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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national 
center of excellence in advanced technology applications that is dedicated to the reduction of 
earthquake losses nationwide. Headquartered at the University at Buffalo, State University 
of New York, the Center was originally established by the National Science Foundation in 
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions 
throughout the United States, the Center’s mission is to reduce earthquake losses through 
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and 
outreach activities. 

MCEER’s research is conducted under the sponsorship of two major federal agencies: the 
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), 
and the State of New York. Signifi cant support is derived from the Federal Emergency 
Management Agency (FEMA), other state governments, academic institutions, foreign 
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and 
systems (hospitals, electrical and water lifelines, and bridges and highways) that society 
expects to be operational following an earthquake; and to further enhance resilience by 
developing improved emergency management capabilities to ensure an effective response 
and recovery following the earthquake (see the fi gure below).
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A cross-program activity focuses on the establishment of an effective experimental and 
analytical network to facilitate the exchange of  information between researchers located 
in various institutions across the country. These are complemented by, and integrated 
with, other MCEER activities in education, outreach, technology transfer, and industry 
partnerships.

This report describes a procedure to assess the seismic performance of water supply systems. Seismic 
hazard models are developed to generate random samples of earthquake activity at both single and 
multiple sites.  Methodologies to obtain the fragility of a given pipeline are developed, including 
several hazard conditions: continuous and jointed pipelines subjected to seismic waves, pipelines 
subjected to PGD hazards, and pipelines subjected to fault displacements.  Fragility information 
for other components of the water supply system is obtained from several published sources. These 
parameters are integrated into an algorithm that uses Monte Carlo simulation to determine the 
damage states of individual components, and hydraulic analyses to estimate the performance of the 
damaged water system. The algorithm is applied to a sample water supply system, consisting of a 
reservoir, pump, water tank and several pipelines, and fragility curves are produced under different 
limit states. In addition, a procedure to estimate the life cycle damage of a water supply system is 
presented. Since each type of damage is associated with a cost, the total cost due to seismic hazards 
during its lifespan can be estimated.  



ABSTRACT

Following a seismic event, it is desirable that water supply systems can perform satisfactorily
to facilitate the rescue and recovery process. A seismic event can trigger various seismic
hazards, such as wave propagations caused by seismic waves, surface faultings, and
permanent ground deformation hazards such as landslides and liquefactions. Since the
occurrence of these hazards is not deterministic, mathematical models are developed to
produce samples of seismic activity at a single site and multiple sites. A sample of seismic
activity gives the number of earthquake occurrence during the lifespan of a system and its
temporal distribution, along with the moment magnitude and site-to-source distance for
each seismic event.

For each seismic event, given its moment magnitude, site-to-source distance, and soil
properties at the site, samples of seismic ground acceleration at a single site can be generated
by using a ground motion model and Monte Carlo simulation. To generate samples of
seismic ground motion at multiple sites, an additional coherence model is needed to capture
the spatial variation of motions experienced among different sites. Amount of ground
displacement caused by permanent ground deformation hazards can be calculated using
empirical models for a given moment magnitude, site-to-source distance, and soil properties.

A water supply system consists of numerous components, such as pipelines, reservoirs,
water tanks, and pumps. Since the performance of a water supply system depends on the
performance of its individual component, seismic assessment on each component in the
system needs to be executed.

A way of assessing seismic performance is by performing fragility analysis, in which failure
probability of a system and/or a component is obtain as a function of some earthquake
parameters, such as peak ground acceleration, peak ground displacement, and spectral
acceleration, for a given limit state.

Several methodologies are developed to perform fragility analysis of pipelines subject to:
(1) seismic waves, (2) permanent ground deformations including landslides, lateral spreads
and seismic settlements induced by liquefactions, and (3) fault displacements. Fragility
information on several components of water supply systems, such as water tanks, water
tunnels, pumps, and reservoirs are obtained from published works.

