned Vary Concerned
1 2 3 4 5

Question 4 - Being knowiedgealie SDOUT WAL SYSIS, NOw
important do you think K b to assasa the sarthquake vulner-
sbility of the Ssismic City watsr syetem snd implament upgrades
oa appropriate?

Not lmportant Very Important
1 2 3 4 6

Question 6 - K eystem vulnsrabilityfopgradde ks important, who is
reaponslble for proceading?

Not Responsible Very Responalble

Federal Government 1 2 3 4 1]

Suats Government 1 2 3 4 &

Local Govemment/ 1 2 3 4 6
Water Purveyor

Rasidenta/Rats Payers 1 2 3 4 |7

Engineers 1 2 3 4 ]

Local Business People 1 2 3 4 B

Question 8 - Being knowledgeable about watar systams, how
Important do you think it ls to maintain earthquake inaurance for
improved property?

Not important  Very Important
1 2 3 4 6"

Quaston 7 - i system sarthquaks Insurance le important, who ks
responaible for proceading?

Not Hasponslbie Vary Responsible

Federsl Governmant 1 2 3 4 [
Stats Government 1 2 3 4 1
Local Governmant/ 1 2 3 4 1

Water Purveyor

Residants/Rats Payera 1 2 3 4 6
Enginesrs 1 2 3 4 6
Local Business People 1 2 3 4 b



In Septembar, when vegetation le dry,-a rhagnitude 6.5 earth-
quake occurs with the epicenter appro:dtr';atoly 10 milas from
Seismic City. Thete is strong ground shaking for approximately
10 ssconds. Soils along the river liquafy and move down
gradiant.

Several unreinforced masonry bulldings downtown collapse, and
two peopls ere killed.

The water trestment plant is dasmaged, primarily as a rasult of
liquefied soils. Thare are over 100 braaks in cast iron pipe
resulting in loss of fire protection. The fires at two sites spread
to adjacent buildings, one of which houses a significant local
smployer.

FEMA has potable drinking water available in tank trucke within
72 hours. The U.S. Corp of Engineers sots up a portable water
treaatment plant to provide drinking water for distribution by
trucks.

The water system, including treatment plant and pipelines, is
back in service within one month, and in full service within three
months.

Two deaths occur; buildings collapse, and fire dastroys buildings
at two sites.

The significant local industry goes bankrupt; they have fire
ingurance, but none for business interrupticn. Many of the local
retailors cannot open until water service is restored Joomng
significant income; several borderline businessas go bankrup!
Thieie af with lcw interest loans from FEMA,

Local officials estimate it will take a decade for the community
to racover.

Question B - Who s accountabls for financial disruption of the
community?

Not Responsible Very Responsible

Fedarsl Government 1 2 3 4 5
Etate Government 1 2 3 4 5
Local Government/ 1 2 3 4 5

Water Purveyor

Residents/Rate Payers 1 2 3 4 5
Enginears 1 2 3 4 5
Local Business People 1 2 3 4 [
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2.0 SEISMICITY AND SEISMIC HAZARDS

Regional earthquake risk is driven by regional seismicity.’ Local
or eite-specific seismic hazards ara a function of ths geotech-
nical structura on which the area is founded. Fiva seismic
hazards tend to dominate the earthqueke threat to water supply
systems:

. Ground shaking

. Liquefaction

. Setttement/densification and cracking
. Landslide
. Fault rupture.

Tsunamis and seiche may pose hazards in low-lying coastal
regions.

Ground shaking can couse significant damage to traatment
plants, pumping stations, and tankage, but accounts for & very
small portion of pipeline damage. Faulting can produce sxten-
sive damage in buried pipelines within a few hundred fest of the
ruptdre>howaver, where liquefaction occurs, widespread

damage to buried pipelines and other facilities will also typically
rasuit.

Bacause these local seismic hazards have such a dynamic
impact on earthquake damuge, sslsmic hazard mapping Is a
crucial tool in minimizing selsmic impacts. Therefore, this docu-
mant has & significant focus on seismic hazard mepping.

The interaction of collocated lifelines also pose a seismic hazard
in themselvas. Collocated lifelines are those located nesr one-
another, whare failure of one may damage another.

