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Damage to potable water supply systearofoundy affects societ after earthquakes-or at least

25 years, engineers have performed computerized risk analyses of earthquake damage to water
supply systems to estimate earthquake damage and restoration. A new stochastic simulation model
is offered here that employs argitraditional lossestimation approach, but proposes to extend

the state of the art in three notable wa{l31t deakwith lifeline interactionby directly modeling

how individual repairs are slowed by limitations so-called upstream lifelines and logr
prerequisites(2) It quantifies damage and restoration over the entire earthquake sequence, i.e.,
considering damage in the mainshoekershock, and afterslip(3) It offers an empiricamodel

of servicerestoration as a function of the number gdgbine repairs performe@as opposed to

more rigorous, but computationally demanding, hydraulic analy&igpurth novelty is that it

offers a procedure to adjust Hazu$l estimates of restoration to account for an earthquake
sequence, lifeline interactin |, and corrects for Hazusd defaul
available repair crews.

The model is exercised dwo Bay Area water supply systesnsubjected taa hypothetical but

highly realisticearthquake sequencdtiating with aM,, 7.0 mainshock on the Hayward Fault in

the eastern San Francisco Bay Area, plus 16 aftershocks of M 5 or greater, occurrifig over
months after the mainshock. The model quantifies system damage, recovery, delays due to fuel
andother lifelinelimitations, and setbacks in restoratioacause oéftershockslt estimates the
benefit of a fuelmanagement plan and an accelerated -pagpéacement plan, in terms of
accelerated restoration of servidbe model is validated several wdgs each of the two cas

study water supply systenasd seems reasonab@ne water utility anticipates using it to target
vulnerable segments of its system for accelerated pipe replacement.
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pBI1 OOT ACAOET 1
1.1 How water supply is important in an earthquake

People need potable water for daily life, busines®sesl water for air conditioningndwater is

an input to many natural and manufactured products and procPssesge to the water supply
system can contribute greatly to the {dafety and economic consequences of an earthgaske
illustrated bythe econamic analyses performed for the 2008 ShakeOut scenario (Rose et al. 2011)

In that study, the authors found that water supply interrupti@hypothetical M 7.8 earthquake

on the Southern San Andreas Faudltild realisticallyesult in £4 billion in busness interruption

losses, a figure that represents more tiaen third ofthe $8 billion in total business interruption
losses and 3% of the total of property damage plus business interrupfiggotable water supply

is crucial to carrying on life in mdences, businesses, governmentpitals and other critical

care facilitiesLong aware of the importance of water supply and the potential for earthquakes to
interrupt water supply, earthquake experts recommend that homes and businesses have enough
water to provide for one gallon per person, per day after a major earthquake to last at least 3 days
and ideally for 2 weeks.

Loss of water supplin that hypothetical earthquakeould also contribute substantially to the fire
damage to property, which & could realistically account for $65 billion of the $113 billion in
property losse¢Scawthorn 2008)The ShakeOut scenario is not a wearase earthquakehe
rupture it deals with has a mean recurrence interval of 150 years, and it has been 38Dgears
the last rupturef-urthermore, thdéire simulationassumesnild winds rather than thiast, hot, dry,
Santa Ana thatcommonly blow in the fall and notoriously fan wildfires.

Theseearlier estimates, while particular to the ShakeOut, reflect a general truth: earthquake
damage to water supply systems in the United States (and elsewhere) threaten the health, safety,
and welfare of the populain, possibly more thaearthquake damage to any other utility or other
element of the built environmemh part because repairs are so costly and time consurdage

narrowly, earthquakes pose a nearly existential financial threat to any water supipyyimnité
seismically active region. If a utility cannot deliver water it cannot collect revenues, which can
threatenits ability to make payrollEvery water utility in earthquake countrgay beat risk.

The Hayward Faultearthquakesequencescenario examines among other things the potential for
damage tavater supply systems in the San Francisco Bay Akoea a large, but not exceedingly

rare, M 7.05 earthquake on the Hayward Fault in the eastern BayHamlaguakes damage water
supply systemsand the damage causes other probjesush as for firefighting The 1906 San
Francisco earthquake dpotableyater suppbsystemthah pregsiire t h a t
dropped too low for firefighters to fight the fires that eventually destroyed miidte @ity. The
momentmagnitude (M) 6.9 1989 Loma Prieta earthquake caused at least 761 breaks to water
mains and servicem pipelines of various materialdund and Schiff 1991) The loss of
firefighting water supply in the San Francisco Marina Distantributed to the fire thatamaged

seven structures, destroying four buildings containing 33 apartments an(Sttatsthorn et al.

1991) Castiron, steel, ductile iron, plastic and copper pipes all broke both within and outside areas
of liquefactionand other ground failurelhe My, 6.0 2014 South Napa earthquake caused 163
pipeline breaks in the City of Nag8PA Risk LLC 2014)
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The largest total number of breaks and the highest break(ba¢aks per milejn the 1989
earthquakeoccurred in cast an pipesubjected to liquefactiemduced ground failurebut other
materials also broke, including ductile iron, PVC, and steigle broke in 1989 in places that were
not known to have experienced ground failure, so that damage has been attributaddisyeon
associated with wave passage, especially Rayleigh surface wBwe® was no observed
liguefactiondamage to buried pipelina Napa in the2014 earthquake, reinforcing the idea that
wave passage alone can damage buried pipe. Even the moge$i0 NPiedmont California
earthquake ofLl7 Aug 2015 cause® breaksto buriedcast iron water supplpipe inthe San
Francisco East BafBay City Newsl8 Aug 2015).

Repairsto an earthquakdamaged water supply systean take month®r more Each breakan

take as little as two hour® repair,but large numbers of breaks and larger pipes can take much
longer. The 30inch water main that broke near the UCLA campus at 3:30 PM on Tuesday July
29, 2014, took almost 5 days, until 11:00 AM Sunday, Augustr8aair(LADWP 2014) During

an earthquakeequencewith many simultaneous breaks, repairs take longemtony reasons
Some of these are

1. Whena pressure zone loses presqgeause of many breaks, it can be necessary to repair
breaks closer to the gi@e (i.e., nearer the tank, reservoir, etc.) before one discovers breaks
farther from the source

2. Similarly, it may be necessary to repair damage to a pumping plant, reservoir, or regulator
before damage in the downstream pipeline network can be addressed

3. Water districts have an upper limit to their abilityitld andmanage multiple repair crews

operating in parallgeleven when the crews are from outside contractorom water

districts that provide mutual aid

Limited supplies of repair resourcasch as spare pipe, clamps, fuel, and repair crews.

Damage to other systeéhelectrical and gas, for examplecan hinder pipeline repair, and

in some cases those repairs can cause pipeline da@agalination with other agencies

can conceivably idle repairews.

6. Aftershocks can hinder repair efforts because they pose an ongoing safety threat to repair
crews. They can also cause new damage or aggravate earlier breaks.

o>

1.2 Study dbjectives

In this work, | attempt to depict a realistic outcome of the damadeaestoration of water supply

in the Hayvard Faultearthquake sequencereview available models of earthqualkeluced
pipeline damage and repgarpoposeone for use irthe scenario earthquake sequerase apply it

to the water supply siams of the San Jose Water Company and the East Bay Municipal Utility
District. These two systems were chosen because they are strongly sir@keffected by the
mainshock and by aftershocled were willing to share their system maps. The maps weexksha
under strict requirements of confidentiality, map detailgre not availabléere

This study supplements conventional loss estimation by examining the detailed activities involved
in discovering and repairing wex pipeline damagdt identifies steps in the repair process that
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rely on other lifelines, to inforna new model of the effexbf lifeline interactionto delay water
servicerepairs and restoration.

This study focuses on damage and repair of burigdrvpape, which tends to dominate the effort

to restore water supplylt considers damage resulting from wave passage, liquefaction,
landsliding, and fault offsett ignores earthquakdamageto other elements itihe watersupply
system, includingaw waer aqueductganks, tunnels, canals, valvasdreservoirsThe decision

to focusthis studyon buried pipelinesvithout including other critical facilities such #nks,
reservoirsfunnels, etc.seems reasonable, since a majority of water utiliteage hmplemented
seismic improvement programs (SIP) that, for the most part, focused on seismically retrofitting
their tanks, reservoirs, etc. but not their old distribution pipelidsssuch, & distribution
pipelines, as an asset class, pregbat mostsignificant seismic vulnerability for most water
utilities, since for the most pamnaller diameter distribution maimgerenot replaced with seismic
resistant mainbecausetisimplywa s né6t economi cal | ywlabpaeafa3IR e t o

This study does not addresgstorationofva t e r  gustonieri basereahs éhange in demand
for water as homes and businesses relocate because of building damage or other reasons

1.3 Organization of report

This section has summarized the nature of the problem and presented the study ol$ectioes.

2 presents relevant literature. The methodology and rationale for its selection are presented in
Section 3. Section4 preseats case study wusing the San Jose Wa
pi peline system. Section 5 presents a second ¢
water supply buried pipeline system. Section 6 presents a simplified analysis théd adjazus

MH-based analysis of water supply damage and restoration to account for lifeline intesiadtion

the earthquake sequence, and corrects the analysis forfNBdWS s def aul t assumpt
available watessupply repair crewsSection7 contains conclusions about water supply damage

and restoratiorSection 8 contains references cited.

¢ 8EOAOAOOOA OAOEAX
2.1 A panel approach to estimating water supply impacts

Before proposing a model to estimate watepply pipeline restoration considey an earthquake
sequence and lifeline interaction, let us first consider some key aspects of pribeg®hake Out
Scenario (Jones et al. 2008) assessed-saidince impacts, physical damage, and socioeconomic
impacts of a hypothetical M7.8 southeranSAndreas Fault earthquake. Among many detailed
studies were special studies of 12 lifelines, 7 of which were performed by panels of employees of
the utilities at riskThe panel process is described in detail in Porter and Sherrill (2011). Briefly,
panek meet for severahours(generally 4 hours in the case of ShakeOBfnelistarepresented
with the scenari ods earth sci ensupposediypsireams and
lifelinesd lifelines whose damage would seem to affect the damagepair to the lifeline in
guestion, but not vice vers@hey then hypothesiza realistic outcome of the earthquake on
damage and service restoration, identifying research needs and mitigation optians.e | s 6
discussion and initial findings are docurgzh in brief memos, which are then circulated to the
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panelists Panelistsareasked to revievthe memos and askedreconsider lifeline interaction in

light of damage tesupposedly downstream lifelines as vadlupstream one$he process iterates

until panelists are satisfied with their estimates of damage and restoration. In preStiake Out

and ARkStorm, onlyone iteration was used and only two or so panelists from each panel actually
reviewed and revised the writgps. However he panel processarkedreasonablyvell. Panelists

were well qualified and seemed to fairly assess realistic earthquake irapdatsstorationThey
gained insight into lifelinenteraction, mutuahid needs, communication capabilities, and backup
supplies.

Figurel presents the restoration timeline that the watgply panel estimated for strongly shaken
(MMI VIiI+) geographic areas. See Porter and Sherrill (2011) for electric power restoration curves
in ShakeOut and Porter et al. (2010) foriwas restoration curves and modes of lifeline interaction

in the ARkStorm scenario.

10 20 30 40 50 60 70 80 90 100
ime (davs)
Figure 1. Shake Outwater restorationin MMI VIII or higher, where the vertical axis de notes fraction of customers re ceiving
service (Jones eal. 2008)

2.2 Analytical approaches to estimating water supply impacts

Analytical approaches to estimating water supply impacts typically involve acquiring a map of the
system, identifying component materials and sizes, associating each with one vulmenrability
functions or fragility functions (depending on the desired output), estimating ground motion and
ground failure severity in one or more scenarios, estimating mean damage and sometimes
uncertainty in damage with reference to the vulnerabflibctions, and sometimes estimating
repair costs and duration of loss of function.

FEMA 224 (1991)Scawthorn et al. (1992), HazMH (NIBS and FEMA 2012), MAEViz (Mid

America Earthquake Center 200@nd Marconi(Prashar et al. 2012)ll use such an appach.

The last three implement their methodologies in software, as do many others. In the case-of Hazus
MH, the software assumes that a water main exists under each street, and that 80% of pipes are
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brittle (such as cast iron) and 20% are ductile (sudatuesle iron). MAEViz and Marconi allow
the user to specify the location and characteristics of each pipe sedwedther HazusMH,
MAEViz, nor Marconi performs hydraulic analysiMAEViz and Marconi estimate damage.
HazusMH estimates damage aadtimags repair costand system restoration time using methods
described later.

Khater and Grigoriu (1989) describe an analytical model of water supply damage and
serviceability that does perform hydraulic analysis. Coded in software called GISALLE, it
involves three taskgi) generate damage states yoater system component®nsistent with the
seismic intensity at the site; (ii) perform hydraulic analysis for simulated damage state of the
system; and (iii) develop statistics on the available flow for petstt levels of seismic intensity.

Some of the available software such as MAEViz and UILLIS (Javanbarg and Scawthorn 2012)
have the ability to treat lifeline interaction: how damage or loss of function in one lifeline system
affect the functionality or igtoration of another. For example, loss of power and limitations in fuel
supply can affect the functionality of a water supply system or delay repairs. These programs use
a systerrof-systems approach to modeling the lifelines. Thahes; model two or me lifelines

in the same framework, relating the condition of an element of one lifeline to the condition of an
element in another.