An algorithm for fragility analysis of water supply systems is developed. For a given system,
moment magnitude, and fragility information of each component of the system, samples
of damaged system can be obtained through Monte Carlo simulation. Performance of the
damaged systems can be analyzed using hydraulic analysis to calculate the fragility surfaces
of water supply systems for a given system limit state.

A procedure for life cycle damage estimation of water supply systems is presented, which
gives the damage sequence of the system during its lifespan. From this, total cost of the
system can be estimated.
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SECTION 1

INTRODUCTION

Lifelines play an important role in ensuring the vitality of a community. Disruption of one
or more of the lifelines, for example water supply systems and electricity networks, can cause
an impairment in the activity and vitality of a community. This disruption can be resulted
from either natural or man made hazards. In the even of emergency, such as those following
an earthquake, it is even more urgent to ensure that the community has functioning lifelines
to speed up the process of rescue and recovery. Thus, existing lifeline systems need to be
assessed in order to capture the expected performance if such emergency situations arise.

A way of quantifying the performance is through probabilistic models representing failure
probability of a system in the wake of a hazard. For seismic hazards, fragility analysis can
be performed to assess the seismic performance of a system for some specified limit states.
The outcomes of the analysis are typically presented as either fragility curves or surfaces.
Fragility curves provide the failure probability of the analyzed system as a function of a
seismic parameter, such as peak ground acceleration (PGA) and spectral acceleration (SA).
Fragility surfaces give the failure probability as a function of two seismic parameters, such
as moment magnitude mw and site-to-source distance r. Figure 1-1 (a) and (b) gives an
example of a fragility curve and a fragility surface respectively.

(a) Fragility curve (b) Fragility surface

FIGURE 1-1 Example of a fragility surface and a fragility curve.

The thesis focuses on the assessment of seismic performance of water supply systems.
Seismic hazard models are developed to generate random samples of seismic activity at
a single site and multiple sites. These models give the number of seismic events occurring
during a time period of interest, along with the temporal distribution of the events, and the
moment magnitude and site-to-source distance of each event.

A ground motion model and Monte Carlo simulation are employed to generate seismic
ground motion records for a single site. For multiple sites, an additional coherence model
is utilized in conjunction with the ground motion model and the Monte Carlo simulation
to produce samples of seismic ground motion records. The coherence model is needed to
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capture the coherency of ground motions experienced by different sites originating from a
same seismic source (i.e., spatial variation).

Permanent ground deformation hazards such as landslides and liquefactions, which may
be triggered by seismic events, will cause variable amounts of ground movement. Various
empirical models are employed to determine the amount of ground movement related to
different hazards, as well as the effects of the movement on pipelines.

A water supply system consists of numerous components, such as pipelines, water tanks,
and pumping stations. The overall seismic performance of a water supply system, or any
system, depends on the individual performance of its components. Prior to assessing the
seismic performance of a water supply system, analysis of individual components in the
system must be initiated.

Methodologies for performing fragility analysis are developed for pipelines subject to various
seismic hazards. Each of these requires parameters defining: (1) seismic events, (2) pipe
and soil characteristics, and (3) limit states to judge the performance of the analyzed pipe
under certain circumstances. Numerical examples are presented for each of the methodology
developed to better illustrate the analysis procedures. For other components of a water
supply system, fragility information is obtained from published works such as those provided
by the American Lifelines Alliance.

An algorithm for the determination of the fragility of water supply systems is produced. The
algorithm requires parameters defining: (1) seismic events, (2) fragility information of the
individual components of the analyzed system, and (3) limit states to judge the performance
of the analyzed system. The fragility assessment combines Monte Carlo simulation in
determining damage states of individual components and hydraulic analyses to estimate
the water delivery performance of the damaged system. A sample water supply system,
consisting of a reservoir, pump, water tank, and several pipelines is analyzed. Several
fragility curves are produced for the sample system under different imposed limit states.
The example serves as an illustration of the procedure prescribed in the developed algorithm.

