
 

 

 

SESM 16-02 

Damage and Restoration of Water 

Supply Systems in an Earthquake 

Sequence 

 
 

 

 

By 

 

 

 

 

 

Keith A. Porter  

 

July  2016 

Structural Engineering and Structural Mechanics Program 

Department of Civil Environmental and Architectural Engineering 

University of Colorado 

UCB 428 

Boulder, Colorado 80309-0428 



 

ð ii ð 

!ÂÓÔÒÁÃÔ 
Damage to potable water supply systems profoundly affects society after earthquakes. For 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 a fairly traditional loss-estimation approach, but proposes to extend 

the state of the art in three notable ways: (1) It deals with lifeline interaction by directly modeling 

how individual repairs are slowed by limitations in so-called upstream lifelines and other 

prerequisites. (2) It quantifies damage and restoration over the entire earthquake sequence, i.e., 

considering damage in the mainshock, aftershocks, and afterslip. (3) It offers an empirical model 

of service restoration as a function of the number of pipeline repairs performed (as opposed to 

more rigorous, but computationally demanding, hydraulic analysis). A fourth novelty is that it 

offers a procedure to adjust Hazus-MH estimates of restoration to account for an earthquake 

sequence, lifeline interaction, and corrects for Hazusô default assumptions about the number of 

available repair crews.  

 

The model is exercised on two Bay Area water supply systems subjected to a hypothetical but 

highly realistic earthquake sequence initiating with a Mw 7.0 mainshock on the Hayward Fault in 

the eastern San Francisco Bay Area, plus 16 aftershocks of M 5 or greater, occurring over 17 

months after the mainshock. The model quantifies system damage, recovery, delays due to fuel 

and other lifeline limitations, and setbacks in restoration because of aftershocks. It estimates the 

benefit of a fuel-management plan and an accelerated pipe-replacement plan, in terms of 

accelerated restoration of service. The model is validated several ways for each of the two case-

study water supply systems and seems reasonable. One water utility anticipates using it to target 

vulnerable segments of its system for accelerated pipe replacement. 
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1.1 How water supply is important in an earthquake  
People need potable water for daily life, businesses need water for air conditioning, and water is 

an input to many natural and manufactured products and processes. Damage to the water supply 

system can contribute greatly to the life-safety and economic consequences of an earthquake, as 

illustrated by the economic analyses performed for the 2008 ShakeOut scenario (Rose et al. 2011). 

In that study, the authors found that water supply interruption in a hypothetical M 7.8 earthquake 

on the Southern San Andreas Fault could realistically result in $24 billion in business interruption 

losses, a figure that represents more than one third of the $68 billion in total business interruption 

losses and 13% of the total of property damage plus business interruption. A potable water supply 

is crucial to carrying on life in residences, businesses, government, hospitals, and other critical 

care facilities. Long 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 supply in that hypothetical earthquake would also contribute substantially to the fire 

damage to property, which itself could realistically account for $65 billion of the $113 billion in 

property losses (Scawthorn 2008). The ShakeOut scenario is not a worst-case earthquake: the 

rupture it deals with has a mean recurrence interval of 150 years, and it has been 300 years since 

the last rupture. Furthermore, the fire simulation assumes mild winds rather than the fast, hot, dry, 

Santa Anas that commonly blow in the fall and notoriously fan wildfires.  

 

These earlier 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 population, possibly more than earthquake damage to any other utility or other 

element of the built environment in part because repairs are so costly and time consuming. More 

narrowly, earthquakes pose a nearly existential financial threat to any water supply utility in a 

seismically active region. If a utility cannot deliver water it cannot collect revenues, which can 

threaten its ability to make payroll. Every water utility in earthquake country may be at risk.  

 

The Hayward Fault earthquake sequence scenario examines among other things the potential for 

damage to water supply systems in the San Francisco Bay Area from a large, but not exceedingly 

rare, M 7.05 earthquake on the Hayward Fault in the eastern Bay Area. Earthquakes damage water 

supply systems and the damage causes other problems, such as for firefighting. The 1906 San 

Francisco earthquake damaged so much of that cityôs potable water supply system that pressure 

dropped too low for firefighters to fight the fires that eventually destroyed much of the city. The 

moment-magnitude (Mw) 6.9 1989 Loma Prieta earthquake caused at least 761 breaks to water 

mains and services in pipelines of various materials (Lund and Schiff 1991). The loss of 

firefighting water supply in the San Francisco Marina District contributed to the fire that damaged 

seven structures, destroying four buildings containing 33 apartments and flats (Scawthorn et al. 

1991). Cast iron, steel, ductile iron, plastic and copper pipes all broke both within and outside areas 

of liquefaction and other ground failure. The Mw 6.0 2014 South Napa earthquake caused 163 

pipeline breaks in the City of Napa (SPA Risk LLC 2014).  
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The largest total number of breaks and the highest break rate (breaks per mile) in the 1989 

earthquake occurred in cast iron pipe subjected to liquefaction-induced ground failure, but other 

materials also broke, including ductile iron, PVC, and steel. Pipe broke in 1989 in places that were 

not known to have experienced ground failure, so that damage has been attributed to ground strain 

associated with wave passage, especially Rayleigh surface waves. There was no observed 

liquefaction damage to buried pipeline in Napa in the 2014 earthquake, reinforcing the idea that 

wave passage alone can damage buried pipe. Even the modest Mw 4.0 Piedmont, California 

earthquake of 17 Aug 2015 caused 9 breaks to buried cast iron water supply pipe in the San 

Francisco East Bay (Bay City News 18 Aug 2015).  

 

Repairs to an earthquake-damaged water supply system can take months or more. Each break can 

take as little as two hours to repair, but large numbers of breaks and larger pipes can take much 

longer. The 30-inch 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, August 3 to repair (LADWP 2014). During 

an earthquake sequence, with many simultaneous breaks, repairs take longer for many reasons. 

Some of these are:  

 

1. When a pressure zone loses pressure because of many breaks, it can be necessary to repair 

breaks closer to the source (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 ability to field and manage multiple repair crews 

operating in parallel, even when the crews are from outside contractors or from water 

districts that provide mutual aid. 

4. Limited supplies of repair resources such as spare pipe, clamps, fuel, and repair crews. 

5. Damage to other systemsðelectrical and gas, for exampleðcan hinder pipeline repair, and 

in some cases those repairs can cause pipeline damage. Coordination with other agencies 

can conceivably idle repair crews. 

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.  

1.2 Study objectives 
 

In this work, I attempt to depict a realistic outcome of the damage and restoration of water supply 

in the Hayward Fault earthquake sequence. I review available models of earthquake-induced 

pipeline damage and repair, propose one for use in the scenario earthquake sequence, and apply it 

to the water supply systems of the San Jose Water Company and the East Bay Municipal Utility 

District. These two systems were chosen because they are strongly shaken, are affected by the 

mainshock and by aftershocks, and were willing to share their system maps. The maps were shared 

under strict requirements of confidentiality, so map details are not available here.  

 

This study supplements conventional loss estimation by examining the detailed activities involved 

in discovering and repairing water pipeline damage. It identifies steps in the repair process that 
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rely on other lifelines, to inform a new model of the effects of lifeline interaction to delay water 

service repairs and restoration.  

 

This study focuses on damage and repair of buried water pipe, which tends to dominate the effort 

to restore water supply. It considers damage resulting from wave passage, liquefaction, 

landsliding, and fault offset. It ignores earthquake damage to other elements in the water-supply 

system, including raw water aqueducts, tanks, tunnels, canals, valves, and reservoirs. The decision 

to focus this study on buried pipelines without including other critical facilities such as tanks, 

reservoirs, tunnels, etc., seems reasonable, since a majority of water utilities have implemented 

seismic improvement programs (SIP) that, for the most part, focused on seismically retrofitting 

their tanks, reservoirs, etc. but not their old distribution pipelines. As such, old distribution 

pipelines, as an asset class, present the most significant seismic vulnerability for most water 

utilities, since for the most part smaller diameter distribution mains were not replaced with seismic-

resistant mains because it simply wasnôt economically feasible to replace them all as part of a SIP.  

 

This study does not address restoration of water utilitiesô customer base or the change 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 objectives. Section 

2 presents relevant literature. The methodology and rationale for its selection are presented in 

Section 3. Section 4 presents a case study using the San Jose Water Companyôs water supply buried 

pipeline system. Section 5 presents a second case study of the East Bay Municipal Utility Districtôs 

water supply buried pipeline system. Section 6 presents a simplified analysis that adjusts a Hazus-

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

the earthquake sequence, and corrects the analysis for Hazus-MHôs default assumptions about 

available water-supply repair crews. Section 7 contains conclusions about water supply damage 

and restoration. Section 8 contains references cited. 

ςȢ ,ÉÔÅÒÁÔÕÒÅ ÒÅÖÉÅ× 

2.1 A panel approach to estimating water supply impacts  
 

Before proposing a model to estimate water-supply pipeline restoration considering an earthquake 

sequence and lifeline interaction, let us first consider some key aspects of prior art. The ShakeOut 

Scenario (Jones et al. 2008) assessed earth-science impacts, physical damage, and socioeconomic 

impacts of a hypothetical M7.8 southern San Andreas 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 risk. The panel process is described in detail in Porter and Sherrill (2011). Briefly, 

panels meet for several hours (generally 4 hours in the case of ShakeOut). Panelists are presented 

with the scenarioôs earth science impacts and previously estimated damage to supposedly upstream 

lifelinesðlifelines whose damage would seem to affect the damage or repair to the lifeline in 

question, but not vice versa. They then hypothesize a realistic outcome of the earthquake on 

damage and service restoration, identifying research needs and mitigation options. Panelsô 

discussion and initial findings are documented in brief memos, which are then circulated to the 
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panelists. Panelists are asked to review the memos and asked to reconsider lifeline interaction in 

light of damage to supposedly downstream lifelines as well as upstream ones. The process iterates 

until panelists are satisfied with their estimates of damage and restoration. In practice in ShakeOut 

and ARkStorm, only one iteration was used and only two or so panelists from each panel actually 

reviewed and revised the write-ups. However, the panel process worked reasonably well. Panelists 

were well qualified and seemed to fairly assess realistic earthquake impacts and restoration. They 

gained insight into lifeline interaction, mutual-aid needs, communication capabilities, and backup 

supplies.  