2.3 Damageability of buried pipe

2.3.1 Vulnerability and fragility functions

There is a very large body of literature thie damageabilityof buried pipgeonly some of which is
presented heré\s used here, a vulnerability function relates the degree of damage, in this case,
number of breaks per unit length of pipeline, as a function of the degree of environmental
excitationsuch as peak ground velocity. A fragility function by contrast measures the probability
of reaching or exceeding some undesirable state conditioned on the degree of environmental
excitation. The terminology is not universal but will be consistently agphere.

In the present context, vulnerability functions are most useful for estimating the number of breaks

in a pipeline network subjected to ground shaking (usually referred to as wave passage in the
pipeline literature), landsliding, and liquefactidBut at a fault crossing, a fragility function is

more useful: here, we are interested in the probability that a pipeline requires repair at the point
where it crosses the fault, as a function of the fault offset and possibly as a function of the angle at
which the pipeline crosses the fault. Both vulnerability functions and fragility functions are
commonly conditioned on the pipelineds engin
connections at joints, and sometimes soil conditions.

2.3.2Hazus-MH,M./ 6 21T OOEA AT A &and Hdnnkgej apaEguetd] (1992)

HazusMH (2012) currently usea vulnerability functionfor pipeline subjected to wave passage

by OO6Rour ke and Ayala (1993) and oancEguclo r pip
(1992). The medianrates of repairs per km of pipeline for these two relationships are given by
Equations(1) and(2) respectively.
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&=0.0001 & POV*® (1)

R=P & PGD* )
whereP, denotes the probability of liquefactiold,= 1.0 for asbestos cement, concrete, and cast
iron pipe K = 0.3 for steel, ductile iron, and PVEGV denotes peak ground velocity measured in
cm/sec, andP’GD denotes permanent ground deformalidhe absolute distance a point on the
ground permanently moves dlandsliding, fault offset, or liquefactieimducedground failuré
measured in inche€quation (1) draws on anumber ofobservedbreaks in asbestos cement,
concrete, cast iron, and prestressed concrete pipe in four US and two Mexican earthquakes, with
diameters between 3 and 72 inghegperiencing ground motion up to 50 cm/sec of peak ground
velocity. (The authors do not publish the number of breaks or the lengths oflfsp#aja implies

a coefficient of variation in the ratio of observed to estuiebreak rate of 0.76, and a ratio of
mean repair rate to median repair rate of 1.22.

The work by Honneger and Egucteflects an unknown quantity of pipe and number of breaks.
Their data mostly come from four earthquakes: 1923 Kanto (Japan), 197%ki®ando, 1976
Tangshan (China), and 1985 Michaocan (Mexico). Pipe diameters range from 4 inches to 48
inches. Materials included cast iron, concrete, precast concrete, and steel.

2.3.3 Eidinger (2001)

More recently,Eidinger (2001)proposedwo vulnerability functions: one for wave passage (i.e.,
ground shaking absent liquefaction) and one for permanent ground deformation (i.e., in the
presence of liquefaction or landslieduced ground displacemenBquations(3) and(5) present
Eidinge® s r e c o wmerabitite fahctions

In the equations Ry(PGV,p) and R(PGD,p) denoterepair rate per 1000 linear feet of pipe
associated with nonexceedance probabitityas a result of wave passage and liquefaction
respectively.For example, the median repair rate is estimated usirg0.5. PGV refers to
geometric mean hontal peak ground velocity in inches per secoR&GD denotes permanent
ground displacement relative to pearthquake location, measured in inches, Rri@p) denotes
the inverse standard normal cumulative distribution function evaluated at

For thereader who is unfamiliar with probability distributions, the standard normal distribution is
the familiar bellshaped curve that represents how likely are various possible values of an uncertain
quantity. Uncertain or random variables can take on a yaofeprobability distributions; the
normal distribution is one of many. It has a peak (the expected or mean value and also the value
with 50% probability of not being exceeded, called the median) at 0. Its standard deviation (a
measure of how wide the bedl, and therefore how uncertain is the random quantity) is 1.0. Its
cumulative distribution function is an$haped curve that tells the probability that a sample of a
guantity with a standard normal distribution takes on a value less than or equal dovemy
guantity betweeiia anda. The inverse of the standard normal cumulative distribution function

Is the value of the uncertain quantity that has a specified probability of not being exddesded.
statistics textbooks provide more information abouwtoability distributions; see for example Ang

and Tang (1975) or Benjamin and Cornell
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The quantitieK; andK; are factors to account for pipe material, joints, soil corrosivity, and pipe
diameter: either small (4 to 12 in diameter) or large (16 inch etemor greater)SeeTablel for

their valuesEidinger (2001) does not provide values for some combinations so they appear blank
in the tableThe authors acknowledge that permanent ground displacement produces break rates
two orders of magnitude greater than wave passage, and that break rate in failed ground is fairly
insensitive to PGD.

The terms ex@(® (p)) in equations(3) and (5) reflect that the equatisrtreat the repair rate as
uncertain and lognormally distributed conditioned on the value of PGV or A@Bnormal is

like normal, except that the natural logarithm of the uncertain quantity in question is normally
distributed. A lognormal variable carkéaon any positive value, but not zero or a negative number.
Its peald its most likely valué is the same as its median value, and the bell shape is skewed to
the right.) Settingp to 0.5 sets the exp term to 1.0 and makés) produce the median (not the
mean) break rate. The mean break rate would be substantially higher than the median. Equations
(4) and(6) provide the mean (average) break rate, gizelingei6 galues ofb shownin Equations

(3) and(5) and Eidinget®6 s a s s U hognorimatity The interested reader who is unfamiliar
with lognormally distributed variables can refer to any of several common textbooks, e.g., Ang
and Tang (1975). The interested reader who is unfamiliar with vulnerability functions can refer to
Porter(2015) for a short primer.

Equation (3) gives Eidinge® £2001) vulnerability function for wave passagi#awnfrom 81
sources reporting 3350 repairs reted in12 earthquakesThe pluralityof data comefrom the
1994 Northridge earthquakd&he data reflect 3&lata points regardingamage taast iron 13 to
steel, 10 to asbestos cement, 9 to ductile iron and 2 to caridedtereflect PGV values between
2 and 52 cm/sec.

R.(PGV, = K 000187 FGV exf)1.15 *( §) (3)
R.(PGV) = K ©003623 PGV (4)

Equation(5) gives Eidingeid $2001) vulnerability function for permanent ground deformation
drawn fom 42 data points from 4 earthquakes between the 1906 San Francisco earthquake and
the 1989 Loma Prieta earthquakéhe plurality of data pointsome from the 1983Nihonkai

Chubu earthquake The plurality of pipe materiak asbestos cemefR0 data poirs) followed by

cast iron (17 data points), and a mixture of cast iron anddsi@elsumably meaning that the
material was one or the other, but it is not known which (5 data poNdse of the data appear

to reflect ductile iron. TheyeflectPGD values letween 0 and 110 inches.

R(PGD P= K 106 PGD™ exf00.74 ~( @) (5)
R (PGD) = K, 189 PGD** (6)
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Table 1. Eidinger (2001) pipe vulnerability factors K; and K

ID | Pipe material Joint type Soils Diam. | K; | K>
1 | Castiron Cement All Small [ 1.0 | 1.0
2 | Castiron Cement Corrosive Small 1.4 | 1.0
3 | Castiron Cement Non-corrosive| Small | 0.7 | 1.0
4 | Castiron Rubber gasket All Small | 0.8 | 0.8
5 | Castiron Mechanical restraine| All Small | 0.7 | 0.7
6 | Welded steel Lap arc welded All Small | 0.6 | 0.15
7 | Welded steel Lap arc welded Corrosive Small | 0.9 | 0.15
8 | Welded steel Lap arc welded Non-corrosive| Small | 0.3 | 0.15
9 | Welded steel Lap arc welded All Large | 0.15| 0.15
10 | Welded steel Rubber gasket All Small | 0.7 | 0.7
11 | Welded steel Screwed All Small | 1.3 | 1.3
12 | Welded steel Riveted All Smdl [1.3 |1.3
13 | Asbestos cement | Rubber gasket All Small | 0.5 | 0.8
14 | Asbestos cement | Cement All Small [ 1.0 | 1.0
15 | Concrete w stl cyl| Lap arc weld All Large | 0.7 | 0.6
16 | Concrete w stl cyl] Cement All Large | 1.0 | 1.0
17 | Concrete w stl cyl| Rubber gasket All Large | 0.8 | 0.7
18 | PVC Rubber gasket All Small [ 0.5 | 0.8
19 | Ductile iron Rubber gasket All Small | 0.5 | 0.5

1 Assumed herbecause no #alue is offered by the source

Eidinger (2001) also proposed models for damage to pipe that crosses a fault, one foou®ntinu
pipelines, Equatior{6), and one for segmented pipe, Equai6h In the equations, PGD denotes
mean offse(in inches)over the entire length of the fault, presumably at the fault trace rather than
averaged over the area of the fault, and presun@iigidering coseismic slip and afterslip.

2GD
P=0.70 =0 ©)
¢ 0.95
P=0 PGD 4in
=05 lin ¢PGD t2n ©)
=0.8 12n PGD @4in

=0.95 24n <PGD
234T./ 621 OOEA AO AI 8 jcmptQq

O6 Rour ke et valherability2udctiods)fothe médeam repair rate per km agbestos
cementor cast iron pipes subjected to wave passabey draw on data about 2051 repairs in 3400

km of pipe in the22 Feb 2011 Christchurch earthquake dmel 13 Jun 2011 Christchurch
earthquake.The majority of pipe length in the database was asbestos cement, but the data also
included cast iron, PVC, modified PVC, and unnamed other materials. The data were drawn from
locations with PGV between 10 and 80/set. Their vulnerability functions are given by:
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log,, (R ) = 2.83 fdg,(GMPGV) & (7)
log,,(R,, ) = 2.38 @og,(GMPGV) 4.5: (8)

whereRac denots the mediarrepairs per km of asbestos cement pRg s the analogous value

for cast iron pipe, andccording to the author§GMPGYV is the mea of the natural logs of the

two maximum horizontal peak ground velocity (PGV) values taken from ground motion
recordings available from GNS Science ... ateachstatiorDe s pi t e t 6BMRGV,the f i ni t i
authorsseemactuallyto meanthe geometric mela of the peak ground velocity values in cm/sec

of the two horizontal orthogonal componenr(he inverse of the natural logarithm of tmeanof

the natural logarithms of two quantities equals their geometric m&any offer vulnerability
functions for pe subjected tdiquefaction, where the ground deformation is measured in terms
of (a) the larger principal component of ground strain in the horizontal plane, and (b) the rotation
of the axis of the pipe about a horizontal axis normal to the axis pfyiee which the authors call
angular distortiod essentially a differential permanent vertical displacement of two points on the
pipe axis, divided by the distance between the two points.

¢(808uv -8 /0821 OOEA jc¢nmo(Q

There does not appear to exist any emplrrelationship between fault offset and probability of
pipeline damage. A few authors offer analytical formulations between offset and stress or strain in
a pipeline that crosses the faull.d Rour ke ( 2 0 G@ne ofshessncansidezogder

two conditions that depend on the geometry of the pipeline at the fault crossing: a combination of
bending and axial tension, and a combination of bending and axial compréssitime former,

he illustratesa relationship between tolerable fault offset agsnatfon of distance between points

at which the pipeline is anchored on either side of the fault (to which he refers as unanchor length
inFigure2A)and t he angle b subtended by thethteaul t ¢
pipeline in tension. The figure is merely an illustration for a particular pipe material and diameter.
He offers a second analytical relationsfifpgure 2B) for segmented pipe subject to fault offset,
again forfault-crosshng geometrywhereoffset puts the pipe into tension.

090



300 360 420 480 540

l l I l
¥=110pcf 1
(1 ?f;[)k_g,-"nl"} )
0<34% ¢p<a0® 6.0
[ 145
2 B =60 =&
£ =6 4
O - I S ——— —
E I e eyl I
2 ===
s " 1
X - 60 Pipe — He=3ft0.9m) L 15
D = 3.5ft (107cm) £,=4.5% '
t=10.56in (1.43cm) He=10ft 3m) 4
By=1/48, —_—,=35%
0 I . i I : I 1 I >
0 200 400 600 800 1000 1200 1400 1600 1800
A Unanchor Length (ft)
mm  in
40016 Extra Long Restrained
f Couplings
o
300
=
3]
=
]
O
T 2008 Failure
o
]
= Mechanical Joints \‘ Failure Depends
=1 on Lead Joint
I 1
£ 1004 Lead Joints /LocatiOII
1 ! L ! | 1 | 1
0 20 40 60 80
B Angle of Pipe-Fault Intersection, B (deg)

Figure 2. A. Tolerable fault offsetvs. unanchor le ngthin continuous pipe (O'Rourke 2003, citingKennedy et al., 197Y, and
B. Tolerable fault offset versus pipefault intersection angle in segmented pip¢ O' Rour ke 2003, citing
Trautmann, 1981)

2.4 Tasks and methods to repair leaks and breaks

The city of Winnipeg (2014) offera list of tasks to repair a water main breakitten for the
general publicThetasks areshown inchronological order itheleft-handcolumn ofTable2. The

task listis generally consistent with a more detailed checklist created by the American Water
Works Association (2008) although it omits lists of Igyoequipment, disinfecting chemicals,
documentation, and testing materi&lslumn 2 of the table lists my interpretation of rhfaiting
factors, that is, prerequisites for each task. Thelnaiéng factors are mostly potential impacts
from other liklines, that is, lifeline interaction#f.they areunavailable, repascannotproceecbr

they proceed more slowdythat is, their rate is limitedThese items include communications,
electricity, fuel, site safety (i.e., no fire hazardous material releg, roadway accessepair
crews,and repair supplieséplacement pipe, replacement fittings, clamps, and paving majerials
Regarding crew availability, public and private water agencies plan to provide mutual assistance
for emergencies; see CalWARNO@3) for example. Crews may have to travel from great
distances, hundreds of miles or more, so their availability can change overdiohe2 probably

omits tasks that are unnecessary or trivial for-tdaglay repairs but beconsgnificant in a large
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earthquake. For example, a water agency may also have to arrange repair contracts with
contractors, track and prioritize repairs, and manage an unusually large number of repair crews
operating simultaneously.