A procedure for performing life cycle damage estimation of water supply systems is also
presented. This procedure yields the damage sequence of the system during its lifespan.
Since each damage of the system is associated with an expected cost, the total cost of the
system during its lifespan can be estimated.

In Chapter 2, seismic hazard models and generation of seismic ground acceleration
algorithms are discussed for a single site and multiple sites. Models for analyzing pipeline
response to various seismic hazards are described in Chapter 3, while the fragility analyses
of the pipelines are presented in Chapter 4. As mentioned previously, fragility information
for other components of a water supply system can be obtained from published works,
and are reproduced here in Chapter 5. Finally, Chapter 6 presents the algorithm for
performing fragility analysis of water supply systems and the procedure for life cycle damage
estimation.
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SECTION 2

SEISMIC HAZARD

During an earthquake, a site is likely to experience various seismic hazards, such as transient
ground motion (i.e. seismic waves) and permanent ground deformation (PGD) in the form
of fault displacements, landslides, and liquefaction. The occurrence of one or more of these
hazards during an earthquake is not deterministic. A mathematical model is developed to
represent the seismic hazard at a site.

Figure 2-1 shows the flowchart of a seismic hazard model for a site. A seismic activity
model can be used to generate random samples of seismic activities at a site for a given
time period t, which usually equals the lifespan of the analyzed systems, and the seismic
activity matrix of the site. A seismic activity scenario in [0, t] is characterized by the number
of earthquakes N , the temporal distribution of earthquakes, and the moment magnitude
mw and site-to-source distance r of each seismic event in [0, t].

Given the soil properties at a particular site, the moment magnitude mw, and the site-
to-source distance r, samples of seismic ground motion at a site can be generated. To
generate samples of seismic ground acceleration, a ground motion model is utilized to
obtain the spectral density of the seismic ground acceleration at the site. Using a Monte
Carlo simulation algorithm, samples of seismic ground acceleration can be generated at an
arbitrary site.

Amount of PGD can be determined for a given moment magnitude mw, site-to-source
distance r, and soil properties at a site using empirical models for various types of possible
PGD hazards, which include landslides, lateral spreads and seismic settlements induced by
liquefactions, and fault displacements. Thus, it should be noted that the amount of PGD
is not a random variable for a given moment magnitude mw, site-to-source distance r, and
soil properties. The various empirical models will be described later in Chapter 3 Section
3.3.

Occurrence of an earthquake can affect a large area, for example, the area occupied by a
water supply system. The seismic ground accelerations experienced by various components
of a water supply system may differ, but are not independent of each other since they are
caused by the same event. Thus, a mathematical model is needed to capture the correlation
of seismic ground motions among the various sites (i.e. spatial variation).

Figure 2-2 shows the flowchart of a seismic hazard model for multiple sites. The steps are
very similar to the model developed for a single site. The differences between the multiple
sites model and the single site model are: (1) the incorporation of a coherence model in
the multiple sites model to represent the correlation of seismic ground motions among the
various sites; and (2) the use of Monte Carlo simulation for vector processes to generate
samples of seismic ground acceleration at multiple sites.

Note that spatial variation is not applied in the calculation of the amount of permanent
ground deformation. The reason for this limitation is that the only models available are
empirical, and these models account only for moment magnitude mw, site-to-source distance
r, and soil properties as described later in Chapter 3, Section 3.3.
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2.1 Seismic Activity Matrix

Consider a site and a collection of rings centered on the site with radii r1 < r2 < . . . < ri <
. . . < rn [Refer to Figure 2-3]. In each of the ring, the occurrence of all possible earthquake
moment magnitudes is binned into ranges with mid-points mw1 < mw2 < . . . < mwj <
. . . < mwm.