 

Figure 1 presents the restoration timeline that the water-supply 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) for various restoration curves and modes of lifeline interaction 

in the ARkStorm scenario.  

 

 

 
Figure 1. ShakeOut water restoration in MMI VIII or higher, where the vertical axis denotes fraction of customers receiving 
service (Jones et al. 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 or more vulnerability 

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 vulnerability functions, and sometimes estimating 

repair costs and duration of loss of function.  

 

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

America Earthquake Center 2006), and Marconi (Prashar et al. 2012) all use such an approach. 

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 (such as ductile iron). MAEViz and Marconi allow 

the user to specify the location and characteristics of each pipe segment. Neither Hazus-MH, 

MAEViz, nor Marconi performs hydraulic analysis. MAEViz and Marconi estimate damage. 

Hazus-MH estimates damage and estimates repair costs and 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 tasks: (i) generate damage states for water system components consistent 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 postulated 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 restoration 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 system-of-systems approach to modeling the lifelines. That is, they model two or more 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 on the damageability of buried pipe, only some of which is 

presented here. As 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 

excitation such 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 applied here.  

 

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 liquefaction. But 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 pipelineôs engineering attributes, such as material, diameter, 

connections at joints, and sometimes soil conditions.  

2.3.2 Hazus-MH, M. /ȭ2ÏÕÒËÅ ÁÎÄ !ÙÁÌÁ ɉρωωσɊȟ and Honneger and Eguchi (1992)  
 

Hazus-MH (2012) currently uses a vulnerability function for pipeline subjected to wave passage 

by OôRourke and Ayala (1993) and one for pipe in liquefied soil from Honegger and Eguchi 

(1992). The median rates of repairs per km of pipeline for these two relationships are given by 

Equations (1) and (2) respectively.  
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 2.25Ĕ 0.0001R K PGV= Ö Ö   (1) 

 0.56

LR P K PGD= Ö Ö   (2) 

 

where PL denotes the probability of liquefaction, K = 1.0 for asbestos cement, concrete, and cast 

iron pipe, K = 0.3 for steel, ductile iron, and PVC, PGV denotes peak ground velocity measured in 

cm/sec, and PGD denotes permanent ground deformationðthe absolute distance a point on the 

ground permanently moves due landsliding, fault offset, or liquefaction-induced ground failureð

measured in inches. Equation (1) draws on a number of observed breaks in asbestos cement, 

concrete, cast iron, and prestressed concrete pipe in four US and two Mexican earthquakes, with 

diameters between 3 and 72 inches, experiencing ground motion up to 50 cm/sec of peak ground 

velocity. (The authors do not publish the number of breaks or the lengths of pipe.) Its data implies 

a coefficient of variation in the ratio of observed to estimated break rate of 0.76, and a ratio of 

mean repair rate to median repair rate of 1.22.  

 

The work by Honneger and Eguchi reflects an unknown quantity of pipe and number of breaks. 

Their data mostly come from four earthquakes: 1923 Kanto (Japan), 1971 San Fernando, 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) proposed two 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 landslide-induced ground displacement). Equations (3) and (5) present 

Eidingerôs recommended vulnerability functions.  

 

In the equations, Rw(PGV,p) and Rl(PGD,p) denote repair rate per 1000 linear feet of pipe 

associated with nonexceedance probability p, as a result of wave passage and liquefaction 

respectively. For example, the median repair rate is estimated using p = 0.5. PGV refers to 

geometric mean horizontal peak ground velocity in inches per second, PGD denotes permanent 

ground displacement relative to pre-earthquake location, measured in inches, and F-1(p) denotes 

the inverse standard normal cumulative distribution function evaluated at p.  

 

For the reader who is unfamiliar with probability distributions, the standard normal distribution is 

the familiar bell-shaped curve that represents how likely are various possible values of an uncertain 

quantity. Uncertain or random variables can take on a variety of probability 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 bell is, and therefore how uncertain is the random quantity) is 1.0. Its 

cumulative distribution function is an S-shaped curve that tells the probability that a sample of a 

quantity with a standard normal distribution takes on a value less than or equal to any given 

quantity between ï¤ and ¤. The inverse of the standard normal cumulative distribution function 
is the value of the uncertain quantity that has a specified probability of not being exceeded. Most 

statistics textbooks provide more information about probability distributions; see for example Ang 

and Tang (1975) or Benjamin and Cornell  
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The quantities K1 and K2 are factors to account for pipe material, joints, soil corrosivity, and pipe 

diameter: either small (4 to 12 in diameter) or large (16 inch diameter or greater). See Table 1 for 

their values. Eidinger (2001) does not provide values for some combinations so they appear blank 

in the table. The 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 exp(ɓÖF-1(p)) in equations (3) and (5) reflect that the equations treat the repair rate as 
uncertain and lognormally distributed conditioned on the value of PGV or PGD. (Lognormal is 

like normal, except that the natural logarithm of the uncertain quantity in question is normally 

distributed. A lognormal variable can take on any positive value, but not zero or a negative number. 

Its peakðits most likely valueðis the same as its median value, and the bell shape is skewed to 

the right.) Setting p to 0.5 sets the exp term to 1.0 and makes R(p) 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, given Eidingerôs values of ɓ shown in Equations 

(3) and (5) and Eidingerôs assumption of lognormality. 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 Eidingerôs (2001) vulnerability function for wave passage, drawn from 81 

sources reporting 3350 repairs recorded in 12 earthquakes. The plurality of data come from the 

1994 Northridge earthquake. The data reflect 38 data points regarding damage to cast iron, 13 to 

steel, 10 to asbestos cement, 9 to ductile iron and 2 to concrete. Data reflect PGV values between 

2 and 52 cm/sec.  

 

 ( ) ()( )1

1, 0.00187 exp 1.15wR PGV p K PGV p-= Ö Ö Ö ÖF  (3) 

 ( ) 1 0.003623wR PGV K PGV= Ö Ö   (4) 

 

Equation (5) gives Eidingerôs (2001) vulnerability function for permanent ground deformation, 

drawn from 42 data points from 4 earthquakes between the 1906 San Francisco earthquake and 

the 1989 Loma Prieta earthquake. The plurality of data points come from the 1983 Nihonkai-

Chubu earthquake. The plurality of pipe material is asbestos cement (20 data points) followed by 

cast iron (17 data points), and a mixture of cast iron and steelðpresumably meaning that the 

material was one or the other, but it is not known which (5 data points). None of the data appear 

to reflect ductile iron. They reflect PGD values between 0 and 110 inches. 

 

 ( ) ()( )0.319 1

2, 1.06 exp 0.74lR PGD p K PGD p-= Ö Ö Ö ÖF  (5) 

 ( ) 0.319

2 1.39lR PGD K PGD= Ö Ö   (6) 
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Table 1. Eidinger (2001) pipe vulnerability factors K1 and K2 

ID Pipe material Joint type Soils Diam. K1 K2 

1 Cast iron Cement All  Small 1.0 1.0 

2 Cast iron Cement Corrosive Small 1.4 1.0 

3 Cast iron Cement Non-corrosive Small 0.7 1.0 

4 Cast iron Rubber gasket All  Small 0.8 0.8 

5 Cast iron Mechanical restrained All  Small 0.71 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 1.31 

12 Welded steel Riveted All  Small  1.3 1.31 

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 here because no K-value is offered by the source 

 

Eidinger (2001) also proposed models for damage to pipe that crosses a fault, one for continuous 

pipelines, Equation (6), and one for segmented pipe, Equation (6). In the equations, PGD denotes 

mean offset (in inches) over the entire length of the fault, presumably at the fault trace rather than 

averaged over the area of the fault, and presumably considering coseismic slip and afterslip.  

 

 
0.70

60

0.95

PGD
P

in
= Ö

¢
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2.3.4 T. /ȭ2ÏÕÒËÅ ÅÔ ÁÌȢ ɉςπρτɊ 
 

OôRourke et al. (2014) offer vulnerability functions for the median repair rate per km of asbestos 

cement or cast iron pipes subjected to wave passage. They draw on data about 2051 repairs in 3400 

km of pipe in the 22 Feb 2011 Christchurch earthquake and the 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 cm/sec. Their vulnerability functions are given by: 
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 ( ) ( )10 10log 2.83 log 5ACR GMPGV= Ö -  (7) 

 ( ) ( )10 10log 2.38 log 4.52CIR GMPGV= Ö -   (8) 

 

where RAC denotes the median repairs per km of asbestos cement pipe, RCI is the analogous value 

for cast iron pipe, and according to the authors, ñGMPGV is the mean of the natural logs of the 

two maximum horizontal peak ground velocity (PGV) values taken from ground motion 

recordings available from GNS Science ... at each station.ò Despite that definition of GMPGV, the 

authors seem actually to mean the geometric mean of the peak ground velocity values in cm/sec 

of the two horizontal orthogonal components. (The inverse of the natural logarithm of the mean of 

the natural logarithms of two quantities equals their geometric mean.) They offer vulnerability 

functions for pipe subjected to liquefaction, 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 of the pipe, which the authors call 

angular distortionðessentially a differential permanent vertical displacement of two points on the 

pipe axis, divided by the distance between the two points.  

ςȢσȢυ -Ȣ /ȭ2ÏÕÒËÅ ɉςππσɊ 
 

There does not appear to exist any empirical relationship 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 fault. OôRourke (2003) summarizes some of these, considering under 

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 compression. For the former, 

he illustrates a relationship between tolerable fault offset as a function of distance between points 

at which the pipeline is anchored on either side of the fault (to which he refers as unanchor length 

in Figure 2A) and the angle ɓ subtended by the fault and the pipeline, in which the offset puts the 

pipeline in tension. The figure is merely an illustration for a particular pipe material and diameter. 