Table 2. Water pipeline repair tasks

Tasls Ratelimiting factors

1. Receive a notice from our 311 Centre about a W Communications electricity
main break.

2. Dispatch a crew to the location. Fuel, site safetye.g., no fire)

roadwayaccesscrew avaiability

3. Control the leak to reduce the risk to public safety,
private and public property. We do this by finding 4
closing valves.

4. Contact other utilities to make sure that we can| Communications
without damaging other services or endangering ¢
or the pulic.

5. Pinpoint the location of the leak using an electrg
leak detector.

6. Dig down to the water main and confirm the caus¢ Fuel
the leak.

7. Repair the water main. Depending on the type of br| Pipe, fitting, orrepair hardware
we may apply a repair clamp or replacéength of| such as clamps
pipe.

8. Open valves to turn the water main back on, flush
water main and sample water quality.

9. Backifill to temporarily restore the excavated area.| Fuel

10.Permanently restore the sod or pavemamtthe| Pavement material
excavated area.

Lund and Schiff (19913urveyd pipeline utilities asking themto provide detailed information
about each pipeline failure they repaired after the 1989 Loma Prieta earth§eakégure 3 for

the survey instrumentThe resulting database includes information about 862 pipeline failures
among 65 water, sewer, drainage, and gas agefidiesdata may be useful for estimating repair
times, so | extracted the following statistics from theéathase.

9 Burial depth. Among 67 records with reported burial depth, the average was 4.0 feet and
the standard deviation was 2.2 ft.

1 Break or leak. Among the failures where the respondent indicated whether the failure was
a break or a leak, it was moreromon for the pipeline to break (336 failures) than to leak
(140 failures).

1 Pipe failure modesAmong pipe failures, the most common were circumferential cracks
(99), followed by splits (43) and corrosion (33). Only one blowout was reported.

9 Joint failur e modesAlmost as common as pipe failures were joint failures: 102 pulled, 29
cracks at joints, 25 gasket failures, and 12 other joint failures.
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1 Fitting failure modes. There were a variety of fitting failures: 57 threaded couplings, 9
elbows, 6 offsets4 hydrants, 3 tees, and 45 miscellaneous other fitting failures.

1 Repair methodsThe most common repair method was to replace the damaged element
(185 replacements), more than twice the number of clamps installed (77), followed by
mechanical couplings (30epoxy glue (16), and miscellaneous others such as flex
couplings and pressure grout.
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American Society of Civil Engineers
Technical Council on Lifeline Earthquake Engineering

Pipeline Damage Check Sheet
Location of Damage
Pipe Description
Size ____, Thickness ___, Material ____________ Lining —__,
Coating —__, Date of Installation
Typeof Joints ___________ Burial Depth __,
Bedding Material —_____ Type of Backfill

Ground Water Present ___, Depth to Water Surface

Damage

impact on Flow: Break (flow disrupted)
or Leak (flow continued)

Pipe Failure: Circumferential'\(round crack) —,
Change in Pressure (blowout) ____, Longitudinatl (split)
Corrosion —___, Other (describe)

Joint Failure: Cracked __ Pulled ., Compression ., Gasket __,
Other (describe)

Fitting Failure: Elbow _,Tee __, Cross __,0ffset __Flange
Hydrant __, Other (describe)

, Flange __,

Repair Method: Repair Clamp __, Butt Strap —, Welded _, Replaced bipe or
fitting —, Other (describe)

Supervisor Date

Comments

LL 8-8-90

Figure 3. Lund and Schiff (1991) pipeline damage survey instrument

2.5 Time to repair pipe leaks and breaks

To repair damaged water supgipe, he repair crew must locate the damaggyally eliminate
pressure in the pipe by closing an upstream vaixegavate the damagedement (sually with a
backhog, perform the repaireopen the upstream valve, backfill the excavation, and repave any
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driving surface over the location of the rep&ipe damage can be repaired by replacing the
damaged element, by welding over the crack, or by installing repair hardware: generally either a
clamp that is mechanically secured over the damage or a clsgrealled a butt strap that is
welded to the outside of the pipe over the damabe.time required to perform the repair depends
onseveralssues:

1 How longit takes people to report the damage to the utility or otherwise for the utility to
become awa of and locate the damagewvhich itself depends on power and
communication;

Siteaccessibility

Availability of crews and equipment

Availability of fuel andconsumableepair materigl

Pipe burial depth

Groundwatempresence andepth

Diameter material and jointingof the pipe

Impact on flow break or leak

Nature of the damadeelement: whether to pipe, joint, or fitting

If pipe, whethercircumferential crack, longitudinal splitprrosion, etg.

If joint, whether a crack, pulbut, compression fhire, gasket failure, etc.

If fitting, the nature of the fitting (elbow, tee, cross, offset, gtc.)

=4 A8 _9_-8_9_42_-92._2_-12°_-2

Schiff (1988 offers epairtimes for 21 individual water pipe repairs after the 1987 Whittier
Narrows earthquake, mostly of cracks and breaks in 4itci8steel and cast iron mairiRepair
times were reported by the Whittier water distribution superintendénes varied between 1 and
16 hours as shown inrable3. Schiff reports that water pressure in Whittier dropped to 50 ps
from the normal 80 to 100 psi as a result of 40 break83 miles of pipe (or 0.06 breaks per 1000
If of pipe).
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Table 3. Repair times for water supply pipeline damage in the 1987 Whittier Narrows Earthquake (Schiff 1988)

Ref* Location Estimated  Pipe Material Installa- Type Failure and Comments

No. Repair Time & Diameter  tion Date

Whittier (Sources: Manny Magana, Jim Johns via Craig Taylor)

MAIN SHOCK

1 LaCuarta & Whittier Blvd  3-4 hrs. 4" CI 1920 Blow-Out-- 3'-4' Section

2  Citrus @ Beverly Dr. 16 (dn3-4 day) 6" 1932 Circum. Crack

3 11741 8. Circle Dr. 34 4" CI 1929 Circum. Crack

4 Bronte @ Bacon 4-5 6" CI 1956 Blow-Out -- Pressure Hole

5 Beverly Blvd(Citris& Pick.) 12 24"RC 1930 Beam Crack

6 Painter @Broadway Leak surfaced from Painter and Beverly and again after the aftershock.

7 Dorland @ Magnolia 5 6" CI 1938 Circum. Crack

8 Painter @ Sunset 1 3/4 "Steel OId

9  Greenleaf @ Orange Dr. 16 Leak surfaced likely from Orange & Friend (See No. 10)

10 Orange @ Friends 16 16"RC 1930 Circum. Crack -- Leak entered aban
doned, uncapped steel pipe

11 13502 Beverly Blvd. 4 6" CI 1927 Joint pullout -- Likely a flair joint

12 8041 Michigan 34 4" Steel  Very Old Blowout  Hole developed

13 12101 Rideout Way 2-3 2"Steel Old  Blowout -- 2'-3'section service line

14  South Circle @ North Cirle 4-6 6" CI 1929  Circum. Crack

15 Panorama above Orange Dr 20 24"RC 1967 Leaks at caulked collars

AFTERSHOCK

16 11630 Whittier 8 6" X 8"CI Shear -- T sheared at flange

17 8053 Michigan 6 with #18 4" Stecel  Very Old Blow-out -- Hole a few Ft. away

18 Near #17 Sec #17 4" Steel  Very Old Blow-Out Same as #17

19 5630 Omelia Rd 8" ClI 1938 Cracked Bell

20 Painter & Beverly Blvd. 8 6" X 8" CI 1935 T sheared at flange

21 14245 Bronte 6-8 1948 Service cork pulled from main

22 Greenleaf Booster Station 8 16"CI 1930 Lead caulk forced out of bell; leak

23 Near 14245 Bronte 5 6" CI 1948 Blow-Out

24 11630 Whittier 6 6" X *"CI Scc#16. This may be from soil settlement

associated with #16
25 12906 Orange Dr 1 1" Steel Corroded -- Service line split

East Bay Municipal Utility District (2014) reports on its mutual assistance to tiyeo€CNapa after

the 24 Aug 2014M 6.0 South Napa earthquake. EBMUD crews performed 56 repairs in
approximately 252 crevinours, for an average duration of 4.5 hours perireppahould be noted
that this average duration for completing repairs does not reflect the time it took fOitythef
Napa or its contractot®e completethe excavation and backfilEBMUD crews focusd on repair
work, and did not completexcavatiorbackfill/pavingrelated work

Tabucchi et al. (2010) elicited opinion from personnel at the Los Angeles Department of Water

and Power on repair productivity. They propose a model with triangular probability distributions

for each of several repair opéoms. Each distribution is characterized by a minimum véhe

left end of the triangle)a modal valugthe peak of the triangle, which is the most likely value)

and a maximum valuéthe right end of the triangle)Table4repeat s LADWPO s est
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Distributionsystem leak and break repaai® estimated toequire no less than 3 hours and no
more than 12 hourg/ith modes of 4 to 6 hours.

Table 4. Tabucchi etal. (2010) LADWP re pair productivity estimates

Event Minimum Mode Maximum
Inspect a
Trunk or distribution damage location 0.5h 0.5h lh
Pump station 1h 1h 2h
Regulator station l1h l1h 2h
Tank lh lh 2h
Small reservoir 2h 2h 3h
Rerouting operation on a trunk line by
Trunk redundancy (major)? 3-6h 6-12h 8-24h
Trunk redundancy (minor)? 3h 4h 8h
Connecting to MWD ? 3-4h 6h 8-12h
Connecting to well? 4-6h 6-8h 8-12h
Using a fire truck® 1-2d 2-3d 3-4d
[solate distribution damage at one demand node l1h 2h 4h
Repair a
Distribution leak 3h 4h 6h
Distribution break 4h 6h 12h
Trunk leak 4d 4d 6d
Trunk break b6d 8d 10d
Travel a distance D (km) D/25h D/40h D/80h

Note: h, hours; d, days.

#Major trunk lines are the pipelines that are the sources for each of the 13 LADWP subsystems; minor
trunk lines are the remaining ones. MWD is the Metropolitan Water District. Task durations for major
trunk line rerouting operations vary by specific trunk line, as listed in Tabucchi and Davidson (2008).

HazusMH (NIBS and FEMA 2012) employs four restoration times: two each for large and small

diameter pipes (20 inch diameter and above is large, 12 inches or less is small) times two to
distinguish between breaks and leaks. Baaeb5.
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Table 5. HazussMH (2012) estimates of re pair time per pipe re pair

# Fixed # Fixed
Diameter Diameter to: Breaks per Leaks per # Available o
Class from: [in] [in] Dayv per Day per Workers Priority
Worker Worker
a 60 300 0.33 0.66 User- 1 (Highest)
specified
b 36 60 0.33 0.66 User- 2
specified
c 20 36 033 0.66 User- 3
specified
- |
d 12 20 0.50 1.0 User- 4
specified
e 8 12 0.50 1.0 User- 5 (Lowest)
specified
-
u kanovn.l p for Defaullt 0.50 1.0 User- 6 (lowest)
diameter ; Data Analysis :
i specified

Seligson et al. (1991) offer an empirical relationship for time required to restore water ssrvice
a function ofnumber ofpipelinebreaks per guare mile,based on evidence from the 1971 San
Fernando and 1987 Whittier earthquakes. In EqudBdB denotes breaks per square mile dnd
denotes number of days of water supply outage:

d=2.18 +2.51 1B B 0.

9
=0 B @0.42 ©

2.6 Serviceability of water supply

As previously noted, some anabdl models are capable of modeling the serviceability of a
damaged water supply system using hydraulic or connectivity analysis (e.g., Khater and Grigoriu
1989). Asin the case of the closely related LLEQE software, the Applied Technology Council
(1991)naoted thatsuch systems can be data intensive and computationally demawdiag.can

be done to estimate water supply serviceability without a hydraulic model?

Isoyama and Katayama (198@jopose to measura quantity they calkerviceability as the
probaility that the demand at a system node (such as a customer service connedtiby) is
satisfied, or in the aggregate, the average fraction of nodes in the entire system whose demand is
fully satisfied. Demand seems to mean the -pathquake consumptioplus postearthquake
leakage.

Markov et al. (1994 proposdo measure serviceability viasgrviceability indexSs defined as the

ratio of the total available flow to the total required flow, which is similar but not identical to

| soyama a n dsernKcaabity laderaaddsat 10 nodes were fully satisfied and demand at
10 other nodes were partially satisfied, the two measures of serviceability would take on different

0170



values: 0.5 in the case of Isoyama and Katayama (1982) and somewhat higher asetlw c
Markov et al. (1992).