21 SEISMICITY

Earthquakes are ganarated by movement botween and within
tactonic plates. Tectonic plates of intarest in the continental
United States include the North American Piata, the Pacific
Plate, the Juan de Fuca Plate, and the Gorde Plate. The antjre
continantal United States land mass is located on the North
American Plate, except the eastern edge of California, south of
San Francisco, and west of the San Andresas fau't. The Pacific
Flate abuts the North Amencan Plate along the San Andreas
Fault. The Pacific Plata is moving northwastedy relative to the
North American Plate rasulting in earthquake activity In
California. Eerthquakss in California tend to be cantered 10 to
15 km deep, and often have surface faulung
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From Cape Mendscino, north slong northarn California, Oregon,
and Washington, two small plates, the Gorda Plate, to tha
south, snd the Juan de Fucs Plate, 1o the north, are being
formed st tha interface with the Pacific Plate, moving sastarly,
and subducting under the North American Plate. This results in
earthquakes between the North American Plate and the subduc-
ting plates called subducticn earthquakes. Earthquakes
occurring within the subducting plates are called intreplate
earthquakes. The 1949 and 1965 earthquakes in Washington
ware intraplate earthquekes. Intraplate sarthquake are thought
to be able to be as large as magnitude 7.5 events. The 1592
Mandecino sarthquake was & subduction sarthquake. Subduc-
tion earthquakes are thought to ba as large 8s megnitude 8.5 or
9.0. Intraplate earthquekes ars approximately 40 to 60 km
deep. Subduction earthquakes are approximatsly 20 km deep.
Surface faulting is not expacted in sithar cess.

The entire North Amaerican Plate is under comprassion genarally
in 8 northwest/southeast diraction. This compressive force
sometimes causes surface faulting to occur in weakaned
sactions of the North American Plats. These svents, expected
to be 10 to 15 km deep, are often referred to as crustal evants.
Tho Soattle fault is likely the remains of a crustal sarthquske, as
well as many of the faults in the Portland region. *

The saismicity of any particular area Is driven by its proximity to
the tectonic structures described ebova. The UBC end the
National Earthquske Hazard Reduction Program have mapped
tha United States based on probability of earthquake occurrence
and size.

2,2 EARTHQUAKE PARAMETERS

Earthquakes and their effects sre moasurad in different ways.
Magnitude dascribes the size of an sarthquske snd is based on
onargy relsase. Richter magnitude is a logarithmic scale; for
each increase in Richter magnitude of one, 33 times s much

energy is released. Energy release is dependent on fault rupture
length and offsat distance.

Intansity describes the effects of shaking, or extent of damage
at a particular location or site. Intensity at a site is governed by
the magmtude of an earthquake the duration of shaking. the
distanca from the site to the earthquake spicenter or rupture
surface, and local geologic conditions. The duration of tha
earthquake is depandent on tha fault langth and, therafore, the
amount of anergy released.

The Modified Mercalli Intensity (MMI) scale 15 8 commenly used
measure of intensity The scale is composed of 12 categorias of
ground moton intensity, from | [not lelt, axcept by a few

poople} to Xli {total damagel  Structural damage generally



initiatas at about MMI VI for poor structures. MM! Xi and XII process, the soil undargoet transient lass of strength that
are extremoly rare. The MMI ecals is subjective; it is depsndent commonly allows ground displacament or ground failure to
on parsonal interpretations and is affected, ta some extent, by accur.

the quality of construction in the affacted arsa. MM is slso

affected by whether the ground liquefiss, causing damage to the Four basic types of ground failure are associated with

built environmaent, kquaefection:

Other sarthquake parsmatars related to shaking are pesk ground . How Failyres. Soil materiale Alowing rapidly down-
acceleration (PGA) and peak ground velocity (PGV). Both can be slope in a liquefied etate,

used to describe the intensity of sheking. PGA and PGV differ

with the frequency of shaking. A plot of PGA or PGV versus . Latere! Spreading. Limited displacement of surface
frequency s calied a responss spectrum. eoil layers down mild slopes or towards free faces

such es river banks.
Permanent ground deformation (PGD), is sometimes used as &

maasure of expected or actual verticel and/or lateral movemnent . Flotation. Buried objacts lighter than the displaced
caused by liquefaction, setdement, or landslide. tiquefied soil, such as tanks, manholes, or gravity

pipelines, float to the surface.

23 GROUND SHAKING . Loss of Bearing Strength. Bearing capacity failure of

foundetions bacauss of weskening of undedying or
Ground shaking is the best-known hazard essociated with earth- adjacent soil matesial that may result in structures
quakes. [t cen causs scattared, but widespresd damage, sinking.

Ground shaking includes both horizontal and vertical motions
that can last from several seconds up 1o seversl minutes duting
major earthquakes, and can be destructive at distances of
several hundreds of kilfomaeters, depending on the local soil
oconditions.