Let Nij(t) be the number of the events during a time period t coming from ring i (i.e.
r ∈ [ri−∆r/2, ri +∆r/2]) with moment magnitude range j (i.e. mw ∈ [mwj−∆m/2,mwj +
∆m/2]). The objective is to obtain the mean annual rate νij as follow:

νij =
Nij(t)

t
. (2-1)

The mean annual rate νij is referred as the seismic activity matrix.

Seismic activity matrix can be constructed either from the seismicity rates or from the
deaggregated seismic hazard data using back calculation, both are available at the website
of the U.S. Geological Survey (USGS) at http://eqhazmaps. usgs.gov/.

2.1.1 Calculation from Seismicity Rates

The values of the mean annual rate νij , i, j = 1, 2, 3, . . . can be calculated from seismicity
rate data that gives the annual rate of occurrence of earthquakes of different magnitudes in
each 0.1o by 0.1o cell in a grid covering the United States. These data can be obtained at
http://eqhazmaps.usgs.gov/html/rategrid.html.

By summing the rates of occurrence of earthquakes in ring i with moment magnitude range
j, the mean annual rate νij can be obtained. This method involves dealing with a large
amount of data. For example, to calculate all of the seismicity rates in a 500 km radius of
New York City, approximately 7800 cells must be considered. It is therefore more practical
to obtain the mean annual rate νij from deaggregated seismic hazard data (Grigoriu and
Mostafa, 2002b).

2.1.2 Calculation from Deaggregated Seismic Hazard Data

Deaggregation matrices provide the percent contribution of different pair of rings and
moment magnitude ranges to the seismic hazard at the site. Seismic hazard is defined by
the event where a specific ground motion parameter, U , at the site exceeds some limiting
value, u.

Some of the typical ground motion parameters used are peak ground acceleration (PGA) and
spectral acceleration (SA). PGA is the maximum acceleration recorded in an earthquake.
SA is the maximum acceleration experienced by a system, as modeled by a particle on
a massless vertical rod (i.e. single degree of freedom) having the same natural period of
vibration as the system.

The limiting value, u, is chosen as the value of the ground motion parameter that
has a specific probability of exceedance, pe, during a given time period, te, expressed
mathematically as follow:

P (U > u| all earthquakes in te) = pe. (2-2)
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USGS has calculated deaggregated seismic hazard data for more than 60 cities in the Central
and Eastern United States (CEUS) and more than 50 cities in the Western United States
(WUS). The moment magnitude is binned into intervals of 0.5 moment magnitude (i.e.
mwj = mw(j−1) + 0.5), while the site-to-source distance is binned into intervals of 25 km
(i.e. ri = ri−1+25 km). The limiting value of the ground motion parameter is chosen to have
2% probability of exceedance in 50 years (i.e. P (U > u|all earthquakes in 50 years) = 2%).
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FIGURE 2-4 Deaggregated seismic hazard of New York City for 0.2 second
spectral acceleration, 2% exceedance in 50 years.

The hazard probabilities are deaggregated for the ground motion parameters: PGA,
SA of 1.0, 0.3, and 0.2 second. All results can be reached at http://eqhazmaps.
usgs.gov/html/deagg.html. Examples of deaggregated seismic hazards for 0.2 SA with 2%
probability of exceedance in 50 years are shown graphically for New York city in Figure
2-4, and for Los Angeles in Figure 2-5. These data can also be represented with matrices
as shown in Tables 2-1 and 2-2 for New York City and Los Angeles respectively.

By considering the methodology used to generate the deaggregated seismic hazard matrices,
the value of the mean annual rate νij can be back-calculated. To have a good understanding
of the mean annual rate, it is useful to review the methodology used by USGS to calculate
the deaggregated seismic hazard matrices,as follows:

Assume that the distribution of the ground parameter U at a site caused by earthquakes
in ring i with moment magnitude range j is Fij(u), and this distribution is independent of
νij . The complement of Fij(u) is F̄ij(u) = 1− Fij(u).