The developers of the HazH water system use data from Isoyama and Katay&t®82) and
Markov et al. (1991 along with unpublished work by G&E Engineering Systems to propose to
estimate the serviceability indefr) as aunction of break rat@reaks, not leaks, per km of service
main pipeusing Equation(10). Theyseem tause the serviceabilityindex to meastine fration

of customers receivingny water servicesincethe softwareexpressesoss of serviceability in
terms of MAhouseholds without water.o

s(r)=1 - %M (10)

In Equation(10), In denotes natural logarithm/L denoteghe averagdéreak rate {main breaks
per L km of pipe) g and b are model parameterandF is the standard normal cumulative
distribution function (they-value of the Shaped curve ir-y space that depicts the probability
that an uncertain quantity with standard normal distribution will take on a valuedessrtequal
to x). HazusMH employs values af = 0.1 andb = 0.85, respectivelyitting the curve to Isoyama

and Katayamads modeling of Tokyodbs water supp
Francisco Auxiliary Water Supply System (a dedicafed r ef i ghti ng Ssystem)
unpubl i shed anal yses of East Bay Mumiacupal U
serviceability models illustrated inFigure4,int he cur ve | abel ed ANIBS. 0
100
T
NIBS

— ] N

% 80 T N* ®  AWSS (simulation results at

g \ Cornell)

g A N

:E 60 \“\ \ - AWSS (average)

z * \'\\ —8— EB\UD(G&E) [Large Pipes]

= 10 \\'\ ——0— EBMUD (G&E) [Small Pipes]

:__'% \ —* |soyama & Katayama (lower

by range)

< 20 1 A :

= \D....___. Isoyama & Katayama (upper

& Tt range)

0 \“-'h--
0.01 0.1 1
Average Break Rate [Breaks/km]

Figure 4. HazusMH model of serviceability. Hazus uses the curve | abe

Thus, the Hazu®/H serviceability index might measure:
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9 The fraction of service connections receiving -pegthquake flows, regardless of the
degree of postarthquake flow resived at other service connections, which would seem
to be consistent with |Isoyama and Katayama:
1 The fraction of preearthquake flow being delivered after the earthquake, consistent with
Markov et al. (1994); or

1 The fraction of srvice connections receiviamywater, athe HazusMH reports indicate

Lund et al. (2005)citing Kobe Municipal Waterworks Bureéus M. Mapreseatsah i t a ,
restoration curve for the Kobe water system after the 1995 Kobe earthduatkacchi and
Davidson (2008) offer an analogous plot for the restoration of water service in the San Fernando
Valley after the 1994 Northridge earthquake. The two restoration curves are duplidaiiguat én

5. Restoration after Northridge appeaasliy linear; Kobe less so.

_ 9 100 I _FH
E 0s- 80
Fi >
£ 06 g 60 ,,
o o]
= Q
£ 041 g ¥
il 20
£ 024
E
= 0
o
0.0 T I I | | | | 0 1 2 3 4 5 6 7 8 9 10
0 1 2 3 4 5 6 T
A Time Following Earthquake (Days) B Weeks

Figure 5. A. Restoration of water service after the 1994 Northridge earthquake and B. Afterthe 19%obe earthquake

2.7 Lifeline interaction

Many authors have characterized lifeline interactedter natural disaster#& few but not all
relevant works are summarized here.

For ease of reference, let wscallhere someevidence previously noted: Winnipeg (2014) and
AWWA (2008) suggest that prerequisites for the repair of buried pipeline incatelar
communications and electricity to learn about and coordinate repairanfliebadway access
travel to and perform the repaissie safety (especially no fires, gas leaks, or electrical hazards)
and consumable repair materials including epifiittings, repair hardware, and disinfecting
chemicals.

Nojima and Kameda (199Xpmpiled instances of lifeline interaction in the 1989 Loma Prieta
earthquake, noting particularly the loss of wastewater treatment because of the loss of electricity,
andthe degradation of telecommunications resulting from the loss of electricity and difficulty
acquiring fuel for central officesd eiffsblegency
6 for a matrix summarizing lifeline taraction in the earthquake. It shows that water supply was
impairedfor 18 hoursin Santa Crubecause of loss of electric power for pumping. It alsswsh

t hat electricity failure i mpaired EBMUD®GSs La:
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Center Repairsin Santa Cruz were also impaired by delays transporting repair equopemine
damaged Oaklan®an Francisco Bay Bridge. In San Francisco and Santa Cruz, overloaded
telecommunications impaired repair efforts.

Scawthorn (1993)eviews literatire and themecent disaster experience on lifeline interaction in
several disasters (1989 Cajon Pass, 1989 Loma Prieta Earthquake, 1991 Shasta spill, 1991 East
Bay Hills fire, and 1992 Hurricanes Andrew and Iniki) ¢onstruct a model and analytical
methalology for lifeline interactionHe points out that water supply in the 1991 Oakland Hills fire
was impaired in part because of breakage of service connections in buildings that collapsed in the
fire, and the reliance of water supply on electric powerumgs stations that were required to
resupply ridgetop tanks He suggests characterizing lifeline interactions as either: (a)-onpset
(impact on one lifeline's function due to impairment of service to that lifeline by a second lifeline),
collocation @irect damage or impact on one lifeline's function due to failure of another lifeline in

a very proximate location), and cascade (increasing impacts on a lifeline due to initial
inadequacies, e.g., water supply damage as buildings collapse and severcaemections). In

S ¢ a wt hoantitativemodel, one characterizésitial damage to a set of lifelines through a
vectorD of nscalar quantities, each element representing a fraction of customers receiving service
for one ofn lifelines if there were nanteraction, i.e., if only damage to that lifeline mattered
Lifeline interaction igjuantifiedby ann x n matrix denoted by, where elemerit;; (rowi, column

J) denotes thdraction of service of lifeline that is contributed by lifeling A higher value ofLi;
indicates greaterelianceof lifeline i service orifeline j. A valueL; = O indicates no interaction.

The final functional state of the lifelines is represented by vectbr whose value is given by
Equation(11). Elementi of vector F measureghe fraction of customers receiving service from
lifeline i, where any reduction belok = 1.0 is a result of initial damagde to all the lifelines and
interactionL between them

F=LD (11)

Scawthorn offers the model but does not propose particular vatuesfrixL. Note thatbecause
0 DO 1. 0, t o mkQslmast bechrsttaineGerGquation12).

égj =1.0 i i{1,2,.n} (12)
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Table 6. Lifeline interaction matrix in the Loma Prieta earthquake (after Nojima and Kameda 1991)

C Electricity Gas Water Sewer Road Ralil Telephone
Electricity Santa Cruz gas explog Santa Cruz: pump stop SF and San{ SF and San{ SF: BART Capacity diminishi
due to electricity comely for 18 hrs (granfiow areq Cruz: powg Cruz: traffic ja| omitted stops | byuse of storage
(spark ignition). Recoy survived; no water impy failure a] dueto malfuncti some stations | cells. PBX with no
work arrangement W based supply area) pump statior] of traffic signal | save electricity| battery, malfurcti
electric  power sup| SF: power faudue to gas Pacific Bell:
system leak inspection, no wate Bush/Pine Office
pumpbased supply ar (SF) coolanttroub
. and Marina districhlo no service for 3 hry
power for repair work Hollister Office
EBMUD: sheerm loss ¢ generator failure n
power at Lafayette filtra service for 3 hrs.
plant. Oakland Con GTE: Monte Bello
Center power loss, Office (Los Gatos)
servie failure ajenerator
fuel tank
malfunction{Bhrs)
Gas SF & Santa Cry Santa Cruz: no ho SF: road close
gas leak treatment. Recovery W due to propan
inspection befg * arrangement with g fire (Rte. 80 W
recovering supply system. Central Ave)
electricity
Water Santa Cruz: recovery W Santa Crug SF Maring
arrangement with  wg . damage District: roa
supply sysin detection b| failure due {
analogy water leakage
Sewer Santa Cruz: suspicion
underground wa
contamination due *
outflow or crude sew:
from pipeline
Road Santa Cruz: no transpo| Santa Cruz BART rider
madinery due to brid damage increased due
damage detection b * Bay Br. Closu
analogy (Oct 23: +4
percent)
Ralil *
Telephon SF & Santa Cruz: overlq *

0210




The San Francischifelines Council(2014 adaptedhe panel process of Porter and Sherrill (2011)

to involve Bay Area lifeline operators in qualitatively characterizimg potential effects of lifeline
interaction on thepostearthquake functionalityf their systerm The authorssoughtto identify

key asets and restoration schemes to prioritize julisaster restoration and reconstruction
activities forSan Franciscand ultimatelythe Bay Area.Through panel discussiovith 11 lifeline
operators, the authors identified lifeline interaction effects irctmext of a hypothetical M 7.9
earthquake on the Northern San Andreas Fdilieéy propose qualitative interaction matrix
(Table?) thatdescribes modes of interaction a la Nojima and Kameda (199 Ehamtsadegree

of interadion, withdarker shadingndicatinggreaterinteractian | i ke a hi gher val u
(1993) matrix The authors found that restoring water supply in San Francisco depends
significantly on city streets, telecom, and fuel, and to a lesser extemgmnal roads, electric
power, and the port. The matrix characterizes the mode of each interaction, with five possible
modes Quotations are taken from San Francisco Lifelines Coy@€il4) interpretations are

mine

1 fFunctional disaster propagation ar@iscading interactions from one system to another
due to interdependenced Thi s means that a system relie
operate, each of which can rely on still othdret usrefer to these other systems as
Aupstr eam, 0 tfailore of Areupsseanm system tiidwa or cascades down to the
system in question and causes its failure. For example, consider water service in a pressure
zone that is supplied from tanks whose source is water pumped from lower elevation. Water
service inthat pressure zone is functionally dependent on electricity, which may be
functionally dependent on natural gas. Failure of fuel supplies or electric generation,
transmission, or distribution propagates or cascades to cause water supply failure through
interdependence.

1 fCollocation interaction, meaning physical disaster propagation among lifeline syséems
This means that one or more elements of the system in question are located close to one or
more elements of another systeamd that theother system cafail in such a way that an
area around the failure can impair the system in question. For example, fiber optic cable
that serves the telecommunication network may be installed in a conduit on a roadway
bridge. Excessive displacement of the bridge, fomga as a result dfettlement of an
abutment, can sever the fiber conduit.

i fRestoration interaction, meaning various hindrances in the restoration and recovery
stages 0 Thi s means that one or more el ements
to one or more elements of another system, and that repairs to the other system can damage
or hinder the repair of the system in question. For example, consider a water main (the
system in question) that is located above a damaged sewer line. Repair to éhdirgew
could require the temporary removal of or inadvertently lead to damage to the water main.

T ASubstitute i nteracti on, meaning one syste
alternative systemso Thi s means t hat t he sojitastdsem i n
(alternative systems), and that disruption of one of the alternatives can affect the system in
guestion. For example, damage to the San Fran€sdtand Bay Bridge in the 1989 Mw
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6.9 Loma Prieta earthquake cause8R%increase irBART ridershipduring October and
November 1989 (San Francisco Bay Area Rapid Transit District 2015).

fiGeneral interaction, meaning between components of the same syblejima and
Kameda (1991) use a star (*) to mean the same tAihgg means that impairment of
elenents of the system in question can affect other elements of the same system. For
example, overturning of electrical switchgear in a pumping station can cause the pumps to
fail to operate.
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Table 7. The San FranciscoLifelines Councild €014 lifeline system interde pende ncies matrix

j2nd

vodiy
uvod

UsSUEL]
131em
-1

SENLT Y
Aseyxny

=1EM

Wo3a|a ]
seD)
[EINIEN
lamod
2113223
5lzails
Ao
SpeOY
|euci3ay

131EM FEMRTY SED) Jamogd 5133015 speoy
[and [ podiy Hod | Wsued] | -31seM | Adexny [ J91BM | WODB[SL | [einieN | JL3I3|3 Ao | |euoiday

(uwnjos yoes umop peal) waishs senaiued e uo Asuspusdsp pue UCIIDEIZIUL ||BISAD 3Y L

0240

(moJ ypea ssoue pead) swaishs au)ay)| Jayio vo Asuapuadap sioiesado auRyn



2.8 Pipeline damage in afterslip

Several athors haveconsideredifeline damage due to afters|igvhich is fault slip immediately
following an earthquake rupture that involves creep much faster b®nnterseismic rate.

According to Aagaard et al (2012) ,

AnAfter sl i

as coseismic slip, with the added complexity that the slip continues for months to years, albeit with

a decr eas i disgusstersligin variols Rlanyard Fault earthquake scenarios, including
s udyns dealagit i al cC

the one adopted forupere A After sl i p makes a
slipand may be responsible for up toilL% m (median plus one standard déwid of additional

slip foll owi ng aThe agtloroffen g poweday exprasgiondor adterstigs a
function of timet, denotedD(t), as follows:
D(t)=A B —el—c (13)
(1+T/t)
1 ..
A:R(Dtotal -a I:gseismic) (14)
B=—2(Dyu -Dueum) (15)
1_ a total coseismi
s T %
a=gd +— ¢ 16
é;gé 1sec & (16)
Coian = 0.881 - 0.111MD, a7

whereT is referred to as the afterslip time constant, taken here as 365 days per Aagaard et al.