He offers a second analytical relationship (Figure 2B) for segmented pipe subject to fault offset, 

again for fault-crossing geometry where offset puts the pipe into tension.  
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A  

B  
Figure 2. A. Tolerable fault offset vs. unanchor length in continuous pipe (O'Rourke 2003, citing Kennedy et al., 1977), and 

B. Tolerable fault offset versus pipe-fault intersection angle in segmented pipe (O'Rourke 2003, citing OôRourke and 
Trautmann, 1981) 

2.4 Tasks and methods to repair leaks and breaks  
 

The city of Winnipeg (2014) offers a list of tasks to repair a water main break, written for the 

general public. The tasks are shown in chronological order in the left-hand column of Table 2. The 

task list is generally consistent with a more detailed checklist created by the American Water 

Works Association (2008) although it omits lists of tools, equipment, disinfecting chemicals, 

documentation, and testing materials. Column 2 of the table lists my interpretation of rate-limiting 

factors, that is, prerequisites for each task. The rate-limiting factors are mostly potential impacts 

from other lifelines, that is, lifeline interactions. If they are unavailable, repairs cannot proceed or 

they proceed more slowlyðthat is, their rate is limited. These items include communications, 

electricity, fuel, site safety (i.e., no fire or hazardous material release), roadway access, repair 

crews, and repair supplies (replacement pipe, replacement fittings, clamps, and paving materials). 

Regarding crew availability, public and private water agencies plan to provide mutual assistance 

for emergencies; see CalWARN (2008) for example. Crews may have to travel from great 

distances, hundreds of miles or more, so their availability can change over time. Table 2 probably 

omits tasks that are unnecessary or trivial for day-to-day repairs but become significant 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 

Tasks Rate-limiting factors 

1. Receive a notice from our 311 Centre about a water 

main break. 

Communications, electricity 

2. Dispatch a crew to the location. Fuel, site safety (e.g., no fire), 

roadway access, crew availability 

3. Control the leak to reduce the risk to public safety, and 

private and public property. We do this by finding and 

closing valves. 

 

4. Contact other utilities to make sure that we can dig 

without damaging other services or endangering staff 

or the public. 

Communications 

5. Pinpoint the location of the leak using an electronic 

leak detector. 

 

6. Dig down to the water main and confirm the cause of 

the leak. 

Fuel 

7. Repair the water main. Depending on the type of break, 

we may apply a repair clamp or replace a length of 

pipe. 

Pipe, fitting, or repair hardware 

such as clamps 

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

water main and sample water quality. 

 

9. Backfill to temporarily restore the excavated area. Fuel 

10. Permanently restore the sod or pavement in the 

excavated area. 

Pavement material 

 

Lund and Schiff (1991) surveyed pipeline utilities, asking them to provide detailed information 

about each pipeline failure they repaired after the 1989 Loma Prieta earthquake. See Figure 3 for 

the survey instrument. The resulting database includes information about 862 pipeline failures 

among 65 water, sewer, drainage, and gas agencies. The data may be useful for estimating repair 

times, so I extracted the following statistics from the database.  

 

¶ Burial depth. Among 67 records with reported burial depth, the average was 4.0 feet and 

the standard deviation was 2.2 ft.  

¶ Break or leak. Among the failures where the respondent indicated whether the failure was 

a break or a leak, it was more common for the pipeline to break (336 failures) than to leak 

(140 failures).  

¶ Pipe failure modes. Among pipe failures, the most common were circumferential cracks 

(99), followed by splits (43) and corrosion (33). Only one blowout was reported.  

¶ Joint failur e modes. Almost 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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¶ Fitting failure modes. There were a variety of fitting failures: 57 threaded couplings, 9 

elbows, 6 offsets, 4 hydrants, 3 tees, and 45 miscellaneous other fitting failures.  

¶ Repair methods. The 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 (50), epoxy glue (16), and miscellaneous others such as flex 

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

2.5 Time to repair pipe leaks and breaks  
 

To repair damaged water supply pipe, the repair crew must locate the damage, usually eliminate 

pressure in the pipe by closing an upstream valve, excavate the damaged element (usually with a 

backhoe), perform the repair, reopen the upstream valve, backfill the excavation, and repave any 
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driving surface over the location of the repair. Pipe 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 closure ring called a butt strap that is 

welded to the outside of the pipe over the damage. The time required to perform the repair depends 

on several issues: 

 

¶ How long it takes people to report the damage to the utility or otherwise for the utility to 
become aware of and locate the damage, which itself depends on power and 

communication; 

¶ Site accessibility; 

¶ Availability of crews and equipment; 

¶ Availability of fuel and consumable repair material; 

¶ Pipe burial depth; 

¶ Groundwater presence and depth; 

¶ Diameter, material, and jointing of the pipe; 

¶ Impact on flow (break or leak); 

¶ Nature of the damaged element: whether to pipe, joint, or fitting; 

¶ If pipe, whether circumferential crack, longitudinal split, corrosion, etc.; 

¶ If joint, whether a crack, pull-out, compression failure, gasket failure, etc.; 

¶ If fitting, the nature of the fitting (elbow, tee, cross, offset, etc.); 
 

Schiff (1988) offers repair times for 21 individual water pipe repairs after the 1987 Whittier 

Narrows earthquake, mostly of cracks and breaks in 4 to 8-inch steel and cast iron mains. Repair 

times were reported by the Whittier water distribution superintendent. Times varied between 1 and 

16 hours, as shown in Table 3. Schiff reports that water pressure in Whittier dropped to 50 psi 

from the normal 80 to 100 psi as a result of 40 breaks in 133 miles of pipe (or 0.06 breaks per 1000 

lf of pipe).  
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Table 3. Repair times for water supply pipeline damage in the 1987 Whittier Narrows Earthquake (Schiff 1988) 

 
 

East Bay Municipal Utility District (2014) reports on its mutual assistance to the City of Napa after 

the 24 Aug 2014 M 6.0 South Napa earthquake. EBMUD crews performed 56 repairs in 

approximately 252 crew-hours, for an average duration of 4.5 hours per repair. It should be noted 

that this average duration for completing repairs does not reflect the time it took for the City of 

Napa or its contractors to complete the excavation and backfill (EBMUD crews focused on repair 

work, and did not complete excavation/backfill/paving-related 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 operations. Each distribution is characterized by a minimum value (the 

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

and a maximum value (the right end of the triangle). Table 4 repeats LADWPôs estimates. 
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Distribution-system leak and break repairs are estimated to require no less than 3 hours and no 

more than 12 hours with modes of 4 to 6 hours.  

 
Table 4. Tabucchi et al. (2010) LADWP repair productivity estimates 

 
 

Hazus-MH (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. See Table 5.  
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Table 5. Hazus-MH (2012) estimates of repair time per pipe repair 

 
 

Seligson et al. (1991) offer an empirical relationship for time required to restore water service as 

a function of number of pipeline breaks per square mile, based on evidence from the 1971 San 

Fernando and 1987 Whittier earthquakes. In Equation (9), B denotes breaks per square mile and d 

denotes number of days of water supply outage: 

 

 
2.18 2.51 ln 0.42

0 0.42

d B B

B

= + Ö >

= ¢
  (9) 

2.6 Serviceability of water supply  
 

As previously noted, some analytical models are capable of modeling the serviceability of a 

damaged water supply system using hydraulic or connectivity analysis (e.g., Khater and Grigoriu 

1989). As in the case of the closely related LLEQE software, the Applied Technology Council 

(1991) noted that such systems can be data intensive and computationally demanding. What can 

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

 

Isoyama and Katayama (1982) propose to measure a quantity they call serviceability as the 

probability that the demand at a system node (such as a customer service connection) is fully 

satisfied, or in the aggregate, the average fraction of nodes in the entire system whose demand is 

fully satisfied. Demand seems to mean the pre-earthquake consumption plus post-earthquake 

leakage.  

 

Markov et al. (1994) propose to measure serviceability via a serviceability index SS defined as the 

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

Isoyama and Katayamaôs serviceability. If demand at 10 nodes were fully satisfied and demand at 

10 other nodes were partially satisfied, the two measures of serviceability would take on different 
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values: 0.5 in the case of Isoyama and Katayama (1982) and somewhat higher in the case of 

Markov et al. (1992).  

 

The developers of the Hazus-MH water system use data from Isoyama and Katayama (1982) and 

Markov et al. (1994), along with unpublished work by G&E Engineering Systems to propose to 

estimate the serviceability index s(r) as a function of break rate (breaks, not leaks, per km of service 

main pipe) using Equation (10). They seem to use the serviceability index to measure the fraction 

of customers receiving any water service, since the software expresses loss of serviceability in 

terms of ñhouseholds without water.ò  
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  (10) 

In Equation (10), ln denotes natural logarithm, r/L denotes the average break rate (r main breaks 

per L km of pipe), q and b are model parameters, and F is the standard normal cumulative 
distribution function (the y-value of the S-shaped curve in x-y space that depicts the probability 

that an uncertain quantity with standard normal distribution will take on a value less than or equal 

to x). Hazus-MH employs values of q = 0.1 and b = 0.85, respectively, fitting the curve to Isoyama 

and Katayamaôs modeling of Tokyoôs water supply system, Markov et al.ôs modeling of the San 

Francisco Auxiliary Water Supply System (a dedicated firefighting system), and G&Eôs 

unpublished analyses of East Bay Municipal Utility Districtôs water supply system. Hazusô 

serviceability model is illustrated in Figure 4, in the curve labeled ñNIBS.ò  

 

 
Figure 4. Hazus-MH model of serviceability. Hazus uses the curve labeled ñNIBS.ò 

Thus, the Hazus-MH serviceability index might measure: 
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¶ The fraction of service connections receiving pre-earthquake flows, regardless of the 
degree of post-earthquake flow received at other service connections, which would seem 

to be consistent with Isoyama and Katayamaôs (1982) serviceability.   

¶ The fraction of pre-earthquake flow being delivered after the earthquake, consistent with 

Markov et al. (1994); or  

¶ The fraction of service connections receiving any water, as the Hazus-MH reports indicate. 
 

Lund et al. (2005), citing Kobe Municipal Waterworks Bureauôs M. Matsushita, present a 

restoration curve for the Kobe water system after the 1995 Kobe earthquake. Tabucchi 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 duplicated in Figure 

5. Restoration after Northridge appears fairly linear; Kobe less so. 

 

A B   
Figure 5. A. Restoration of water service after the 1994 Northridge earthquake and B. After the 1995 Kobe earthquake 

2.7 Lifeline interaction  
 

Many authors have characterized lifeline interaction after natural disasters. A few but not all 

relevant works are summarized here.  