It is assumed that Fij(u), i, j = 1, 2, . . . follows lognormal distributions. The means of
the distributions are given in Tables A1 to A4, for ground motion parameter: PGA, SA
of 1.0, 0.3, and 0.2 second, of Frankel et.al. (Frankel et al., 1996), which is available at
http://eqhazmaps.usgs.gov/hazmapsdoc/junetab.html for the Central and Eastern United
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TABLE 2-1 Deaggregated seismic hazard matrix of New York City for 0.2
second spectral acceleration, 2% exceedance in 50 years.

Deaggregated Seismic Hazard (hij) PE = 2% in 50 years 5.0 Hz (0.2 s)
New York NY 40.750 deg N 73.980 deg W SA = 0.42260 g

M<= 5.0 5.5 6.0 6.5 7.0 7.5

d<= 25. 15.534 14.515 9.960 5.564 2.193 1.354

50. 3.460 5.838 7.014 6.184 3.319 2.468

75. 0.446 1.197 2.315 3.165 2.370 2.238

100. 0.057 0.227 0.631 1.185 1.143 1.273

125. 0.012 0.067 0.239 0.557 0.635 0.819

150. 0.004 0.027 0.115 0.319 0.424 0.639

175. 0.001 0.010 0.051 0.170 0.266 0.477

200. 0.000 0.003 0.021 0.085 0.155 0.326

225. 0.000 0.001 0.008 0.041 0.085 0.208

250. 0.000 0.000 0.003 0.018 0.044 0.125

275. 0.000 0.000 0.001 0.009 0.026 0.085

300. 0.000 0.000 0.001 0.005 0.016 0.061

325. 0.000 0.000 0.000 0.003 0.011 0.049

350. 0.000 0.000 0.000 0.002 0.007 0.037

375. 0.000 0.000 0.000 0.001 0.005 0.028

400. 0.000 0.000 0.000 0.000 0.003 0.018

425. 0.000 0.000 0.000 0.000 0.001 0.011

450. 0.000 0.000 0.000 0.000 0.001 0.006

475. 0.000 0.000 0.000 0.000 0.000 0.004

500. 0.000 0.000 0.000 0.000 0.000 0.002

TABLE 2-2 Deaggregated seismic hazard matrix of Los Angeles for 0.2 second
spectral acceleration, 2% exceedance in 50 years.

Deaggregated Seismic Hazard (hij) PE = 2% in 50 years 5 Hz
Los Angeles CA 34.000 deg N 118.200 deg W SA = 1.55200 g
M<= 5.0 5.5 6.0 6.5 7.0 7.5 8.0

d<= 25. 0.000 3.493 3.025 12.349 78.304 1.962 0.000

50. 0.000 0.001 0.001 0.007 0.779 0.069 0.000

75. 0.000 0.000 0.000 0.000 0.003 0.001 0.005
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FIGURE 2-5 Deaggregated seismic hazard of Los Angeles for 0.2 second
spectral acceleration, 2% exceedance in 50 years.

States (CEUS). The standard deviations are given in Table 5 of Atkinson and Boore
(Atkinson and Boore, 1995).

Let Nij(te, u) be the number of events in time te from sources in ring i with moment
magnitude range j where the ground motion parameter U exceeds the limiting value u
having a Poisson distribution with mean annual rate νijF̄ij(u).

Let N(te, u) be the number of events in time te for which the ground motion parameter U
exceeds the limiting value u at a site due to earthquakes from all sources with any moment
magnitude. Assume that N(te, u) has a Poisson distribution with annual rate

λ(u) =
∑

i,j

νijF̄ij(u). (2-3)

The probability of getting at least one event exceeding u during the time period te is

P (u) = po = 1− e−λ(u)te . (2-4)

The USGS is interested in the value of u that has a 2% probability of exceedance in 50
years. Using te = 50 and several different values of u in Equation (2-4), a graph like Figure
2-6 can be drawn and the value of u for which po = 0.02 determined by interpolation. For
New York City, it was found that the value is 0.423 g for a 0.2 second spectral acceleration.