(2012).For example, witiMy, = 7.05,Equation(17) leads toCmedian= 0.0984 With T = 365 days,

Equation(16) leads toa = 5.47. WithDiota = 1.86m ancoseismic= 0.83m, Equationg13), (14),

and(15) produceA = 0.608m,B = 1.25m, and thestimate of slip versugie shown irFigure 6.
2.0

15
S
1.0
n
05
0.0 7\\\\\\\\\ \\HHH} L \\HHH} L \\HHH} L
0.00001 0.001 0.1 10 1000
Time after mainshock, days
Figure 6. lllustration of afterslip
O6 Rour ke and Palmer (1996) point out that

crossings requires estimating fault slip frone ttime of pipeline installation to the time of its
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excavation for inspection after the earthquake, includingspremic slip, coseismic slip, and
afterslip.

Treiman and Ponti (201kuggested that afterslip could realistically account for 40% of thé tot
surface slip in the Coachella Valley resulting from a M 7.8 earthquake on the Southern San
Andreas Fault.The afterslip could aggravate damage to the Coachella Canal, railroad, fiber optic
cable, electrical lines, gas and oil pipelines, and highways.

Hudnut et al. (2014) measured deformation in a temporarily decommissioregh2éiameter
gas pipeline that crosses the fault rupture involved in the 2014 South Napa earthquake. They
observed that the pipeline wa sofffes mdsttof whichwar p e c

accumul ated as afterslip that is still contin
t hat ALi feline performance iin future events,
additional consideration. o

2.9 Measuring loss of resilience

Bruneau et al. (2003) propose to measure the loss of resilietite asea above theurve Q(t),

whereQ(t) is defined(somewhat vaguelyh s t he fddealiintfy asft ructure o
They denota quanti ty they c alodsoffesilemeabny Rand galculatait t hq u a
as in Equatior{18):

R= tlf{l -Q(1)) dt (18

wheret = 0 andt = t; denote the times of the initiating eveamd the time of full restoration,
respectivelyFor brevity,let usrefer toR more simply as the loss of resilien&tuneau et al. do
not definet = 0 andt = t; precisely Let us defindg = 0 here as the time of the first earthquake in
the earthquee sequence under consideratiand let us defing, asthe time whenQ(t) = 1 after

the lastearthquake in the sequence under considerdigtnQ(t) measurethe fraction ofwater
customers receiving at least adequatelegree of service at timemeaing sufficient waterflow

and pressurat the tagor drinking (even if it needs to be boiled first), bathing, and using toilets.
R hasunits of time and as applied heoan be seehereas the expected value of the tithat an
arbitrary customers recaves less water thaa useful degree aervice.

To be cleara reduction in the loss of resiliencelicatesa briefer averageme that an arbitrary
customer lacks adequate serviet| will not equatea reduction in the loss of resilienagth an

increase in resiliencén Bruneauetald s t er mi no | ompya quantity ut tathee ac e i
quality that meanséithe ability of the system to reduce the chances of a shock, to absorb a shock if

it occurs (abrupt reduction of performance) dodrecove quickly after a shock (restablish

normal performance) 0 R e dsindttheenatleematicalcomplement of theoss ofresilience.

c8AOET AT I 1T CU

N

3.1 Overview of the methodology
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Using the brief literature review of section 2 as a basis, | proposeltberihg methodology.A
lifeline earthquake performance and restoration model typically invdiheetollowing analytical
elements

1. Asset definition, in which the system is described in terms of nodes and links. Nodes have a
location, flow capacity, somete a value (e.g., replacement cost), and an asset category that
associates the component with one or more relationships between environmental excitation
(e.g., severity of shaking) and loss (e.g., in terms of dollars, deaths, downtime, or some
combination. Links connect nodes. They have a path, sometime a direction, flow capacity,
sometimes a value, and an asset cateddry. assets in question here are defined in section 4
of this report.

2. Hazard model, relating geographic location to environmental éreitaln the case of
earthquake hazard, the hazard model typically includes a mathematical idealization of seismic
sources in the region, their locatiotise frequency with which they can produce earthquakes
of various magnitudes, and one or more groundtion prediction equations to relate
earthquake magnitude and location to shaking and other site effettis. present study, the
hazard model is presented elsewhere. Briefly, it is a physised model of the San Francisco
Bay Area, depicted in Aagaaed al. (2010a, b).

3. Hazard analysis, in which one evaluates the hazard model for one or more realizations of an
earthquake. In the present analysisse the realization from Aagaard et al. (2010) depicting
a M, 7.05 rupture of the Hayward Fault northdasouth segments with an epicenter under
Oakland. Accompanying the model of shaking from the mainshock are estimates of
liguefaction probability, landslide probability, coseismic slip, and afterslip assoeiétethe
mainshock, along with shaking in eamha sequence of 16 aftershocks of M 5.0 and greater

4. Vulnerability model, relating environmental excitation at a particular location to the potentially
uncertain loss in each of a set of asset clagadion 3.2 preents the vulnerability model
used here.

5. Damageanalysis, in which one evaluates the vulnerability model for each lifeline component
at the level of environmental excitation to which the component is subjected. Section 3.3
presents the procedures of thandge analysis.

6. Restoration model, which characterizes the time to restore the damaged components to their
pre-disaster condition, and calculates the degree of service at each of many points in time.
Section 3.4 presents the restoration model developedeammloyed here. The esent
restoration model is newt includes a new method for quantifying the effects of lifeline
interaction. It includes an initial assessment period suggested by engineers of the East Bay
Municipd Utility District, along with a period during which repair crews and other resources
ramp up from an initial, House quantity to one that includes mutual aid.

7. Aftershock analysis, in which one inserts one or more aftershocks into the restoratios,proces
which in a sense restarts the hazard, damage, and restoration analyses withaanagiéd
lifeline system.

3.2 Vulnerability model
3.2.1 What is a vulnerability model ?

By Avul nerability model 6 i s meant eweemldshemat i
(usually normalized by quantity, e.g., pipeline breaks per 1,000 ft of pipe) and environmental
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excitation (e.g., degree of peak ground velocity). These relationships often apply to classes of
components that share common engineering featurgs, @pe sharing common material,
diameter range, joint type, etc. All specimens of the class are assumed to be interchangeable and
indistinguishable for purposes of estimating loss. A vulnerability model can be deterministic,
providing for example only anean estimate of loss conditioned on excitation, or probabilistic,
providing both a mean value and error term. Letleffne some terms:

yi(X) = the expected value of the degree of loss experienced by a component aofveless
subjected to excitation One can refer tg(x) as the mean vulnerability function for class
i

a(x) = the error term for class The error term can be constant for class it can depend on
degree of excitatiorx. The error term has unit mean and usually has some parametri
distribution, such as lognormal with a specified standard deviation of the natural logarithm
of the error term, referred to here as the logarithmic standard deviBli@rvulnerability
model can provide mean vulnerability functions and error termsn®roo more modes of
damagej, such as damage by wave passage and damage by ground failure due to
liquefaction, landslide, or fault offset.

yij(Xi;) =the mean loss to a componemf a specified class in damage mgdehen component
IS subjected to nde| excitationx;j, such as the peak ground velocity to which a particular
segment of pipe is subjected.

a(xi;) = the modg vulnerability error term for the class to which componemélongs, when the
component is subjected to excitatiqn

Yij(xi;) =theuncertainnormalizedlossis denoted byed.g.,uncertaintotal pipeline breakgser 1,000
If of pipe), where the indekrefers to the component class to which compondxationgs,
j refers to the damage mode under consideration (e.g.imede&leaks per 1,000 If of pipe
as a result of wave passage), and xi,j is as previously defined.

The uncertain normalized loss is calculadesd

Y (x)=vi (%) @ (x) (19
The vulnerability model comprises tiset offunctions y and e the component classes to which
they refer, and the domain of excitations for which the functions are valid.

3.2.2 Selecting a vulnerability model fo r a pipeline network

Several authors have created and publigbgeline vulnerability functions; a few appear in
section 2. There are no commonly accepted rating systems for pipeline vulnerability functions, but
it seems reasonable to choose amoongpeing vulnerability functionsbased orat least the
following criteria:

1 \Wulnerability functionsreflect diverse conditiongipe material, diameters, joint systems,
age, and corrosivity similar to the conditions where the vulnerability functions will be
apdied.

Vulnerability functions are drawn from numerous damage.data

Vulnerability functions are drawn from ground motion levels reaching as high as those
where they will be applied.

= =
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1 The articles in which the vulnerability functions are presented are resjpéighly cited,
and frequently used for similar applications, which here means estimating and depicting
realistic outcomes dahypothetical US earthquake.

Table 8. Comparison of criteria for selecting pipelinevulnerability fun ctions

Source Diversepipe | Repairs Max PGV | Max PGD | Citations

M. O6 Rour ke &|Yes Unknown | 50 cm/sec NA 87

Honneger and Eguchi (1992)| Yes Unknown Unknown | Unknown 21

Eidinger (2001) Yes 3350 52 cm/sec| 110in 18

T. OORour ke e|Yes 2051 80 cm/sec N/A 20

O6 Rour ke et al. (2014) have been more cited i
somewhat greater credibility. Maxi mum PGV val

greater applicability in strong shaking. Hovee, Eidinger (2001) draws on a larger data set and
his vulnerability functions cover both wave passage and ground failure. For these reasons, it seems
the Eidinger vulnerability functions are most suited to the present problem.

Thus, for wave passage,eran use Equatio(B) to calculate break rate with probabiliyof
nonexceedance, afternativelyEquation(4) for the mean break rat€here is a problermowever
applying a liquefactionand landslidenodel that requires permanent ground displacenaentn

Ei di nger 0s mb)ordgd). ThE grobsem hecenssthaepk ground displacemere
unavailalbe for thethis scenarig only liquefaction probabilityand landslide probabilitHow to
apply Ei di-faituermodel wghoudb anredtimate of permanent ground displacement,
PGD?

The solution employed here takes adtage of the fact th&quation(6) is not very sensitive to
PGD. One can see the limited sensitivitytine small power to whicRGD s raised, 0.319%t the
same time, the logarithmic standard deviafion0.74 in Equatior{6), which gives the marginal
distribution of break rate, is very large, suggesting tHé@dcentile bounds differ by more than
an orcer of magnitude. In this case, the"nd 3" percentiles of break rate conditioned BGD
differ by a factor of 11.4.

So Eidingeré6s | iquefaction equation tells wus
increases mean break rate by adaof 2. SeeFigure 7: for K, = 1, the break rate fd?GD = 1

inch and the break rate f®GD = 10 inchesarel.4 and 2.9 breaks per 1,000 If, respectivaty

either point,PGD = 1 inch or 10 inches, the uncertainty in break ratmuch greater, i.e., even if

one knew PGD, ore would still be very uncertain as to break rate. The apparent improvement in
accuracygained by estimating liquefactionduced or landslidénducedPGD would be illusory.

That is not to say that it would nbe a little better to estimate PGD, it just would not be much
better.
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Figure 7. Eidinger (2001 )pipe liquefaction vulnerability for K , = 1.0, mean and 90% bounds

In light of the very high uncertainty in break rate and the nedhtimodest sensitivity of the
vulnerability function toPGD, let us assume a reasonable modeR@D associated with
liquefaction, say 6 inches, ameéwrite Equatiog5) and (6) using liquefaction probability, as
shown in Equatios (21):

R(R.H=K © 105 670 exf 674 (B}
=1.88 K, ROexi0.74 *(6))F

R(R)=K 189 °B%F
=246 K, RO

(20)

(21

where P. denotes probabilitpf ground failure, either through liquefaction, landslide, or fault
offset. The equation estimates mean break rate per 1,000 linear feet of pipe.

How doesone sum break rates from wave passage and ground faiureone wuses Ei di ng
modePHes ays t hat Awave propagation effects are r
[ peak ground di s pl aheregmoam tadureocouss, bnk wonld ignoré the w
wavepassage model so as not to doutbent it The pr obl em here i s that
model of damage due to liquefaction probably includes some damage that was caused by wave
passage. But he does not know which breaks wesedaay which peril. In zones of liquefaction,

he treats all damage as caused by liquefaction. That is, his empirical relationship for damage in
zones of liquefaction include an unknown (but probably small) fraction of damage caused by wave
passage.
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As aresult, one must not doubt®unt wave passage damage by applying both the liquefaction
and wavepassage models in zones of liquefactida. eliminate doubleounting, let us modify

the wavepassage modealf Equations(3) and (4) by multiplying the break rate a factor {1P.),
whereP. denotegyroundfailure probaility. After eliminating doublecounting, one can sum the
wavepassage and groufdilure models as shown in Equatiof®?) and(23). In both equations,

R denotes break rate in breaks per 1,000 ft of buried pig¥,is peak ground velocity in inches
per second, and denotes nonexceedance probabilityEbuation(22), R gives break rate with
nonexceedance probabiliy, while Equation (23) gives mean (average) break rate. The
coefficients are smaller in Equatid@2) than they are in Equatio(23) because the median is
smaller than the average for a lognormally distributed random variable, and the difference depends
on the logarithmic standard deviation.