 

For ease of reference, let us recall here some evidence previously noted: Winnipeg (2014) and 

AWWA (2008) suggest that prerequisites for the repair of buried pipeline include cellular 

communications and electricity to learn about and coordinate repairs, fuel and roadway access to 

travel to and perform the repairs, site safety (especially no fires, gas leaks, or electrical hazards), 

and consumable repair materials including pipe, fittings, repair hardware, and disinfecting 

chemicals. 

 

Nojima and Kameda (1991) compiled instances of lifeline interaction in the 1989 Loma Prieta 

earthquake, noting particularly the loss of wastewater treatment because of the loss of electricity, 

and the degradation of telecommunications resulting from the loss of electricity and difficulty 

acquiring fuel for central officesô emergency generators as a result of highway problems. See Table 

6 for a matrix summarizing lifeline interaction in the earthquake. It shows that water supply was 

impaired for 18 hours in Santa Cruz because of loss of electric power for pumping. It also shows 

that electricity failure impaired EBMUDôs Lafayette filtration plant and its Oakland Control 
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Center. Repairs in Santa Cruz were also impaired by delays transporting repair equipment over the 

damaged Oakland-San Francisco Bay Bridge. In San Francisco and Santa Cruz, overloaded 

telecommunications impaired repair efforts.  

 

Scawthorn (1993) reviews literature and then-recent 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) to construct a model and analytical 

methodology for lifeline interaction. He 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 power to pumps stations that were required to 

resupply ridge-top tanks. He suggests characterizing lifeline interactions as either: (a) cross-impact 

(impact on one lifeline's function due to impairment of service to that lifeline by a second lifeline), 

collocation (direct 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 sever service connections). In 

Scawthornôs quantitative model, one characterizes initial damage to a set of lifelines through a 

vector D of n scalar quantities, each element representing a fraction of customers receiving service 

for one of n lifelines if there were no interaction, i.e., if only damage to that lifeline mattered. 

Lifeline interaction is quantified by an n x n matrix denoted by L, where element Li,j (row i, column 

j) denotes the fraction of service of lifeline i that is contributed by lifeline j. A higher value of Li ,j 

indicates greater reliance of lifeline i service on lifeline j. A value Lij = 0 indicates no interaction. 

The final functional state of the n lifelines is represented by vector F, whose value is given by 

Equation (11). Element i of vector F measures the fraction of customers receiving service from 

lifeline i, where any reduction below Fi = 1.0 is a result of initial damage D to all the lifelines and 

interaction L between them.  

 

 F LD=   (11) 

 

Scawthorn offers the model but does not propose particular values for matrix L. Note that, because 

0 Ò Di Ò 1.0, to ensure that 0 Ò Fi Ò 1.0, L must be constrained per Equation (12).  
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Table 6. L ifeline interaction matrix in the Loma Prieta earthquake (after Nojima and Kameda 1991) 

Ĉ Electricity Gas Water Sewer Road Rail Telephone 

Electricity 

* 

Santa Cruz gas explosion 
due to electricity comeback 
(spark ignition). Recovery 
work arrangement with 
electric power supply 
system 

Santa Cruz: pump stopped 
for 18 hrs (gravity flow area 
survived; no water in pump-
based supply area) 
SF: power failure due to gas 
leak inspection, no water in 
pump-based supply area 

and Marina district. No 
power for repair work. 
EBMUD: short-term loss of 
power at Lafayette filtration 
plant. Oakland Control 
Center power loss, no 
service 

SF and Santa 
Cruz: power 
failure at 
pump station 

SF and Santa 
Cruz: traffic jam 
due to malfunction 
of traffic signal 

 

SF: BART 
omitted stops at 
some stations to 
save electricity 

Capacity diminished 
by use of storage 
cells. PBX with no 
battery, malfunction 
Pacific Bell: 
Bush/Pine Office 
(SF) coolant trouble; 

no service for 3 hrs. 
Hollister Office 
generator failure no 
service for 3 hrs. 
GTE: Monte Bello 
Office (Los Gatos) 
failure of generator 
fuel tank; 

malfunction (6-7 hrs) 

Gas SF & Santa Cruz: 
gas leak 
inspection before 
recovering 
electricity 

* 

Santa Cruz: no home 
treatment. Recovery work 
arrangement with gas 
supply system. 

 SF: road closed 
due to propane 
fire (Rte. 80 WB 
Central Ave) 

  

Water  Santa Cruz: recovery work 
arrangement with water 
supply system 

* 

Santa Cruz: 
damage 
detection by 
analogy 

SF Marina 
District: road 
failure due to 
water leakage 

  

Sewer   Santa Cruz: suspicion of 
underground water 

contamination due to 
outflow or crude sewage 
from pipeline 

* 

   

Road   Santa Cruz: no transporting 
machinery due to bridge 
damage 

Santa Cruz: 
damage 
detection by 
analogy 

* 

BART riders 
increased due to 
Bay Br. Closure 
(Oct 23: +40 
percent) 

 

Rail      *  

Telephone   SF & Santa Cruz: overload    * 
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The San Francisco Lifelines Council (2014) adapted the panel process of Porter and Sherrill (2011) 

to involve Bay Area lifeline operators in qualitatively characterizing the potential effects of lifeline 

interaction on the post-earthquake functionality of their systems. The authors sought to identify 

key assets and restoration schemes to prioritize post-disaster restoration and reconstruction 

activities for San Francisco and ultimately the Bay Area. Through panel discussion with 11 lifeline 

operators, the authors identified lifeline interaction effects in the context of a hypothetical M 7.9 

earthquake on the Northern San Andreas Fault. They propose a qualitative interaction matrix 

(Table 7) that describes modes of interaction a la Nojima and Kameda (1991) and shows a degree 

of interaction, with darker shading indicating greater interaction, like a higher value in Scawthornôs 

(1993) matrix. The authors found that restoring water supply in San Francisco depends 

significantly on city streets, telecom, and fuel, and to a lesser extent on regional 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 Council (2014); interpretations are 

mine:  

 

¶ ñFunctional disaster propagation and cascading interactions from one system to another 
due to interdependence.ò This means that a system relies on one or more other systems to 

operate, each of which can rely on still others. Let us refer to these other systems as 

ñupstream,ò in the sense that failure of an upstream system flows 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 in that 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. 

¶ ñCollocation interaction, meaning physical disaster propagation among lifeline systems.ò 

This means that one or more elements of the system in question are located close to one or 

more elements of another system, and that the other system can fail 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, for example as a result of settlement of an 

abutment, can sever the fiber conduit.  

¶ ñRestoration interaction, meaning various hindrances in the restoration and recovery 
stages.ò This means that one or more elements of the system in question are located close 

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 the sewer line 

could require the temporary removal of or inadvertently lead to damage to the water main.  

¶ ñSubstitute interaction, meaning one systemôs disruption influences dependencies on 
alternative systems.ò This means that the system in question may have substitutes 

(alternative systems), and that disruption of one of the alternatives can affect the system in 

question. For example, damage to the San Francisco-Oakland Bay Bridge in the 1989 Mw 
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6.9 Loma Prieta earthquake caused a 32% increase in BART ridership during October and 

November 1989 (San Francisco Bay Area Rapid Transit District 2015).  

¶ ñGeneral interaction, meaning between components of the same system.ò Nojima and 
Kameda (1991) use a star (*) to mean the same thing. This means that impairment of 

elements 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 Francisco Lifelines Councilôs (2014) lifeline system interdependencies matrix 
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2.8 Pipeline damage in afterslip  
 

Several authors have considered lifeline damage due to afterslip, which is fault slip immediately 

following an earthquake rupture that involves creep much faster than the interseismic rate. 

According to Aagaard et al. (2012), ñAfterslip develops very quickly and can have similar impacts 

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

a decreasing rate.ò They discuss afterslip in various Hayward Fault earthquake scenarios, including 

the one adopted for use here: ñAfterslip makes a substantial contribution to the long-term geologic 

slip and may be responsible for up to 0.5ï1.5 m (median plus one standard deviation) of additional 

slip following an earthquake rupture.ò The authors offer a power-law expression for afterslip as a 

function of time t, denoted D(t), as follows: 
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where T is referred to as the afterslip time constant, taken here as 365 days per Aagaard et al. 

(2012). For example, with Mw = 7.05, Equation (17) leads to Cmedian = 0.0984. With T = 365 days, 

Equation (16) leads to a = 5.47. With Dtotal = 1.86m and Dcoseismic = 0.83m, Equations (13), (14), 

and (15) produce A = 0.608m, B = 1.25m, and the estimate of slip versus time shown in Figure 6. 

 
Figure 6. Illustration of afterslip  

OôRourke and Palmer (1996) point out that understanding observations of pipeline damage at fault 

crossings requires estimating fault slip from the time of pipeline installation to the time of its 
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excavation for inspection after the earthquake, including pre-seismic slip, coseismic slip, and 

afterslip. 

 

Treiman and Ponti (2011) suggested that afterslip could realistically account for 40% of the total 

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 decommissioned 26-inch diameter 

gas pipeline that crosses the fault rupture involved in the 2014 South Napa earthquake. They 

observed that the pipeline was ñsubtly warped more than 35 cm by fault offset, most of which 

accumulated as afterslip that is still continuing as of 3 months after the earthquake.ò They argue 

that ñLifeline performance in future events, with both coseismic slip and afterslip, deserves 

additional consideration.ò 

2.9 Measuring loss of resilience 
 

Bruneau et al. (2003) propose to measure the loss of resilience as the area above the curve Q(t), 

where Q(t) is defined (somewhat vaguely) as the ñquality of the infrastructure of a communityò 

They denote a quantity they call ñcommunity earthquake loss of resilienceò by R and calculate it 

as in Equation (18): 

 ()( )
1

0

1

t

R Q t dt= -ñ  (18) 

where t = 0 and t = t1 denote the times of the initiating event and the time of full restoration, 

respectively. For brevity, let us refer to R more simply as the loss of resilience. Bruneau et al. do 

not define t = 0 and t = t1 precisely. Let us define t = 0 here as the time of the first earthquake in 

the earthquake sequence under consideration, and let us define t1 as the time when Q(t) = 1 after 

the last earthquake in the sequence under consideration. Let Q(t) measure the fraction of water 

customers receiving at least an adequate degree of service at time t, meaning sufficient water flow 

and pressure at the tap for drinking (even if it needs to be boiled first), bathing, and using toilets. 