Thus, for the New York City site

1− e−50λ(0.423) = 1− e
−50

∑
i,j

νijF̄ij(0.423) = 0.02, (2-5)
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FIGURE 2-6 Limiting value u for New York City corresponding to 2%
probability of exceedance in 50 years.

or equivalently ∑

i,j

νijF̄ij(0.423) = 0.0004. (2-6)

The deaggregation matrices [Tables 2-1 and 2-2] gives the percentage contribution of each
term, hij , in the above sum. The number hij appearing in Tables 2-1 and 2-2 in the position
corresponding area in ring i and moment magnitude range j is thus calculated from

hij = 100
νijF̄ij(u)

λ(u)
= 100

νijF̄ij(u)
ln(1− po)

te. (2-7)

The number 100 in the Equation (2-7) is simply to convert to a percentage.

Thus, calculating the values of νij , i, j = 1, 2, . . . is straightforward. From Equation (2-7),
we can obtain the seismic activity matrix as follow:

νij = − ln(1− po)hij

100teF̄ij(u)
. (2-8)

Figure 2-7 shows an example of a seismic activity matrix for New York City.

Unfortunately, although deaggregation matrices have been produced for sites located
at Western United States (WUS), no documentation on the mean and standard
deviation of the lognormal distribution Fij for WUS has been published. Instead,
the earthquake occurrences have been cataloged by USGS and can be found at
http://eqhazmaps.usgs.gov/html/catdoc.html. From these data, the mean and standard
deviation can be obtained by histogram analysis.

2.2 Seismic Activity Model

Random samples of seismic activities at a site can be generated given a time period t and
the seismic activity matrix of the site. Each sample is defined by the number of earthquakes
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FIGURE 2-7 Seismic activity matrix of New York City.

during t, their temporal and spatial distribution, along with moment magnitude, and site-
to-source distance.

Total number of earthquakes, N(t), is assumed to have a Poisson distribution with annual
mean rate ν,

ν =
∑

ij

νij . (2-9)

Given the number of earthquake occurrences in t, assume that they are independent and
uniformly distributed over the time t. Hence, the time of occurrence of each earthquake is
simply a realization of a uniform distribution in [0, t]. The probability of each earthquake
to have a moment magnitude in the range j coming from source in the ring i is as follow

P (mwj , ri) =
νij

ν
. (2-10)

2.3 Ground Motion Model

Seismic ground acceleration at a site can be modelled using a Gaussian process G(t) with
a spectral density sGG(ω, r) as follow

sGG(ω, r) =
|fa(ω, r)|2

2πtw
, (2-11)

where tw is the duration of the strong ground motion (Halldorsson et al., 2002), r is the
site-to-source distance, |fa(ω, r)| is the Fourier amplitude spectrum of the strong ground
motion at the site (Halldorsson et al., 2004), given by

|fa(f, r)| = c · q(f) · d(f, r) · p(f) · z(f) · i(f), (2-12)
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in which f = ω/2π is frequency in Hertz, c is a scaling factor, q(f) is the acceleration source
spectrum, d(f, r) is the attenuation function, p(f) is the high frequency cut-off filter, z(f) is
the function to define local soil effects, and i(f) is the function used to get the desired output
(acceleration, velocity, or displacement site spectrum). The acceleration source spectrum
q(f) is given by specific barrier model (Papageorgiou and Aki, 1983a),(Papageorgiou and
Aki, 1983b),(Papageorgiou, 1988), and expressed as

q(f) = (2π)2

√√√√√ns


1 + (ns − 1)

(
sin(πftf )

πftf

)2

f2m̃0i

(f), (2-13)

where tf is the duration of faulting event, ns is the number of subevents, each having
a seismic moment m0i

and corner frequency f2. The source spectrum of one individual
subevent is given as

f2m̃0i
(f) =

m0i
f2
2

1 +
(

f2

f

)2 . (2-14)

According to specific barrier model, fault surface is assumed to consist of circular cracks
which represent areas of localized slip. Strong ground motion is the result of the cumulative
contribution of localized cracks distributed on the fault plane, which rupture randomly
and independently as the rupture front propagates during faulting. Rupture front is
the instantaneous boundary between the slipping and locked parts of a fault during an
earthquake.