Photograph 2-2. Laters! spresding on road in Coste Rics.

Photograph 2-1, Collapsed Hyatt Hotel in Baguio, Philippines,

Seismic design to mitigate ground shaking includes degigning
facilities to resist lateral and verticsl bend = st o
shaking without being demagad, or isolaung the facility from the
shaking using baso isolators. This can be descnbed as tradition-
al sarthqueke anginearing.

2.4 UQUEFACTION
Liquefaction ts a phenomenon by which saturated, unconsolidat-

od cohasionless woila losa thair ghear sirength due ta shaking
and are temporarily trangfarmed into 8 kquefisd etats. In the
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1)

2}

3)

4)

Grain size distribution

Depth to groundwater

Density

Waeight of averburdan/soil depth

Amplitude and duration of greund shaking.

Two additionsl facters influence the grain size distribution and

density:
1] Soil age
2}  Soil origin.
Photograph 2-3. Faating manhole sz a result of Rquefaction The following is a discussion of each fector.

following Niigats sarthquake.

Photograph 2-4. Building settled as a result of kiquefsction in
Dagupan, Phifippines.

Liquefaction often occurs in horizontal layars covered with
compatent soil layers above tham. Whan thess deaper layers
liquefy, they can allow tha soil layers that they are supporting to
mova laterally in sclid blocks.

Ona of the demaging factore from liquefaction lateral sprasding
is the actusl PGD that occurs. PGD is 8 moasure of the distance .
8 point moves permanently during and following an earthquake.
Horizontal and vertical movemants are both considered. Youd
(1387) has done axtansive work in developing & maethodology to
estimate maximum deformations st any given site. Youd's
liquafaction soventy indax (LSH) i somotimes used to astimata
the sxpacted damage to pipolinas, and to provide guidance in
designing new facilitieg.

Exponence haa shown that five factore are important 1n dater-
mening the potantal for a parucular soil to hquety.

Grioin B{ze Distribytion. Uniformiy graded sand, with
ktde fines or coarser greing (i.e., clean sand), is most
hikely to liquefy. It is more likely that evenly graded
sands will be more dense. Silty sands and gravals
are also susceptible to liquefaction under very severs
cyclic loadings.

Depth to Groundwater. If groundwatar exists at the
point in the soll column where densificstion is taking
place, liquefaction can occur. The shallower the
depth, the lower the weight of soil overburdsn and
potentiai for densification to occur. Tharefore, the
shallower the ground watar, tha more likely liquefac-
tion will cocur.

Density. Liquefaction occurs principally in loose,
saturated, cohesionlass solls. Such a soil may
densify when subjected 1o cyolic Joading. This
tendency to densify results in e reduced soll/water
voluma and an increass in pare water pressure if the
inter-granular pores are filled with water. When the
pore water pressure becomas equal to the total mean
stress, the soi Joses its strength and liquafies. If the
soit ia dense to begin with, thera will be s smalier
opportunity for iquefaction.

Weight of Overburden/Soil Dapth, Interparticel

stressas increass tho greater the overburden
progsure. The greater the intarpartical strasaeg, the
lower probability that liguefaction wilf occur. Lique-
taction usually occurs st depths less than 30 fest. It
ssldom occurs at dapths greater than 50 feat.

Amplitude and Duration of Ground Shaking. The
ability of a soil to withatand earthquake-nduced
ground shaking without failure 1apends on tho saver-
ity of the ground motion—emplitu..~ and duration.
Mare severe motions are more likely 1o ceusa ground
failure. Liguafaction of sas undar etress conditions




induced by an earthquake can occur cithet near the
epicanter of small or moderate sarthquakes, or at
some distance from modorsate to iarge earthquakes.

. Soil Age. Woeak, cohesionless soils are typically
young. With time, two factors act to increasa the
strength of a typical soil: compaction changes the
voids ratio, and various chemical processes act to
cement the soil grains together. A rula of thumb is
that deposits older than Late Pleistocane (greater
than ona-half million years oid) are unlikely to fiquefy
except under the most vigorous ground shaking,
while Lata Holocene deposits (lass than 3,000 years
old) are most likely to liquefy,

. Seil Origin. Soil daposited by fluvial processes are
deposited rapidly and have little chance to echiave a
dense packing of grains. Similarly, manmade non-
engineered fills, particulardy below the water table,
may have similar shortcomings. These will liqusfy
eazlly. On the other hand, glacially deposited sedi-
ments, particulary those over which a giacier has
passed, ars generally rather dense already and are
less likely to liquafy.