R has units of time, and as applied here can be seen here as the expected value of the time that an 

arbitrary customer is receives less water than a useful degree of service.  

 

To be clear, a reduction in the loss of resilience indicates a briefer average time that an arbitrary 

customer lacks adequate service, but I will not equate a reduction in the loss of resilience with an 

increase in resilience. In Bruneau et al.ôs terminology, resilience is not a quantity but rather a 

quality that means ñthe ability of the system to reduce the chances of a shock, to absorb a shock if 

it occurs (abrupt reduction of performance) and to recover quickly after a shock (re-establish 

normal performance).ò Resilience is not the mathematical complement of the loss of resilience.  

σȢ -ÅÔÈÏÄÏÌÏÇÙ 

3.1 Overview of the methodology 
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Using the brief literature review of section 2 as a basis, I propose the following methodology. A 

lifeline earthquake performance and restoration model typically involves the following analytical 

elements: 

 

1. Asset definition, in which the system is described in terms of nodes and links. Nodes have a 

location, flow capacity, sometime 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 category. The assets in question here are defined in section 4 

of this report. 

2. Hazard model, relating geographic location to environmental excitation. In the case of 

earthquake hazard, the hazard model typically includes a mathematical idealization of seismic 

sources in the region, their locations, the frequency with which they can produce earthquakes 

of various magnitudes, and one or more ground motion prediction equations to relate 

earthquake magnitude and location to shaking and other site effects. In the present study, the 

hazard model is presented elsewhere. Briefly, it is a physics-based model of the San Francisco 

Bay Area, depicted in Aagaard et al. (2010a, b).  

3. Hazard analysis, in which one evaluates the hazard model for one or more realizations of an 

earthquake. In the present analysis, I use the realization from Aagaard et al. (2010) depicting 

a Mw 7.05 rupture of the Hayward Fault north and south segments with an epicenter under 

Oakland. Accompanying the model of shaking from the mainshock are estimates of 

liquefaction probability, landslide probability, coseismic slip, and afterslip associated with the 

mainshock, along with shaking in each of a 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 classes. Section 3.2 presents the vulnerability model 

used here. 

5. Damage analysis, 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 the damage 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 developed and employed here. The present 

restoration model is new. It includes a new method for quantifying the effects of lifeline 

interaction. It includes an initial assessment period suggested by engineers of the East Bay 

Municipal Utility District, along with a period during which repair crews and other resources 

ramp up from an initial, in-house quantity to one that includes mutual aid.  

7. Aftershock analysis, in which one inserts one or more aftershocks into the restoration process, 

which in a sense restarts the hazard, damage, and restoration analyses with a still-damaged 

lifeline system. 

3.2 Vulnerability model 

3.2.1 What is a vulnerability model ? 
 

By ñvulnerability modelò is meant a mathematical formulation of the relationship between loss 

(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 features, e.g., pipe 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 a mean estimate of loss conditioned on excitation, or probabilistic, 

providing both a mean value and error term. Let us define some terms: 

 

yi(x) = the expected value of the degree of loss experienced by a component of class i when 

subjected to excitation x. One can refer to yi(x) as the mean vulnerability function for class 

i.  

ei(x) = the error term for class i. The error term can be constant for class i or it can depend on 
degree of excitation x. The error term has unit mean and usually has some parametric 

distribution, such as lognormal with a specified standard deviation of the natural logarithm 

of the error term, referred to here as the logarithmic standard deviation. The vulnerability 

model can provide mean vulnerability functions and error terms for one or more modes of 

damage j, such as damage by wave passage and damage by ground failure due to 

liquefaction, landslide, or fault offset.  

yi,j(xi,j) = the mean loss to a component i of a specified class in damage mode j when component i 

is subjected to mode-j excitation xi,j, such as the peak ground velocity to which a particular 

segment of pipe is subjected.  

ei,j(xi,j) = the mode-j vulnerability error term for the class to which component i belongs, when the 

component is subjected to excitation xi,j.  

Yi,j(xi,j) = the uncertain normalized loss is denoted by (e.g., uncertain total pipeline breaks per 1,000 

lf of pipe), where the index i refers to the component class to which component i belongs, 

j refers to the damage mode under consideration (e.g., pipeline breaks per 1,000 lf of pipe 

as a result of wave passage), and xi,j is as previously defined.  

 

The uncertain normalized loss is calculated as:  

 ( ) ( ) ( ), , , , , ,i j i j i j i j i j i jY x y x xe= Ö   (19) 

The vulnerability model comprises the set of functions 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 published pipeline 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 among competing vulnerability functions based on at least the 

following criteria: 

 

¶ Vulnerability functions reflect diverse conditions: pipe material, diameters, joint systems, 
age, and corrosivity similar to the conditions where the vulnerability functions will be 

applied. 

¶ 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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¶ The articles in which the vulnerability functions are presented are respected, highly cited, 
and frequently used for similar applications, which here means estimating and depicting 

realistic outcomes of a hypothetical US earthquake.  

 
Table 8. Comparison of criteria for selecting pipeline vulnerability fun ctions 

Source Diverse pipe Repairs Max PGV Max PGD Citations 

M. OôRourke & Ayala (1993) Yes Unknown 50 cm/sec NA 87 

Honneger and Eguchi (1992) Yes Unknown Unknown Unknown 21 

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

T. OôRourke et al. (2014) Yes 2051 80 cm/sec N/A 20 

 

OôRourke et al. (2014) have been more cited in far fewer years than Eidinger (2001), suggesting 

somewhat greater credibility. Maximum PGV values are greater in the OôRourke work, suggesting 

greater applicability in strong shaking. However, 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, one can use Equation (3) to calculate break rate with probability p of 

nonexceedance, or alternatively Equation (4) for the mean break rate. There is a problem however 

applying a liquefaction and landslide model that requires permanent ground displacement, as in 

Eidingerôs model Equations (5) or (6). The problem here is that peak ground displacements are 

unavailable for the this scenario, only liquefaction probability and landslide probability. How to 

apply Eidingerôs ground-failure model without an estimate of permanent ground displacement, 

PGD? 

 

The solution employed here takes advantage of the fact that Equation (6) is not very sensitive to 

PGD. One can see the limited sensitivity in the small power to which PGD is raised, 0.319. At the 

same time, the logarithmic standard deviation ɓ = 0.74 in Equation (6), which gives the marginal 

distribution of break rate, is very large, suggesting the 90th percentile bounds differ by more than 

an order of magnitude. In this case, the 95th and 5th percentiles of break rate conditioned on PGD 

differ by a factor of 11.4.  

 

So Eidingerôs liquefaction equation tells us that an increase in PGD from 1 inch to 10 inches only 

increases mean break rate by a factor of 2. See Figure 7: for K2 = 1, the break rate for PGD = 1 

inch and the break rate for PGD = 10 inches are 1.4 and 2.9 breaks per 1,000 lf, respectively. At 

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

one knew PGD, one would still be very uncertain as to break rate. The apparent improvement in 

accuracy gained by estimating liquefaction-induced or landslide-induced PGD would be illusory. 

That is not to say that it would not be 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 2 = 1.0, mean and 90% bounds 

In light of the very high uncertainty in break rate and the relatively modest sensitivity of the 

vulnerability function to PGD, let us assume a reasonable moderate PGD associated with 

liquefaction, say 6 inches, and rewrite Equations(5) and (6) using liquefaction probability, as 

shown in Equations (21): 
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where PL denotes probability of ground failure, either through liquefaction, landslide, or fault 

offset. The equation estimates mean break rate per 1,000 linear feet of pipe.  

 

How does one sum break rates from wave passage and ground failure if one uses Eidingerôs (2001) 

model? He says that ñwave propagation effects are masked within the more destructive effects of 

[peak ground displacements].ò If one knew where ground failure occurs, one would ignore the 

wave-passage model so as not to double-count it. The problem here is that Eidingerôs empirical 

model of damage due to liquefaction probably includes some damage that was caused by wave 

passage. But he does not know which breaks were caused by 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 a result, one must not double-count wave passage damage by applying both the liquefaction 

and wave-passage models in zones of liquefaction. To eliminate double-counting, let us modify 

the wave-passage model of Equations (3) and (4) by multiplying the break rate a factor (1 ï PL), 

where PL denotes ground-failure probability. After eliminating double-counting, one can sum the 

wave-passage and ground-failure models as shown in Equations (22) and (23). In both equations, 

R denotes break rate in breaks per 1,000 ft of buried pipe, PGV is peak ground velocity in inches 

per second, and p denotes nonexceedance probability. In Equation (22), R gives break rate with 

nonexceedance probability p, while Equation (23) gives mean (average) break rate. The 

coefficients are smaller in Equation (22) than they are in Equation (23) because the median is 

smaller than the average for a lognormally distributed random variable, and the difference depends 

on the logarithmic standard deviation.   