R(PGVv R, Q:(l - P) @( PGY )) R P )p
=(1 -R) KD 0.00187 PGV exp 115 *( P)O A.8K, B ekP 0.707( @)

(22)

(1-P) ®(PGY R B
=(1 -R) KO 0.003623PGVO 2.46K, P

For damage resulting from fault offset, one c
the absence of supporting data, the relatively small number of breaks that occur at the fault trace
compared with teaks that occur as a result of wave passage and liquefaction, and the desire to
model breaks as a function of offset at the location of the pipe rather than average offset over the
entire trace, a simpler model is adopted heet.us assume that any pipegment that crosses a
fault is broken if the fault offset exceeds 4 inches, and use the same threshold regardless of pipe
material, jointing, and angle subtended by the fault and pipeline alignireett the fault trace
as a collection of line segntsnrather than as a zone on the surface of the earth with a finite width.
The offset therefore is lumped at the line rather than distributed over the width of the zone.
Mathematically,let Z; denote a binary variable to indicdkat pipe segmeritis damaged by fault
offset (1 if true, O if false)d denotes the fault offset distanak,denotes the threshold of fault

offset distance that produces damage, E@lis the indicator function (1.0 if the value in
parentheses is positive, 0.0 if negative)nthe

z,=1(d -d) (24)

whered: = 6 inches consistent with théault offset thatEidinger (2001) equates withs® percent
failure probability for all segmental pip®ne could use a more refined model such as ASCE
(1984), which appliesengineering first principles of stress and strainthe engineering
characteristics of thpipeand backsfill, the geometry of how the pipe crossesfault, etc.In the
context of an earthquake planning scenamiavhich one cares about the total number of pipe
breaks over the entire strongly shaken regsuch an analysiseems like excessive effort for a
relatively small contributor to overall daage Furthermore considering the necessary
assumptionsaboutunknown backfill characteristicand probably other model parametesigch an
analysis would probably providdusory precision.

R(PGV, P
( ) 23
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3.3 Damage analysis (number of repairs required)

3.3.1 What is a damageanalysis ?

A damageanalysis applieshe vulnerability modeland the hazard modeb the assets under
consideration to estimate degree of damage or loss, e.g., total number of pipeline repairs required
when a particular pipeline network is affettey a particular earthquake. Let us employ a common
general formulation for number of repairs required for a system dikcrete components (e.g.,
segments of pipe) that can each be uniquely identified with a class of components (e.g., type of

pipe).

Each component has an associated quantity or valli€e.g., length of pipeline segmengnd is
assumed to be subject to damage from umtanodes of damage (e.g., wave passage and
liguefaction). Each combination of component class and mode of damsagssigneda
vulnerability modely;;(x;;) andg;(xi;) as previously defined. LR denotethe total uncertain loss
(e.g., total number of pipeline breakH)is estimated ashown in Equatior25).

Rzé Javl QJ(?‘J) @Jd i)i) (29)

Equation(25) assumes that damage to one component or in one model is independent of damage
to other components or in other modes. That is, that the degree of damage to coiripanede

J is unaffected by daage to a different component, and tifatomponent i is damaged in one

mode, it can also be damaged in another mode and that the losses resulting from the two modes of
damage simply sum.

In the case of water supply pipelines, one implication of thisngstson of independence is that it
assumeshat repairs are spaced widely enough apart that it makes sense to repair individual breaks
or leaks, at least initially, rather than to remove and replacapipthus repair two or merbreaks

with a single reaqir.

3.3.2 Applying the damage analysis to a water supply system

Applying Equation(25t o water supply pipelines mamelng Ei
and adding an additional term for fault crossimy® can estimate mean total numberegfairs
as shown in Equatio(R6):

=AR,(P6V) @ &R(P) LO &fd d) -
N - o n (26)
=4 (1 R,) 0D03623K,OPGYOL.  &248K, B, © dd @)

wherei is an index to pipe segmentsis the total number of segmentsthe networkKi; andKy;
denotethe values oK; and K; for pipe segment, PGVi s the peak ground velocity to which
segment is subjectedP,; denotes th@roundfailure probability at pipe segmentL; is the length
of pipe segmentin thousands of linear fed{Qis an indicator function thaakes on the value 1.0
if the expression in parentheses is positive, 0.0 if negativethe fault offset to which a segment
of pipei is subjected, ands is the offset at which breakage occurs. Here | propose todiae
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deterministically equal t® inches(15 cm) Note that as long as pipe segmentsre relatively
short, less thaa few hundred meters, there should be little difference between shaking at the ends,
and thus little error introduced by discretizing a pipeline network in this way.

Because the present analysis does not require a probabilistic estimate of loss, let us ignore the error
terme and deal only with the expected value of loss. | use the loa®e r in Equatiori26) to

indicate a deterministic value rather than the uggaeeR of Equation(25) that stands for ra
uncertain qudity.

To carry out Equation(26), one use a geographic information tcreate a tablef system
componers, e.g., aable of pipesegmert. Components a&rlisted in rowsFor each component,

assign an identifiedetermine its quantity (e.g., its lengtssignit to a class that hasne or more
vulnerability or fragility functios ( e . g. , Ei dingerbés <classes that
material, joint,soil corrosivity, and diameterpnd determine itdocation, e.g., the latitude and

longitude of a pipe segment midpoint. Then using the GIS, look up the gnmtrah parameter

valuesx;;. Equation(26) can then be calculated for each component (each row) and the losses
summed over all rows to calculate the expected value of [@sg., the number of pipeline breaks
requiring repairs).

3.3.3 Breaks or leaks?

Lund and Schiff (1991) definkeaks and breaks for purposes of compiling damage data. Under
their definition, a pipe with aelkcontinuesto function with mininal loss of servicevhile a pipe

with a brealkcompletdy losesfunction It seems as i@inother, equivalent definition is that a pipe
break separates pipe segment into two, and a leak only partially fractures a pipaus MH
assumes an 80%/20% break/leak ratio for liquefaction, 20%/80% breaks/leaks fopasaage
damage. The authors thle technical manual do not cite a source for their choices.

Lund and Schiff (1991) found that, among all pipeline failures in the 1989 Loma Prieta earthquake
where it was known whether the failure was a break or a leak, it was more common for the pipelin

to break (336 repairs, 71%) than to leak (140 repairs, 29%). A study by Ballantyne et al. (1990) of
pipe damage in 1949 and 1969 Seattle, 1969 Santa Rosa, 1971 San Fernando Valley, 1983
Coalinga, and 1987 Whittier Narrows earthquakes, found that groasgref resulted in a
50%/50% break/leak ratio, and absent ground failure, the ratio was 15%/85% breaks vs leaks.
Since the present model allows one to distinguish between repairs associated with ground failure
versus wave passagend sincethe Ballantyne et al. (1990)are highly regarded aroffer their
evidence, | employ their ratios.

3.3.4 Degraded vulnerability?

The model presented here applies the same vulnerability functions to the same system map in the
aftershocks that it applies to the mainshaekit correct to do so? Perhaps we should consider a
systemthat has already beaegraded by the mainshoak a large aftershock to be weaker
Perhaps the mainshock causes small undetected leaks or incipient breaks that become large leaks
or breaks in amaftershock. But there does not seem to be sufficient research available to support
explicitly modeling system degradattbrmaking the mathematical model of the system more
vulnerable in aftershocks than before the mainshock. ThitofEc deserving of fure research.
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3.4 Restoration model

3.4.1 What is alifeline restoration model ?

As used here, a restoration modelates the damage (the output of the damage model) to the
s y s t éumstiosality over time usually depicting its returnsto its predisasér condition.
Functionality can be measured a variety of ways, but in the casetibtyasuch as a pipeline
network it is common to measure functionality in terms of the numbesenfice connections that
receive the lifeline service as a function iafd. | do not offer a general mathematical formulation

of a lifeline restoration model, but merely list its elements here, and then propose a particular
solution for the water supply pipeline system examined here. A lifeline restoration model includes
the following elements:

A model of the level of functionality immediately after the disaster

A model of the repair resourc@srews and suppliésavailable over time.

A model of the number of services restored by each repair

A model of the elapsed time aftercbaepair

Ideally, a model of lifeline interaction, i.e., accounting for how damage or restoration of
other lifelines affects or delays damage or restoration of the lifeline in question.

= =4 =4 -8 -4

3.4.2 Number of services lost because of earthquake

A hydraulic orconnectivity analysis a la Khater and Grigoriu (1989) or Applied Technology
Council (1991) istoo demanding for present purposes. Let us use the same simplification-as Hazus
MH does. As noted in the section on serviceability of water supply, Hazus ietsrghe
serviceability index, which measures the drop in water pressure as a function of the average
number of breaks per km of pipe, as a proxy for the fraction of customers receiving service. Let us
employ the serviceabilityindex the same way: immedtiiaadter an earthquake, when the number

of repairs required ig, L is the number of km of pipe in the system, &hds the total number of
customers, then the number of services available immediately after the earthquake is @iven by
times the servicealy index of Equation(10). Let V, denote the number of services available
after the earthquake and before repairs begin:

V,=M §€fr)

Qo
—
|- O: Ot

OO0 0: 0O

g
>
8

(27)

o8B

I
<
O BB B

whereM is the total number of servicess the number ofmain breaks (not leakd) is the length
of pipe in the distribution systenkr(l), g = 0.1, andb = 0.85.The parameteq determines the
number of breaks per km (0.1) at whighreaches 0/&. The parameteb determines the width
of the Sshaped curve iRigure 4. How long does it take to completerepair®

3.4.3 Number of services restored by the n  repair
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Equation (27) suggest one approach to estimating service as repairs proceed: measure the
remainingrepairs as a function of the breaks caused by the earthquake sequence, reduced by the
number of repairs, and evaluate services available after n repairs have been completed as shown
in Equation(28), to which | will refer as the serviceabilitpdex approach.

A, ar-n o6C

& gy OC
ae,;gb@ +¢ (29)

%_QJ

V(n)=M

O/ BB B

&
&

OB 8

Or one could model services as being restored in proportion to the number of breaks remaining, as
shown in Equatiori29). Let us refer to this equatias the proportional approach.

V(n)=V, {M \4,)%?0 (29

A more generalapproach is suggested by conversations wigineers of thé&cast Bay Municipal
Utility District (EBMUD). Theyindicated that their repair strategy in an earthquakeuld be to
focus most of E Bdgarrédnsmission Bnesuhatserve largeoareas, then smaller
diameter distribution lines that serve ahar numbers of customers, efthe strategywould
depend on how portions tife system, which may be impacted by breaks in large diameter pipes,
could first be isolated to continue to maintain services to as many customers as possible by re
routing waterusing a combination of temporary system such as portable pumps, flexible hoses,
etc.If one were to plot a restoration curve with fraction of customers receiving service pn the
axis, time after the earthquake on thaxis,thena p |l ot f or edy®ddldDaximizest r at
slope as soon as repddegin The slope might increase if the number of crews increases, but with
constant resources, the slope will decrease as individual repairs restore fewer and fewer services
Equation(30) would have such a form for values@& a< 1.The smaller the value af the more
the restoration curve would rise quickly early. Setting1 in Equation(30) yields the proportional
repairrestoration approach of Equati¢29). Let us refer to Equatio(B0) as the power approach.

&N ¢

V(m)=% M %) =0 (30

If we assume that repairs after the 1994 and 1995 Northridge and Kobe earthquakes were
completed at a constant pace, tiha power approactith a = 0.67 resembles the observed
restoration of water seice in the San Fernando Valley after the 1994 Northridge earthquake
(Figure 5A), while the power approactvith a = 0.3 resembles restoration after the Kobe
earthquake Rigure5B). Figure8 shows the three approaches all on the same plot (with two curves
for the power approach, with= 0.33 anda = 0.67). The y-axis is normalized by prearthquake
number of services and tieaxis is normalized by number of pipeline breaks.

Of the three, the power approach matches the two earthquakes the best, proportional next best, and
serviceabilityindex approach the worst. There may be many other reasonable approaches, but
considering the three examined here, | will employ the power appreith the more conservative

of the twoa-parameter values considered here, ae.0.67.
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Figure 8. Parametric restoration curves with Kobe and Northridge experience

3.4.4 Repair resources and repair rate with lifeline inte raction

Now that we can estimate the number of services available after comptetiggairs, let us
consider how long it takes to performrepairs.

Section 25 summarizes a few sources of pipe repair time information: an empirical model of per
break rgair time, an empirical model of regional repair time as a function of regional break rate,

and expert opinion of pdrreak repair time that generally agrees with the empirical evidence, albeit
slightly lower both in terms of lower mean repair time androwaer confidence bounds. Loss
estimation practitioners generally prefer empirical models with explanatory power; for this reason

|l empl oy Schiffdés (1988) pipeline repair data

| analyzed the (relatively small) sample and found an average repair timé aburs and a
standard deviation of 5.3 hourStaff of the San Jose Water Company found that figure to be
reasonable (J. Walsh, oral commun., 14 Oct 2043pgnormal distribution with median repair
time of 6.5 hours and logarithmic standard deviatioh @0 fits the data sufficiently well to satisfy

the Lilliefors (1967) goodness of fit test, as showfigure9A. Separating the data for the small
diameter pipe repairs from the data for two ladg@meter pipe repaif24-inch damage instances,
requiring 12 and 20 hours, respectively), the smdameter median and logarithmic standard
deviation are 6.1 hours and 0.58, respectively, as illustratétgune 9B. Schiff offers too few
samples of largeliameter pipe repair time to derive an empirical distribution, so let us assume a
median of 16 hours and a logarithmic standard deviation of 0.6.

The LADWP estimates of repair duration for distribution pipelines (Tabuchhi et al. 2010)

generally agree witlactual earthquake experience reported by Schiff. However they seem to
underestimate uncertainty, with lower and upper limits that include only 70 percent of the repairs
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reported by Schiff, omitting the lower and uppep&bcent of repair times défigure9A. They are
also slightly optimistic, with modes at the2and 4@ percentiles of repair times Figure 9A.