Phatograph 2-5. Aesrial view of Dagupan, Philippines. located on
alfuvial deposits. Extensive liguafaction occurred in this area in
the 1880 eerthquake,

Pecasible liquafaction mitigation maasuras includs the following.

. Avoid the araas where liquefactionllateral spreading
will occur:
- Uge directional driling to cross rivers
bealow liquefiable materials.

. Stabilize tiquefiable matarial:

- Reaplace matansl with engineered
{compacted) fill. Note that an adequate
width must be replacaed to resist move-
ment of adjoining liquefiable sols

- Contarn with rataining walis,
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- Densificstion by vibration - Drop welghti
2 to 200 tons from up to 120 feet.

- Vibroflotation - Jet hotes in ground with
vibration on 5- to 10-foot centers and
backfill with sand on withdrawal.

- Stone columns - Jet holes inte ground
with vibration on 5- to 10-foot canters.
Backfill with gravel on withdrawal. Ston
columns provide strength and drainage.

- Parmaeation grouting - Penetrate voids
with grout using silicatas, cemant, or
chamicals,

- Compaction grouting - Expand cavity In
predrilled hole and pump in grout (appil-
cable to insitu building foundations).

- Compaction plles - Ground consolidetes
during p@ installation.

- Deep soil mixing - Advance large
diamater hollow-stem auger and pump In
gemant siurry mixing with soll.

- Dreinsge - Gravity or pumped

. Establish foundation below liquefisble material:
- Piles
- Excavate to good material,

. Woelght neutrally:
- Add mass concrate,

. Move with the material:
- Heavy mastt to spen settlement - Fexible
pipe connections
- Fexible ductile, restrained joint pipe.

. Acoept damage.

2.5 SETTLEMENT/DENSIFICATION AND CRACKING

Setdament, consolidstion, or densification are similar to the
phenomena that occur in fiquefsction, without water being
present. This results in setiement that is usually minimal
compared to PGD from liquefaction-induced sand boils, isteral
spraad, or lataral flows, Cracking or lurching is lateral move-
maent of soils towards free faces resulting in formation of
crevices. They may occur in areas whers lateral spreading
wauld have occurred, except there was no groundwater presont.

Mitigation for settiernent/densification ig similar to some of the
mitigation measures amployed for liquefaction to increases eoil
density or strength,

2.6 LANDSLIDE

Landsiides can be tnggared by aarthquakes WVulnarabidity to
lanashide is dependent on slopae, aoil shear sirangth, and loading.



Sometimas a threshold grade of 15 percent is used ee & prelimi-
nary guidelina for identifying landelide vulnarability. Landslides
may also be influenced by soil moisture content and local geo-
fogic formations.

Vulnerability to landslide can be mitigated by avoiding winerable
locations if possible. This can sometimes bea accomplished for
pipaline instailation by installing the pipeline below the slip plain
using tachniques such as directional drilling. Landslides can
sometimes be mitigated by Improving drainage or implementing
a structural solution,

sarthquake.

2.7 FAULT RUPTURE

Faulting can produce localized damage to water supply system
companents/structures near or crassing surface extensions of
the fault. Fauits have offset as much as 15 feet in instances
such as the San Andreas Fault in the 1906 San Francisco sarth-
queke. Of tho representative componant/structure types within
water supply systema, pipelines are most likely to be located
within or crossing known feults.

Permanent offsets of several fest can shear all but the most
carefully designed snd detsiled burisd or sboveground pipeline.
To mitigate this hazard, fauit crossings should ba avoided where
possible. When pipslinaa must cross known fault traces, they
can amploy spacisl designs at the location of historical fault
ruptures. Feulting at such locations naed not always occur at
exactly the eame trace; however, such pipslines may still be
throatened if the nipture location and offset distance exceesds
tha length of the flaxible ink,

Photographs 2-7 and 2-8. Movement along this fault trace in
the Landers eerthquake resuited in telescoping of this asbestos
cement pipeline.

28 COLLOCATION

Collocated lifelines may have an impact on one another as
follows.

. Expiosion of natural gas or liquid fuel lines.

. Fooding/undermining by broken liquid-carmng
pipelines.

. Failure of a structure intended for ona pnmary
purposae, that also supports ancthar lifeline, such as

8 highway bridge supporting a pipeline.

. Collapse of a structure onto a lifelina, such as a
buiiding falling on a fire hydrant.

2.5