 

 
( ) ( ) ( ) ( )

( ) ()( ) ()( )1 1

1 2

, , 1 , ,

1 0.00187 exp 1.15 1.88 exp 0.74

L L w L L

L L

R PGV P p P R PGV p R P p

P K PGV p K P p- -

= - Ö +

= - Ö Ö Ö Ö ÖF + Ö Ö Ö ÖF
 

 (22) 

 
( ) ( ) ( ) ( )

( ) 1 2

, 1

1 0.003623 2.46

L L w l L

L L

R PGV P P R PGV R P

P K PGV K P

= - Ö +

= - Ö Ö Ö + Ö Ö
  (23) 

For damage resulting from fault offset, one could apply Eidingerôs (2001) proposed model. Given 

the absence of supporting data, the relatively small number of breaks that occur at the fault trace 

compared with breaks 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 here. Let us assume that any pipe segment 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 alignment. I treat the fault trace 

as a collection of line segments rather 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 Zi denote a binary variable to indicate that pipe segment i is damaged by fault 

offset (1 if true, 0 if false), d denotes the fault offset distance, df denotes the threshold of fault 

offset distance that produces damage, and I(Ö) is the indicator function (1.0 if the value in 
parentheses is positive, 0.0 if negative), then 

 ( )i fZ I d d= -   (24) 

where df = 6 inches, consistent with the fault offset that Eidinger (2001) equates with a 50 percent 

failure probability for all segmental pipe. One could use a more refined model such as ASCE 

(1984), which applies engineering first principles of stress and strain, the engineering 

characteristics of the pipe and backfill, the geometry of how the pipe crosses the fault, etc. In the 

context of an earthquake planning scenario in which one cares about the total number of pipe 

breaks over the entire strongly shaken region, such an analysis seems like excessive effort for a 

relatively small contributor to overall damage. Furthermore, considering the necessary 

assumptions about unknown backfill characteristics and probably other model parameters, such an 

analysis would probably provide illusory precision.  
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3.3 Damage analysis (number of repairs required)  

3.3.1 What is a damage analysis? 
 

A damage analysis applies the vulnerability model and the hazard model to 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 affected by a particular earthquake. Let us employ a common 

general formulation for number of repairs required for a system of ni discrete components (e.g., 

segments of pipe) that can each be uniquely identified with a class of components (e.g., type of 

pipe).  

 

Each component i has an associated quantity or value Vi (e.g., length of pipeline segment), and is 

assumed to be subject to damage from up to nj modes of damage (e.g., wave passage and 

liquefaction). Each combination of component class and mode of damage is assigned a 

vulnerability model yi,j(xi,j) and ei,j(xi,j) as previously defined. Let R denote the total uncertain loss 

(e.g., total number of pipeline breaks). It is estimated as shown in Equation (25). 
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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 component i in mode 

j is unaffected by damage to a different component, and that if component 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 this assumption of independence is that it 

assumes that repairs are spaced widely enough apart that it makes sense to repair individual breaks 

or leaks, at least initially, rather than to remove and replace pipe and thus repair two or more breaks 

with a single repair.  

3.3.2 Applying the damage analysis to a water supply system  
 

Applying Equation (25) to water supply pipelines using Eidingerôs (2001) vulnerability model, 

and adding an additional term for fault crossings, one can estimate mean total number of repairs r 

as shown in Equation (26): 
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where i is an index to pipe segments, n is the total number of segments in the network, K1,i and K2,i  

denote the values of K1 and K2 for pipe segment i, PGVi is the peak ground velocity to which 

segment i is subjected, PL,i denotes the ground-failure probability at pipe segment i, Li is the length 

of pipe segment i  in thousands of linear feet, I(Ö) is an indicator function that takes on the value 1.0 

if the expression in parentheses is positive, 0.0 if negative, di is the fault offset to which a segment 
of pipe i is subjected, and df is the offset at which breakage occurs. Here I propose to take df as 
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deterministically equal to 6 inches (15 cm). Note that as long as pipe segments i are relatively 

short, less than a 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 

term e and deal only with the expected value of loss. I use the lower-case r in Equation (26) to 
indicate a deterministic value rather than the upper-case R of Equation (25) that stands for an 

uncertain quantity. 

 

To carry out Equation (26), one uses a geographic information to create a table of system 

components, e.g., a table of pipe segments. Components are listed in rows. For each component, 

assign an identifier, determine its quantity (e.g., its length), assign it to a class that has one or more 

vulnerability or fragility functions (e.g., Eidingerôs classes that group water supply pipe by 

material, joint, soil corrosivity, and diameter), and determine its location, e.g., the latitude and 

longitude of a pipe segment midpoint. Then using the GIS, look up the ground-motion parameter 

values xi ,j. Equation (26) can then be calculated for each component (each row) and the losses 

summed over all rows to calculate the expected value of loss r (e.g., the number of pipeline breaks 

requiring repairs).  

3.3.3 Breaks or  leaks? 
 

Lund and Schiff (1991) define leaks and breaks for purposes of compiling damage data. Under 

their definition, a pipe with a leak continues to function with minimal loss of service while a pipe 

with a break completely loses function. It seems as if another, equivalent definition is that a pipe 

break separates a pipe segment into two, and a leak only partially fractures a pipe. Hazus-MH 

assumes an 80%/20% break/leak ratio for liquefaction, 20%/80% breaks/leaks for wave-passage 

damage. The authors of the 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 pipeline 

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 ground failure 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 passage, and since the Ballantyne et al. (1990) are highly regarded and offer their 

evidence, I 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 mainshock. Is it correct to do so? Perhaps we should consider a 

system that has already been degraded by the mainshock or a large aftershock to be weaker. 

Perhaps the mainshock causes small undetected leaks or incipient breaks that become large leaks 

or breaks in an aftershock. But there does not seem to be sufficient research available to support 

explicitly modeling system degradationðmaking the mathematical model of the system more 

vulnerable in aftershocks than before the mainshock. This is a topic deserving of future research. 
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3.4 Restoration model  

3.4.1 What is a lifeline restoration model ? 
 

As used here, a restoration model relates the damage (the output of the damage model) to the 

systemôs functionality over time, usually depicting its returns to its pre-disaster condition. 

Functionality can be measured a variety of ways, but in the case of a utility such as a pipeline 

network, it is common to measure functionality in terms of the number of service connections that 

receive the lifeline service as a function of time. I 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 resourcesðcrews and suppliesðavailable over time. 

¶ A model of the number of services restored by each repair 

¶ A model of the elapsed time after each repair 

¶ 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.  

3.4.2 Number of services lost because of earthquake  
 

A hydraulic or connectivity analysis a la Khater and Grigoriu (1989) or Applied Technology 

Council (1991) is too 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 interprets the 

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 serviceability index the same way: immediately after an earthquake, when the number 

of repairs required is r, L is the number of km of pipe in the system, and M is the total number of 

customers, then the number of services available immediately after the earthquake is given by M 

times the serviceability index of Equation (10). Let V0 denote the number of services available 

after the earthquake and before repairs begin: 
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where M is the total number of services, r is the number of main breaks (not leaks), L is the length 

of pipe in the distribution system (km), q = 0.1, and b = 0.85. The parameter q determines the 

number of breaks per km (0.1) at which V0 reaches 0.5M. The parameter b determines the width 

of the S-shaped curve in Figure 4. How long does it take to complete n repairs? 

3.4.3 Number of services restored by the n th  repair  
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Equation (27) suggest one approach to estimating service as repairs proceed: measure the 

remaining repairs r 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 I will refer as the serviceability-index approach. 
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Or one could model services as being restored in proportion to the number of breaks remaining, as 

shown in Equation (29). Let us refer to this equation as the proportional approach. 
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A more general approach is suggested by conversations with engineers of the East Bay Municipal 

Utility District (EBMUD). They indicated that their repair strategy in an earthquake  would be to 

focus most of EBMUDôs resources to repair transmission lines that serve large areas, then smaller 

diameter distribution lines that serve smaller numbers of customers, etc. The strategy would 

depend on how portions of the 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 water using 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 on the y-

axis, time after the earthquake on the x-axis, then a plot for EBMUDôs strategy would maximize 

slope as soon as repairs begin. 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 of 0 < a < 1. The smaller the value of a, the more 

the restoration curve would rise quickly early. Setting a = 1 in Equation (30) yields the proportional 

repair-restoration approach of Equation (29). Let us refer to Equation (30) as the power approach. 
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If we assume that repairs after the 1994 and 1995 Northridge and Kobe earthquakes were 

completed at a constant pace, then the power approach with a = 0.67 resembles the observed 

restoration of water service in the San Fernando Valley after the 1994 Northridge earthquake 

(Figure 5A), while the power approach with a = 0.33 resembles restoration after the Kobe 

earthquake (Figure 5B). Figure 8 shows the three approaches all on the same plot (with two curves 

for the power approach, with a = 0.33 and a = 0.67). The y-axis is normalized by pre-earthquake 

number of services and the x-axis is normalized by number of pipeline breaks.  

 

Of the three, the power approach matches the two earthquakes the best, proportional next best, and 

serviceability-index approach the worst. There may be many other reasonable approaches, but 

considering the three examined here, I will employ the power approach with the more conservative 

of the two a-parameter values considered here, i.e., a = 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 completing n repairs, let us 

consider how long it takes to perform n repairs. 

 

Section 2.5 summarizes a few sources of pipe repair time information: an empirical model of per-

break repair time, an empirical model of regional repair time as a function of regional break rate, 

and expert opinion of per-break repair time that generally agrees with the empirical evidence, albeit 

slightly lower both in terms of lower mean repair time and narrower confidence bounds. Loss 

estimation practitioners generally prefer empirical models with explanatory power; for this reason 

I employ Schiffôs (1988) pipeline repair data.  

 

I analyzed the (relatively small) sample and found an average repair time of 7.6 hours and a 

standard deviation of 5.3 hours. Staff of the San Jose Water Company found that figure to be 

reasonable (J. Walsh, oral commun., 14 Oct 2015). A lognormal distribution with median repair 

time of 6.5 hours and logarithmic standard deviation of 0.70 fits the data sufficiently well to satisfy 

the Lilliefors (1967) goodness of fit test, as shown in Figure 9A. Separating the data for the small-

diameter pipe repairs from the data for two large-diameter pipe repairs (24-inch damage instances, 

requiring 12 and 20 hours, respectively), the small-diameter median and logarithmic standard 

deviation are 6.1 hours and 0.58, respectively, as illustrated in Figure 9B. Schiff offers too few 

samples of large-diameter 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 with actual earthquake experience reported by Schiff. However they seem to 

underestimate uncertainty, with lower and upper limits that include only 70 percent of the repairs 

Northridge
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reported by Schiff, omitting the lower and upper 15 percent of repair times of Figure 9A. They are 

also slightly optimistic, with modes at the 20th and 40th percentiles of repair times in Figure 9A.  

 

It is difficult to compare the Hazus repair times with Schiff (1988) or Tabucchi et al. (2010) 

because the former measures repair time per worker and the latter two measure repair time per 

repair. However, assuming a crew size of 4, Hazusô per-worker repair times equate with 6 to 18 

hours, or the 35th and 90h percentiles of Figure 9A. 