It is difficult to compare the Hazus repair times with Schiff (1988) or Tabucchi eR@LOJ
because the former measures repair time per worker and the latter two measure repair time per

repair. However , assumi-wakeraepair tinesvequate with 6 o fl8 4 |,
hours, or the 35and 90 percentiles ofigure 9A.
1.00 1.00
20.75 | 20.75 +
S o)
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Figure 9. Repair times based on data from Schiff (1988): (A) all repairs (B) excluding repairs to large diameter pipe

Fora deterministic modelt seems reasonable to use the mean estimate (7.6 houepaemper
crew, or 0.32 days per repair per crew) for sragdimeter pipe repairs (here, assuming crews work
12 hours on, 12 hours off, until repairs are completed.

When will crewsbecomeavailablé As discussed earlierpplic and private water ageerd plan

to provide mutual assistance for emergencies. CalWARN (ND) and East Bay Municipal Utility
District (2014) report how three Bay Area water agencies dispatched teams to assist in the repair
of water supply pipelinesin the City of Napa after the 28@dth Napa earthquake. The assistance
took 24 hours to arrive, which suggests a delay in the arrival of mutual aid from across a
metropolitan region. Mutual aid in a major metropolitan earthquake would likely come from
hundreds, possibly thousands of reil@way, and probably take longer to mobilize, arrive, house,
and integrate into repair operations. Repair resources ramp up over time, and the larger the disaster,
probably the longer the ramyp time.It maytake several days fost assess thextent ofdamage

and locate leakbeforeactualrepairscan be initiatedLet us parameterize this assessment time
and time to ramp up crews using a tidependent model of the number of repair crews available

to an agency.

c(t) = number of repair crewgperatingon the day ofime t

w(t) = crew workloadfraction of day that creswwork e.g., 0.5 for 12 hours on and 12 hours off

do = unconstrained repair duration, days per repair for one crew under ideal conditions, i.e., without
constraints on materials, coordtion, and other prerequisites
= 0.32 days on average
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I = an index of ratdimiting factors. InTable 2, there are six such factors: communications,

electricity, fuel, site safety (i.e., no fire), roadway access, and repairesippli

to=time at which the Strepairis performed
t = time at which the nth repair is performed
gi(t) = flow of ratelimiting factor i at timet, normalized so thagi(t) = 1.0 indicates unlimited

availability, gi(t) = 0.5 indicates that the flow or sugplate of factor is half of what is
normally available, andji(t) = O indicates that factaris unavailable at time. If for
example there is no limit on fuel, g of fuel is 1.0. If a utility could only fuel half its repair
vehicles, its gvalue wouldbe 0.5. If completing a phone call to coordinate repairs took
twice as long as normal because of communications network congestieuait@gvould
be 0.5. If one could not complete a phone call at all, thalge for communications would
be 0.In the @ase of a ratdéimiting factor that is a lifeline with a number of service
connectionsM; and a number of service connections available at time t denot¥thy
then
V (t
o (=0 (31

Ui = ratelimiting factor, a constant to indicate the reduction in repair productivity in the absence

of a resources required to perform a repasocalled au-factor, and indexed by One
assignsu-factors based on an estimate of the additional time required to carry out one repair
if itis necessary to do so without thequired resourcdt is estimated as

d,

u=1 (32

dimpaired
Wheredp is the average time required to perform a repair under normal conditions and
dimpairediS the average time it takes to perform a repair whenethpairedresource required
is unavdlable. For example, if a repair takes 8 hours normally, but it takes 9 hours in the
absence of a required resource, one assignd i 8 hr/9 hr = 0.11. That is, productivity
drops by 11% in the absence of tieguired resourcd hus, u; = 1.0 indicateshatresource
I is critical to repairs: without it, repairs do not proceedu-#alue of 0.5 indicates that
repairs proceed by half their normal rate whesource is unavailable.

Let us denote bf(t) the repair rate (repairs per unit time) at tinwf the n'" repair and estimate it

as:

time t:

w(t)a() B u-(2 a(y)

f(t)= S (33)
0
And let{n,t) denote the amount of time required to perform theapair, given that it starts at
t(nt)= 1. - A (34)
f(t) . DA .
w(t)&()0 (1 4 (109(4))

Ci

We @an now calculat&(t), the total number of repairs completed by titrellt is given by
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= fif (t)dt t 2t
° : ; (39
e DL u-(1 oY) o
= ¢ dt otz
dO

Cr
Recall thatc(t) denotes the number of crewsrking on the day dfme t, u; denotes the importance

of ratelimiting factori (such as another lifelineg,(t) denotes the flow of ratiemit factor i at time
t (such as the fraction of fuel required that is actually awéd at timet), do denotes the
unconstrained repair duration, andenotes the total number of repairs.

Equation(33) treats the effect ahultiple required resourceas multiplicative rather than a simple

sum, but conceivably the effect is greater. The loss of only one out of two redundant resources
(e.g., commercial power and emergency onsite power) might not hinder repairs at all, while the

loss of mth might entirely prevent repairs. | acknowledge that such a complication is possible, but

for simplicity do not treat it here.

Note that for otherlifelines, F(t) might be part of a ratkmiting factor. For example,
comnunication might require water seicefor evaporative cooling to cool some central offices
Suppose for example that from the perspectivenoimunication, water hasuavalue of 0.5 (half

of central offices have evaporative cooling) and\alye equal to théraction ofwaterservices
available, i.e.,

V(n

G (1) = L)

Water might in turn rely on communications, so a time series of simultaneous equations would
have to be solved to find the simultaneous serviceability of mullifglénes and other resources
such as consumablrepair supplies over timéet us refer to the time series of restoration curves
that satisfy their mutual restoration rates at all points intime as the equilit@stonation solution.

3.4.5 Ordering lifelines to avoid circular lifeline interaction

It would be desirable to avoid having to solve simultaneous equatofisd the equilibrium
restoration solutiorLet us introduce aimplificationfor practicality byconstraiing the model of
lifeline interdependencies so that lifelines do not affeetamother in a circle, that is, there are no
pairs of lifelinesi andj wherej depends omandi depends o, either directly or through some
intermediate lifelinek.

The lifeline interaction matrices presented in section 2.7 do not clearly orddelines; there is
no sense that thé“3ow is somehow more or less of anything than is fieo2v. However, to deal
with circular interactionsdt usintroduce arorderto the lifeline interaction matrix so thielines
appeatin it in an approximateoneway chain of dependencérom socalled upstream lifelines
first (upper rows, lethand columns)to downstream lifelines lasflower rows, righthand
columns) If lifeline j depends on lifeling either directly or through an intermediary, but natevi
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versa, then let us refer to lifeline@s beingupstream of lifeling, and order beforej. In our one
way model,downstream lifelinedependonly on upstream lifelinesr on none at aland not vice
versa.

This simplification requires compromisirige fidelity of the model, because circular interactions
probably exist. It takes fuel to repair a road, but to deliver fuel, one must drive over roads. This
complication is ignored here for computational simplicitgere may be no right way to perfectly
order these resources, and different people may judge the proper order diffénartjyose the
following order of lifeline repair resources, from upstream to downstréased on the following
rationale

1. Consumable repair supplied/ithout repair suplies, one cannot repair fuel supplies, roads,
electricity, communications, water, or wastewater. They are commonly stored and do not spoil
or otherwisalepend orfuel, roadsglectricity, mobile telecommunications, natural gas, water
or wastewater

2. Fuel Without fuel for repair vehicles, one cannot repair roads, electricity, communications,
gas, water, or wastewaténe cannot pump fuel until damaged equipment at fuel depots is
repaired, which requires consumabldmit repairs do not require roads, eledty, mobile
telecommunications, natural gas, water, or wastewater to use. Admittedly without water, one
cannot create fuel, but fuel can be transported from somewhere else that has water. One must
also use roads to access and to deliver fuel, but tllenegavork is so redundant and it is often
easyenoughto travelat least slowlyver damaged roads that any dependence seems weak.

3. RoadsTo repair roads requires consumable repair supplies and fuel, but arngecataoads
without electricity, natural &, waterpr wastewater. One can communicate with road repair
crews through direct, faee-face meeting.

4. Electricity. To repair damaged electric generation, transmission and distribution facilities
requires consumable repair supplies, fuel, and accessads. One can repair electric without
electricity, natural gas, water, and wastewater. One can communicate with road repair crews
through direct, fac#o-face meeting.

5. Communication especially mobile telephone®amage to central office and cell tower
equipment requires consumable repair supplies. Powering then requires electricity or fuel. As
with fuel, the dependency of communication on roads is weak but the dependency of roads on
communication seems weaker. Operating or repairing central officeseiridwers does not
seem to require natural gas, water, or wastewater. An exception is that some central offices
may employ evaporative cooling, which requires makeup water.

6. Natural gas The repair of damaged natural gas pipelines and other compaeentses
consumable repair supplies, fuel, and roads (to a modest extent). Repair of damaged natural
gas pipelines seems like a thoatical need that requires rapid communication and
coordination, which seems to call for electricity and communicatianoperate a natural gas
system does not seem to require water or wastewater.

7. Water. The repair of a damaged water system requires consumable repair supplies, fuel, and
roads (to a modest extent). To supply water in a pressure zone that relies on peqpires r
electricity. Repair of damaged water pipelines seems like adiitieal need that requires
rapid communication and coordination, which seems to call for electricity and communication.
To operate a water system does not seem to require naturabghe order of natural gas and
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water is arbitrary. The operate a water system does not seem to require a functioning
wastewater system.

8. WastewaterThe repair of a damaged wastewater system requires consumable repair supplies,
fuel, and roads (to a mosieextent). To treat wastewater and to operate lift stations requires
electricity. Coordinating the e@pair of damaged wastewater pipelines setemdepend to a
limited extent onelectricity and communication. To operatevastevater system does not
seem taequire natural gas, so thelativeorder of natural gas andlastevater is arbitrary. The
operate avastevater system does not seem to require a functioning water systetheir
relative order also seems arbitrary

3.4.6 Rate-limiting factors for lifel ine repair s

In the present formulation, quantify the effect of the loss afrepairesourceby the ratelimiting
factoruthat measures the reduction in repair productivity (repairs per unit time) whesgthesd
resource is unavailablén the casef water supply, the list of tasks required to repair a pipeline
break Table2) indicates that the raf@miting factors include communications, electricity, fuel,
site safety (e.g., no fire), roadway access, and consumable megarials. How much does the
loss of eachesourceslow repairs?

1
1

Consumables. Withouteplacemenpipeand fittings clamps, etc., repairs do not proceed.

Let Uconsun= 1.0

Fuel is required for a repair crew to travel to the location of the breakatepethbackhoe

to dig down to the water main, and to backifill the excavated area (tasks 2, 6, arabfein

2). Repairs do not proceed at all without fuel. Let us therefore asgign 17 8 hrk =

1.0. That is, repair produetty drops by 100% while electricity is unavailable.

Roads. Damage to roads could delay the initial delivery of additional equipment and crews,
but the roadway network is highly redundant. gtq= 0.0.

In the case of a water supply system that relr@sety on gravity to supply water,
electricity is required for receiving notices about breaks (task 1), referring tdb&i&d
system maps (not shown Tirable 2), and powering stoplights that control traffic and
facilitate crewdraveling from repair to repair. Let us assume that the addition time required
to refer to paper maps occurs at headquarters while repairs are ongoing and does not
actually slow repair crews, but that travel from repair to repair increases repair diyation

15 minutes:Ueiectr= 17 8 hr/8.25 hr = 0.03. That is, repair productivity drops by 3% while
electricity is unavailable.

In the case of a water supply systevith pumped pressure zones, repairs may require
electricity to provide water in order to ldealeaks. For a utility with pumped pressure
zones that relies on the commercial electric utility to provide a fraetimits services

(i .e., after accounting for the wutilidtyobs
to Uelectras calculatd above, i.e Yeecr= 0.03 +z.

Communications. Let us treat this solely as cellular communications, and assume that
utilities possesses or can quickly acquire portable radios to communicate between their
headquarters, repair crews, and a county emeygeperations center. Compared with
cellular, using a radio to communicate might slow the effort of receiving notices about
water main breaks (task 1) and contacting other utilities to coordinate safety (ldsing).

radios might reduce repair producity slightly, but not enormously. Let us assume that
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radio communication would increase the time to perform one repaayB0 minutesn

an 8&hour repair, suggestingcommun= 11 8 hr/8.5 hr = 0.06or communications.That is,

repair productivity drop by 6% while cellular service is unavailable.

Site safety does not appear in the lifeline interaction matrices of section 2edmus worth

addressing if only to dismiss. itet us assume that fires alter the order in which repairs are
performed butlo preventrepairs, and that gas leaks will be shut off in a matter of hours after the

earthquake anaill not substantially hinder pipeline repairs afterwards.usgéy= 0.0.

Let us tentatively assign the-values shownn Table 9. The table shows for example that

consumables (pipe, clamps, etc.) hauealue of 1.0 for water supply. By Equati¢d3), u = 1

means that repaidepend so strongly on consumables that without them repairs halt. That is, if at

some point in time, the available supply runs owj(t) = O for consumables, and repair rgig

goes to O until supply is restored.

| have assigned the sammevalues toother lifelines that | have proposed for water, with one
exception. It seems as if restoring mobile telephone service (under the label of communication) is
more dependent on electricity than are water pipeline repagsumably the repair of equipment

in central offices and the repair of cell towers requires eithesitengenerators or commercial
power to power the equipmerell towers are generally supplied with onsite power in the form

of uninterruptible power supply (UPS), sufficient for 4 to 8 koo service if commercial power

Is interrupted (S. Daneshkah, oral commun. 4 Nov 2014). In the case of Verizon Wireless, 90% of
cell sites in Northern California are also equipped with generators in addition to UPS (T. Serio,

oral commun. 14 Jan 2014).

Let us guess that all COs and 1 in 3 cell towers have a generator (essitethe case of most
Verizon towers) and that, telecommunication being a national security priority, carriers can supply
fuel to thosecentral officesand towers. Let uguess tharepairing the cell towers is what
dominates repair efforts for cellular communications. If 33% of cell towers have generators, then
the loss of commercial electricity prevents 67% of repairs entirely, and does not hinder the other

33% at all, hence prodtivity drops by 67%, implyingu = 17 0.67 = 0.33.The u-values are
gualitatively

consi

stent

wi th

t he

San

Franci

interdependency matrix, in that darker shadingable7 correspondsat higher numerical values

in Table9.

Table 9. Tentative interde pendencyu-values

Upstrearh Consum| Fuel Roads | Electr. | Commun| Nat. gas| Water
Downstreant ables

Fuel 1.0

Roads 1.0 1.0

Electricity 1.0 1.0 0.0

Communication 1.0 1.0 0.0 0.33

Natural gas 1.0 1.0 0.0 0.03 0.06

Water 1.0 1.0 0.0 0.03tz 0.06 0.0
Wastewater 1.0 1.0 0.0 0.03tz 0.06 0.0 0.0

zdenotes the fraction of servicesin pumped pressure zones
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3.4.7 Depicting lifeline interaction with an influence diagram

It can sometimes help to depict the relationships among decisions, uncertain quantities, and value
outcomes using an influence diagram. These diagrams, sometimes also called a relevance
diagrams, decision diagramsjdadecision networks, are graphical representations of a decision
situation. They can represent a mathematical model that relates the decisions, uncertain quantities,
and uncertain value outcomes with functional relationships. They are commonly usetsiondec
analysis. They tend to be more compact than decision trees, able to show more information in less
space. The interested reader is referred for more background on influence diagHongstd

(1990). The interdependencies impliedTable9 are depicted in an influence diagranfigure

10.

In the influence diagram, decisions are depicted in rectangles, uncertain quantities in ovals, and
mathematical dependency by arrowisne generally flows fromdft to right or from top to bottom

in an influence diagram; here time flows from left to rigeach arrow starts at a quantity (a
decision or an uncertainty) and points to another quantity. An arrow implies that the second
guantity depends to some extemt the first. Where there is no arrow connecting one quantity to
another, the implication is that neither quantity depends on the other. For example, there is no
arrow from roadvay restoration to any of the other lifeline restoration uncertainties. Thistis
strictly true, at least according to the San Francisco Lifelines Council (2014) and other lifeline
interaction matrices, but for practical reasons any such dependency can be ignored because the
roadway network is so redundant that it seems unlikedy tkalistic roadway damage could
significantly impair restoration of other lifelines. There is an arrow corresponding to each nonzero
guantity in the interdependency matrix dble9. The arrow is omitted where the corresponding
u-value inTable9 has a zero value.

The figure omits the dependence of lifeline restoration after aftershock 1 on fuel supply and on
consumable repair resources, but the omission is just for clarifgractice or at leastn the
calculations performed hertnpose dependencies exist.

Figure 11 distills the influence diagranto combine all upstream lifelines together and all
downstream lifelines together. The figure also adds value outéothesquatities that in the end
the analyst cares abowthich in the present caseiiirect business interruption loss. In the
canonical influence diagram, value outcaraeeshownashexagon at the right side of the diagram.
Indirect business interruptiocanbe quantifiedby othersas a function of the restoration of the
lifelines; that task of disaster economic is not addressed here.
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Figure 10. Lifeline interaction influence diagram
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Figure 11. Alternate lifeline interaction influence diagram, showing value outcomes
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3.5 Measuring water supply resilience

As proposed by Bruneau et al. (2003), letviesw the area above theestoration curveRr as a
measure ofhe loss ofesilience: less area means less impact, faster recovery, oRumthll that
Bruneau et al. (2003) measurBas in Equatior{36):

R= Hl -Q( 1)) dt (36)

whereQ(t) denotes the degree of service as a fraction of full service at,tand times = 0 and

t = t; denote the initiatingevent (the earthquake) and the time of full restoration, respectively. For
present purposes, let us measiXé) as the fraction of all service connections receiving water at

time t, whether treated or not, whether at normal pressure or not (which oneacdnl fAwet wat
as opposed to treated water). Since the present analysis cald({idiethe number of service
connections receiving water at tij@ne can normaliz€/(t) by the number of service connections,

denoted here byl, and substitute:

M =

[l ~
14 V(t) 6
R=pd (1) gt (37)
0C :
R can be seen as the average number of days a service connection loses service. It will be useful
to estimate th total economic impact of the loss of resilience, which relates more closely to the

number of servicelays lostRM:
b4
ROM f{M (1) dt (39)
0

Let us measure the benefit of a mitigation op!l
baseline condition such as-&ssconditions:

D(R 1) (R M., (RM),0, (39

aseline

wher e-ifwhatndi cates the | oss of resilience wit

Suppose that in some cases, loss of water supply is the sole cause that a home or business loses
function, and the home resmis or business occupants experience a financial loss as a
consequence. (Loss of water service caused 18% of business closures after the 1994 Northridge
earthqguake, according to Tierneyods 1995 surve
hotel unil water is restored, or a business might suspend operations until water is restored. What
would be the daily cost of lost service?

In the San Francisco Bay Area, moving to a hotel might cost a household on the order of $560 per
day including accommodatis, meals, and incidental expenses. (San Francisco Bay Area average
household size is 2.htfp://goo.gl/NAOnhZ and the 2016 GSA per diem rate for Oakland is $209

il ncluding | odging, meal s, and incidental expe
140,000 firms fittp://goo.gl/b9019| which had total salesin 2007 @16 billion, suggesting an

average daily business revenues of $1,600. Considering that Alameda County has 545,000
households Kitp://goo.al/b9019| the average daily cost of loss of function of a household or
businessestablishment can be estimated as the weighted average of $560 and $1,600, or $770.
Until an economic analysis is performed, one can take $770 as the average cost of one lost service
day.
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3.6 Optional stochastic simulation methodology

3.6.1 Simulation o f earthquake excitation

The present workan beapplied toan earthquakelanning scenarithat requires only a single
realistic outcome, ot best, worst, or mean cases or any particular probabilistic outcome. However,
to make the work more generally useful, it is convenient to add features that allow the analyst to
treat earthquake damage to a water supply system as stochastic, i.e inuneedam.

| will treat the simulation of the earthquake excitation only superfii#ily interested reader is
referred to Chen and Scawthorn (2003) for methodgterate a stochastic set of earthgsdkat

are consistent with the seismicity of iagpl faults their possible earthquake magnitudes and
rupture locationsin the United States, the National Seismic Hazard Mapping Program (e.g., most
recently Petersen et al. 2014) can offer a model of seismicity.

For each mainshock rupture in the stsfic set, one generates an earthquake sequence of
foreshocks, mainshock, and aftershodBgata (1998) provides a general reference for modeling
aftershocks using agpidemictype aftershock sequen(ETAS). Field et al. (2013) developed an
ETAS model forCalifornia.

Median ground motion and logarithmic standard deviations of ground motieach earthquake
in the sequencean be calculated using convenient and regiongdlyr@priate ground motion
prediction equationdn the case of thélayward Faultmainshock,l adopted results of a physics
based model by Aagaard et al. (2010a, b), but one can also usexpessive methods-or
example, for Ballow crustal earthquakes iractive tectonicregimes one can use the NGA West 2
ground motion prediction equations; see Boore et al. (2014).

Ground motion is uncertain and spatially correlated. Here, uncertain means that ground motion it
can be higher or lower than tmeedian predicted by the ground motion prediction equations,
potentially many times higher and lower. It is important to treat that variability about the median:
ignoring it will tend to bias damage and loss estimates @we can simulate a properly varying

and spatially correlated field of ground motion using Jayaram and Baker (2009).

3.6.2 Simulation of pipeline vulnerability

Vulnerability of buried pipeline is uncertain.oBimulatebreak rag¢ in buried pipe subjected to
wave passage, landslide, and liquefactione can draw two sample and u, from a U(0,1)
uniform distribution (i.e., equally likely to take on any value between 0 and 1), and simulate break
rates in buried pipeline by suldsting u for the nonexceedance probabifptyFor example, in the
present adaptation of E(23,ionegubstitites fo passi@ownin mod e |
Equations(40) and (41):

u~u,~U(0,] (40)
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R(PGVY, P, y, y)=(1- P K 0.00187 PG® exp 1315 *( 1)

L . (41)
+1.88 K, ROexi0.74 *(W)F
The symbol ~ here means Adi s a s a40pslaey st, a kiednr afw
sampleu; and another sampli&@fr om a U( O, 1) di stri bution. o0 Eac!l
i n a spreadsheet using, for example Microsoft

U(0,1) and changes it each time the spreadsheet is recalculated.

The simulation equations assurtt@t vulnerability to wave passage varies independently from
vulnerability to ground failure, but that the intsgistem vulnerability for each peril is completely
correlated. That is, all wavgassage break rates within a system will be uniformly high&svweer

than average in a given system, atidyroundfailure break rates within a system will be uniformly
higher or lower than average in a given system.

3.6.3 Simulation of damage to buried pipeline

Next, simulatethe damage tthe buried water supplpipeline system. The simulation treats the
break rates as uncertain as shown in Equdddh Let us denote by the simulated break rate in

each segent of pipe. The simulation then treats the number of leaks or breaks in any given
segment of buried pigeas distributed with a Poisson distribution whose meanr rigtestimated

from Equation(26) for summandi. The Poisson distributiors a discrete probability distribution

that expresses the probability of a given number of events occurring in a fixed interval of time
space if these events occurthiva known average rate and independentlthe time or distance
between events. In this case, the events are breaks or leaks and the fixed interval of space is the
length of the pipe segment.

Sa conditioned on the mainshock shaking and ground failaheeg (herePGVandP,) at each

pi pe segmentés midpoint, and on the vuKiner abi
K, andL values for each pipeline segment), the simulation assumes that the probability of exactly

y breaks on segmeit(y i {0, 1, 2, ... }) is given byEquation(42). The probability thay or fewer

breaks occur is given by Equatigd3), which is the cumulative distribution function for the

Poisson distribution with rate parameter

P[Y = y] eXp srexp(-r) (42)
PlY ¢ ] a%p,() 43
Y =max(y:y ¢HY ¢) (44)

To simulate a particular number of breakssegmenti, one draws a sample from a uniform
distribution u; ~ U(0,1) and solves Equatioif44) for y. The equation inverts the cumulative
distribution function of a Poisson distribution with ratat u; to producethe number of simulated
breaks on segmemt| know of no closedorm expression for the value ¥fin Equation(44), but
simulation software such as @Risk can perform the simulation.
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Equation(44) does not include breaks at where the pipeline crosses the Traudieal with pipe

breakage at fault offset, let us takdrom Equation(26) as uncertain. It is common to take fragility

functions as approximated by a lognormal cumulative distribution function, so absent a better
empirical or analyticaimodel, let us do so here, and assume a median datué inches and

logarithmic standard deviatidn= 0.6.] propose this particular median value because it seems like

a reasonabl e threshold in 1ight of Figeke dli nger 0
propose this pdicular logarithmic standard deviation because it reflects a relatively large degree

of uncertainty, compared with other fragility functions such as those in FENI& @Applied

Technology Council 2012).

To use these fragility parameters to model pipmaks due to fault offsefor each segmeritthat

crosses the fauladdO or 1 pipe breakser Equation(45). In the equatiorz; denoteseither O or 1

pipe breaks produced by fault offssttsegment, 1(is the indicator function (1.0 if the term in
parentheses is positive, 0.0 if negativE)Q is the standard normal cumulative distribution
function evaluated at the term in parenthedgs,the faut offset distancevherethe fault intersects
pipeline segment, dandb are as just defined, anglis another sample from a uniform distribution

u ~ U(0,1). To explain the equation, theterm gives the probability that segmens broken. If

ui is less than that probability, then the simulation says that that segeoken, that is, that that
segment 6s wuncertain capacidty to resist fault

(49)

Finally, one can sum over all pipeline segments to simulate the total simulated number of breaks
W, as in Equatior{46):

(46)

3.6.4 Simulation of restoration

As shown inFigure 9, time to repair a break or leak is uncertain and approxiynadgnormally

distributed. Let ususe he par ameter s der i v e-dameterpipe agichei f f 60 s
assumed parameters for lard@ameter pipas recapped ifiable10. Repair duration for a single

break can be estingd using Equatiof47). In the equationy; is a random number drawn from a

uniform distribution,u; ~ U(0,1), and is not the samevalue as used elsewte in this section.

Table 10. Uncertain pipe-re pair duration

Median, | Logarithmic standarq Basis
d (h devi ati
Small diam (<20 in) 6.1 0.58 Schiff (1988)

Large di a 16 0.6 Schiff (1988) and judgmen

(47)

It is problematic to offea stochastic model for number of services lost as a function of damage
(the serviceability index), partly because the use of the serviceability index seems so tenuous to

0490


































































































































