A  B  
Figure 9. Repair times based on data from Schiff (1988): (A) all repairs (B) excluding repairs to large diameter pipe 

 

For a deterministic model, it seems reasonable to use the mean estimate (7.6 hours per repair per 

crew, or 0.32 days per repair per crew) for small-diameter pipe repairs (here, assuming crews work 

12 hours on, 12 hours off, until repairs are completed.  

 

When will crews become available? As discussed earlier, public and private water agencies 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 pipelines in the City of Napa after the 2014 South 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 miles away, 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 ramp-up time. It may take several days to first assess the extent of damage 

and locate leaks before actual repairs can be initiated. Let us parameterize this assessment time 

and time to ramp up crews using a time-dependent model of the number of repair crews available 

to an agency.  

 

c(t) = number of repair crews operating on the day of time t 

w(t) = crew workload, fraction of day that crews work, e.g., 0.5 for 12 hours on and 12 hours off 

d0 = unconstrained repair duration, days per repair for one crew under ideal conditions, i.e., without 

constraints on materials, coordination, and other prerequisites 

= 0.32 days on average 
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i = an index of rate-limiting factors. In Table 2, there are six such factors: communications, 

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

t0 = time at which the 1st repair is performed 

t = time at which the nth repair is performed 

gi(t) = flow of rate-limiting factor i at time t, normalized so that gi(t) = 1.0 indicates unlimited 

availability, gi(t) = 0.5 indicates that the flow or supply rate of factor i is half of what is 

normally available, and gi(t) = 0 indicates that factor i is unavailable at time t.  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 g-value would be 0.5. If completing a phone call to coordinate repairs took 

twice as long as normal because of communications network congestion, its g-value would 

be 0.5. If one could not complete a phone call at all, the g-value for communications would 

be 0. In the case of a rate-limiting factor that is a lifeline with a number of service 

connections Mi and a number of service connections available at time t denoted by Vi(t), 

then 

 ()
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=   (31) 

ui = rate-limiting factor, a constant to indicate the reduction in repair productivity in the absence 

of a resources required to perform a repair, also called a u-factor, and indexed by i. One 

assigns u-factors based on an estimate of the additional time required to carry out one repair 

if it is necessary to do so without the required resource. It is estimated as  

 01
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= -   (32) 

Where d0 is the average time required to perform a repair under normal conditions and 

dimpaired is the average time it takes to perform a repair when the required resource required 

is unavailable. For example, if a repair takes 8 hours normally, but it takes 9 hours in the 

absence of a required resource, one assigns u = 1 ï 8 hr/9 hr = 0.11. That is, productivity 

drops by 11% in the absence of the required resource. Thus, ui = 1.0 indicates that resource 

i is critical to repairs: without it, repairs do not proceed. A u-value of 0.5 indicates that 

repairs proceed by half their normal rate when resource i is unavailable.  

 

Let us denote by f(t) the repair rate (repairs per unit time) at time t of the nth repair and estimate it 

as: 
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And let Ű(n,t) denote the amount of time required to perform the nth repair, given that it starts at 

time t: 
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We can now calculate F(t), the total number of repairs completed by time t+Ű. It is given by  
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Recall that c(t) denotes the number of crews working on the day of time t, ui denotes the importance 

of rate-limiting factor i (such as another lifeline), gi(t) denotes the flow of rate-limit factor i at time 

t (such as the fraction of fuel required that is actually available at time t), d0 denotes the 

unconstrained repair duration, and r denotes the total number of repairs.  

 

Equation (33) treats the effect of multiple required resources as 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 both might entirely prevent repairs. I acknowledge that such a complication is possible, but 

for simplicity do not treat it here. 

 

Note that for other lifelines, F(t) might be part of a rate-limiting factor. For example, 

communication might require water service for evaporative cooling to cool some central offices. 

Suppose for example that from the perspective of communication, water has a u-value of 0.5 (half 

of central offices have evaporative cooling) and a g-value equal to the fraction of water services 

available, i.e., 

 ()
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V n
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=   

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 multiple lifelines and other resources 

such as consumable repair supplies over time. Let us refer to the time series of restoration curves 

that satisfy their mutual restoration rates at all points in time as the equilibrium restoration solution. 

3.4.5 Ordering lifelines to avoid circular lifeline interaction  
 

It would be desirable to avoid having to solve simultaneous equations to find the equilibrium 

restoration solution. Let us introduce a simplification for practicality by constraining the model of 

lifeline interdependencies so that lifelines do not affect one another in a circle, that is, there are no 

pairs of lifelines i and j where j depends on i and i depends on j, either directly or through some 

intermediate lifeline k.  

 

The lifeline interaction matrices presented in section 2.7 do not clearly order the lifelines; there is 

no sense that the 3rd row is somehow more or less of anything than is the 2nd row. However, to deal 

with circular interactions let us introduce an order to the lifeline interaction matrix so that lifelines 

appear in it in an approximate one-way chain of dependence, from so-called upstream lifelines 

first (upper rows, left-hand columns) to downstream lifelines last (lower rows, right-hand 

columns). If lifeline j depends on lifeline i, either directly or through an intermediary, but not vice 
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versa, then let us refer to lifeline i as being upstream of lifeline j, and order i before j. In our one-

way model, downstream lifelines depend only on upstream lifelines or on none at all, and not vice 

versa.  

 

This simplification requires compromising the 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 simplicity. There may be no right way to perfectly 

order these resources, and different people may judge the proper order differently. I propose the 

following order of lifeline repair resources, from upstream to downstream, based on the following 

rationale:  

 

1. Consumable repair supplies. Without repair supplies, one cannot repair fuel supplies, roads, 

electricity, communications, water, or wastewater. They are commonly stored and do not spoil 

or otherwise depend on fuel, roads, electricity, mobile telecommunications, natural gas, water 

or wastewater. 

2. Fuel. Without fuel for repair vehicles, one cannot repair roads, electricity, communications, 

gas, water, or wastewater. One cannot pump fuel until damaged equipment at fuel depots is 

repaired, which requires consumables, but repairs do not require roads, electricity, 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 the road network is so redundant and it is often 

easy enough to travel at least slowly over damaged roads that any dependence seems weak. 

3. Roads. To repair roads requires consumable repair supplies and fuel, but one can operate roads 

without electricity, natural gas, water, or wastewater. One can communicate with road repair 

crews through direct, face-to-face meeting.  

4. Electricity. To repair damaged electric generation, transmission and distribution facilities 

requires consumable repair supplies, fuel, and access via roads. One can repair electric without 

electricity, natural gas, water, and wastewater. One can communicate with road repair crews 

through direct, face-to-face meeting. 

5. Communication, especially mobile telephones. Damage 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 offices and cell towers 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 components requires 

consumable repair supplies, fuel, and roads (to a modest extent). Repair of damaged natural 

gas pipelines seems like a time-critical need that requires rapid communication and 

coordination, which seems to call for electricity and communication. To operate 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 pumping requires 

electricity. Repair of damaged water pipelines seems like a time-critical 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 natural gas, so the 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. Wastewater. The repair of a damaged wastewater system requires consumable repair supplies, 

fuel, and roads (to a modest extent). To treat wastewater and to operate lift stations requires 

electricity. Coordinating the repair of damaged wastewater pipelines seems to depend to a 

limited extent on electricity and communication. To operate a wastewater system does not 

seem to require natural gas, so the relative order of natural gas and wastewater is arbitrary. The 

operate a wastewater system does not seem to require a functioning water system, so their 

relative order also seems arbitrary. 

3.4.6 Rate-limiting factors for lifel ine repair s 
 

In the present formulation, I quantify the effect of the loss of a repair resource by the rate-limiting 

factor u that measures the reduction in repair productivity (repairs per unit time) when the required 

resource is unavailable. In the case of water supply, the list of tasks required to repair a pipeline 

break (Table 2) indicates that the rate-limiting factors include communications, electricity, fuel, 

site safety (e.g., no fire), roadway access, and consumable repair materials. How much does the 

loss of each resource slow repairs? 

 

¶ Consumables. Without replacement pipe and fittings, clamps, etc., repairs do not proceed. 

Let uconsum = 1.0 

¶ Fuel is required for a repair crew to travel to the location of the break, operate a backhoe 
to dig down to the water main, and to backfill the excavated area (tasks 2, 6, and 9 in Table 

2). Repairs do not proceed at all without fuel. Let us therefore assign ufuel = 1 ï 8 hr/¤ = 
1.0. That is, repair productivity 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. Let uroad = 0.0. 

¶ In the case of a water supply system that relies entirely on gravity to supply water, 
electricity is required for receiving notices about breaks (task 1), referring to GIS-based 

system maps (not shown in Table 2), and powering stoplights that control traffic and 

facilitate crews traveling 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 duration by 

15 minutes: uelectr = 1 ï 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 system with pumped pressure zones, repairs may require 

electricity to provide water in order to locate leaks. For a utility with pumped pressure 

zones that relies on the commercial electric utility to provide a fraction z of its services 

(i.e., after accounting for the utilityôs own emergency generators), let us add the quantity z 

to uelectr as calculated above, i.e., uelectr = 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 emergency operations 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 (task 4). Using 

radios might reduce repair productivity slightly, but not enormously. Let us assume that 
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radio communication would increase the time to perform one repair by say 30 minutes in 

an 8-hour repair, suggesting ucommun. = 1 ï 8 hr/8.5 hr = 0.06 for communications. That is, 

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

 

Site safety does not appear in the lifeline interaction matrices of section 2, but seems worth 

addressing if only to dismiss it. Let us assume that fires alter the order in which repairs are 

performed but do prevent repairs, and that gas leaks will be shut off in a matter of hours after the 

earthquake and will not substantially hinder pipeline repairs afterwards. Let usafety = 0.0. 

 

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

consumables (pipe, clamps, etc.) have a u-value of 1.0 for water supply. By Equation (33), u = 1 

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

some point in time t, the available supply runs out, g(t) = 0 for consumables, and repair rate f(t) 

goes to 0 until supply is restored.  

 

I have assigned the same u-values to other lifelines that I 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 repairs. Presumably the repair of equipment 

in central offices and the repair of cell towers requires either on-site generators or commercial 

power to power the equipment. Cell towers are generally supplied with onsite power in the form 

of uninterruptible power supply (UPS), sufficient for 4 to 8 hours of 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 on site (as in the case of most 

Verizon towers) and that, telecommunication being a national security priority, carriers can supply 

fuel to those central offices and towers. Let us guess that repairing 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 productivity drops by 67%, implying u = 1 ï 0.67 = 0.33. The u-values are 

qualitatively consistent with the San Francisco Lifeline Councilôs (2014) lifeline system 

interdependency matrix, in that darker shading in Table 7 corresponds to higher numerical values 

in Table 9. 

 
Table 9. Tentative interdependency u-values 

Upstream" 

Downstream $ 

Consum

ables 

Fuel Roads Electr. Commun Nat. gas Water 

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 0.03+z 0.06 0.0  

Wastewater 1.0 1.0 0.0 0.03+z 0.06 0.0 0.0 

z denotes the fraction of services in 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 diagrams, and decision 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 used in decision 

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 diagrams to Howard 

(1990). The interdependencies implied by Table 9 are depicted in an influence diagram in Figure 

10.  

 

In the influence diagram, decisions are depicted in rectangles, uncertain quantities in ovals, and 

mathematical dependency by arrows. Time generally flows from left to right or from top to bottom 

in an influence diagram; here time flows from left to right. Each arrow starts at a quantity (a 

decision or an uncertainty) and points to another quantity. An arrow implies that the second 

quantity depends to some extent on 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 roadway restoration to any of the other lifeline restoration uncertainties. This is not 

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 unlikely that realistic roadway damage could 

significantly impair restoration of other lifelines. There is an arrow corresponding to each nonzero 

quantity in the interdependency matrix of Table 9. The arrow is omitted where the corresponding 

u-value in Table 9 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 clarity. In practice, or at least in the 

calculations performed here, those dependencies exist.  

 

Figure 11 distills the influence diagram to combine all upstream lifelines together and all 

downstream lifelines together. The figure also adds value outcomesðthe quantities that in the end 

the analyst cares about, which in the present case is indirect business interruption loss. In the 

canonical influence diagram, value outcomes are shown as hexagon at the right side of the diagram. 

Indirect business interruption can be quantified by others as 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), let us view the area above the restoration curve R as a 

measure of the loss of resilience: less area means less impact, faster recovery, or both. Recall that 

Bruneau et al. (2003) measured R as in Equation (36): 
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where Q(t) denotes the degree of service as a fraction of full service at time t, and times t = 0 and 

t = t1 denote the initiating event (the earthquake) and the time of full restoration, respectively. For 

present purposes, let us measure Q(t) as the fraction of all service connections receiving water at 

time t, whether treated or not, whether at normal pressure or not (which one can call ñwet water,ò 

as opposed to treated water). Since the present analysis calculates V(t), the number of service 

connections receiving water at time t, one can normalize V(t) by the number of service connections, 

denoted here by M, and substitute:  
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R can be seen as the average number of days a service connection loses service. It will be useful 

to estimate the total economic impact of the loss of resilience, which relates more closely to the 

number of service-days lost, RĀM:  
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R M M V t dtÖ = -ñ  (38) 

Let us measure the benefit of a mitigation option in terms of the reduction in RĀM relative to some 

baseline condition such as as-is conditions: 

 ( )( ) ( )
baseline what if

R M R M R M
-

D Ö = Ö - Ö  (39) 

where ñwhat-ifò indicates the loss of resilience with the mitigation measure. 

 

Suppose that in some cases, loss of water supply is the sole cause that a home or business loses 

function, and the home residents or business occupants experience a financial loss as a 

consequence. (Loss of water service caused 18% of business closures after the 1994 Northridge 

earthquake, according to Tierneyôs 1995 survey.) A household might have temporarily move to a 

hotel until 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 accommodations, meals, and incidental expenses. (San Francisco Bay Area average 

household size is 2.7 [http://goo.gl/NAOnhZ] and the 2016 GSA per diem rate for Oakland is $209 

including lodging, meals, and incidental expenses: 2.7Ā$209 = $564.)  Alameda County contains 

140,000 firms (http://goo.gl/b9O19I), which had total sales in 2007 of $81.6 billion, suggesting an 

average daily business revenues of $1,600. Considering that Alameda County has 545,000 

households (http://goo.gl/b9O19I), the average daily cost of loss of function of a household or 

business establishment 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.  

http://goo.gl/b9O19I
http://goo.gl/b9O19I
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3.6 Optional stochastic simulation methodology  

3.6.1 Simulation o f earthquake excitation  
 

The present work can be applied to an earthquake planning scenario that requires only a single 

realistic outcome, not 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., uncertain, random.  

 

I will treat the simulation of the earthquake excitation only superficially; the interested reader is 

referred to Chen and Scawthorn (2003) for methods to generate a stochastic set of earthquakes that 

are consistent with the seismicity of regional faults, their possible earthquake magnitudes and 

rupture locations. In 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 stochastic set, one generates an earthquake sequence of 

foreshocks, mainshock, and aftershocks. Ogata (1998) provides a general reference for modeling 

aftershocks using an epidemic-type aftershock sequence (ETAS). Field et al. (2013) developed an 

ETAS model for California.  

 

Median ground motion and logarithmic standard deviations of ground motion in each earthquake 

in the sequence can be calculated using convenient and regionally appropriate ground motion 

prediction equations. In the case of the Hayward Fault mainshock, I adopted results of a physics-

based model by Aagaard et al. (2010a, b), but one can also use less-expensive methods. For 

example, for shallow crustal earthquakes in active tectonic regimes, 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 the median 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 low. One 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. To simulate break rate in buried pipe subjected to 

wave passage, landslide, and liquefaction, one can draw two sample u1 and u2 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 substituting u for the nonexceedance probability p. For example, in the 

present adaptation of Eidingerôs (2001) model, Equation (22), one substitutes u for p as shown in 

Equations (40) and (41): 

 ( )1 2~ ~ 0,1u u U   (40) 
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The symbol ~ here means ñis a sample taken from the distribution.ò Equation (40) says, ñdraw a 

sample u1 and another sample u2 from a U(0,1) distribution.ò Each assignment can be carried out 

in a spreadsheet using, for example Microsoft Excelôs rand() function, which produces a sample 

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

 

The simulation equations assume that vulnerability to wave passage varies independently from 

vulnerability to ground failure, but that the intra-system vulnerability for each peril is completely 

correlated. That is, all wave-passage break rates within a system will be uniformly higher or lower 

than average in a given system, and all ground-failure 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, simulate the damage to the buried water supply pipeline system. The simulation treats the 

break rates as uncertain as shown in Equation (41). Let us denote by r i the simulated break rate in 

each segment of pipe. The simulation then treats the number of leaks or breaks in any given 

segment of buried pipe i as distributed with a Poisson distribution whose mean rate r is estimated 

from Equation (26) for summand i. The Poisson distribution is a discrete probability distribution 

that expresses the probability of a given number of events occurring in a fixed interval of time or 

space if these events occur with a known average rate and independently of the 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. 

 

So, conditioned on the mainshock shaking and ground failure values (here, PGV and PL) at each 

pipe segmentôs midpoint, and on the vulnerability function assigned to each component (here, K1, 

K2, and L values for each pipeline segment), the simulation assumes that the probability of exactly 

y breaks on segment i (y Í {0, 1, 2, ... }) is given by Equation (42). The probability that y or fewer 

breaks occur is given by Equation (43), which is the cumulative distribution function for the 

Poisson distribution with rate parameter r i. 
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 [ ]( )max :i i iY y u P Y y= ¢ ¢   (44) 

To simulate a particular number of breaks in segment i, one draws a sample ui from a uniform 

distribution ui ~ U(0,1) and solves Equation (44) for y. The equation inverts the cumulative 

distribution function of a Poisson distribution with rate r i at ui to produce the number of simulated 

breaks on segment i. I know of no closed-form expression for the value of Yi in 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 fault. To deal with pipe 

breakage at fault offset, let us take df from 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 analytical model, let us do so here, and assume a median value ɗ = 4 inches and 

logarithmic standard deviation ɓ = 0.6. I propose this particular median value because it seems like 

a reasonable threshold in light of Eidingerôs liquefaction vulnerability function in Figure 7. I 

propose this particular logarithmic standard deviation because it reflects a relatively large degree 

of uncertainty, compared with other fragility functions such as those in FEMA P-58 (Applied 

Technology Council 2012).  

 

To use these fragility parameters to model pipe breaks due to fault offset, for each segment i that 

crosses the fault, add 0 or 1 pipe breaks per Equation (45). In the equation Zi denotes either 0 or 1 

pipe breaks produced by fault offset at segment i, I(Ö) is the indicator function (1.0 if the term in 

parentheses is positive, 0.0 if negative), F(Ö) is the standard normal cumulative distribution 

function evaluated at the term in parentheses, di is the fault offset distance where the fault intersects 

pipeline segment i, ɗ and ɓ are as just defined, and ui is another sample from a uniform distribution 

ui ~ U(0,1). To explain the equation, the F term gives the probability that segment i is broken. If 
ui is less than that probability, then the simulation says that that segment is broken, that is, that that 

segmentôs uncertain capacity to resist fault offset was less than di.  

   (45) 

Finally, one can sum over all pipeline segments to simulate the total simulated number of breaks 

W, as in Equation (46): 

   (46) 

3.6.4 Simulation of restoration  
  

As shown in Figure 9, time to repair a break or leak is uncertain and approximately lognormally 

distributed. Let us use the parameters derived from Schiffôs data for small-diameter pipe and the 

assumed parameters for large-diameter pipe as recapped in Table 10. Repair duration for a single 

break can be estimated using Equation (47). In the equation, ui is a random number drawn from a 

uniform distribution, ui ~ U(0,1), and is not the same ui value as used elsewhere in this section.  

 
Table 10. Uncertain pipe-repair duration  

 Median, 

ɗ (hr) 

Logarithmic standard  

deviation, ɓ 

Basis 

Small diam (<20 in) 6.1 0.58 Schiff (1988) 

Large diam (Ó 20 in) 16 0.6 Schiff (1988) and judgment 

 

   (47) 

 

It is problematic to offer a 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 












































































