2.4 Ground Motion Generation

Samples of seismic ground acceleration can be generated either for a single site or for
multiple sites. Generation of samples of seismic ground acceleration for a single site will
be presented first, followed by the generation of samples of seismic ground acceleration for
multiple sites.

2.4.1 Ground Motion Generation for a Single Site

Seismic ground motion at a site is modeled by a Gaussian process G(t) having a spectral
density sGG(ω, r) as described in previous section [Refer to Section 2.3]. The algorithm for
generating samples of acceleration time histories is as follows:

1. Calculate spectral density function sGG(ω, r)
Given moment magnitude mw, site-to-source distance r, and soil type based on
National Earthquake Hazard Reduction Program (NEHRP) classification [Refer to
Table 2-3], obtain the spectral density function sGG(ω, r).

Figure 2-8 gives examples of spectral densities for a site experiencing 6.5 moment
magnitude earthquake located at a distance of 105 km away from the seismic source
for different soil types.

2. Generate samples of stationary Gaussian process G(t)
A stationary Gaussian process G(t) with a one-sided power spectral density of

13



TABLE 2-3 NEHRP Soil Classification.

Soil Type Description Mean Shear Wave Velocity to 30 m

A Hard rock > 1500 m/s

B Firm to hard rock 760 - 1500 m/s

C Dense soil, soft rock 360 - 760 m/s

D Stiff soil 180 - 360 m/s

E Soft clays < 180 m/s

F Special study soils
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FIGURE 2-8 Power spectral densities for mw = 6.5 and r = 105km.
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sGG(ω, r) has the spectral representation of

G(t) =
∫ ∞

0
[cos(ωt)dX(ω) + sin(ωt)dY (ω)] , (2-15)

where X(ω) and Y (ω) are processes with zero mean and orthogonal increments with
increment variances E

[
dX2(ω)

]
= E

[
dY 2(ω)

]
= sGG(ω, r)dω (Soong and Grigoriu,

1992),(Grigoriu, 1995),(Grigoriu, 2002).

Since Equation (2-15) involves an uncountable set of random variables in the processes
X(ω) and Y (ω), it is impossible to generate samples of G(t). Instead of generating
G(t), an approximation of order n of G(t) is used, which is expressed as

Gn(t) =
n∑

k=1

σk [Ak cos(ωkt) + Bk sin(ωkt)] , (2-16)

where ωk, k = 1, . . . , n are the midpoint frequencies of the partition of frequency band
[0, ω∗], ω∗ is the cut-off frequency, Ak and Bk, k = 1, . . . , n are Gaussian random
variables with zero mean and unit variance. See Figure 2-9 for the description of
σk (Soong and Grigoriu, 1992). The one-sided power spectral density of Gn(t) is
s̃GG(ω, r), which equals sGG(ω, r) for 0 ≤ ω ≤ ω∗ and zero everywhere else.

1ω

1∆
k∆ n∆

( ),GGs rω%

( )2 ,
k

k GGs r dσ ω ω
∆

= ∫

kω nω
ω

FIGURE 2-9 One sided power spectral density of Gn(t).

3. Compute samples of non-stationary Gaussian A(t)
Realistic ground acceleration samples A(t) can be produced by multiplying Gn(t)with
an envelope function w(t) to introduce non-stationarity (Halldorsson et al., 2004),

A(t) = w(t)Gn(t), (2-17)

where
w(t) = atbe−dt, where t ≥ 0, (2-18)
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in which t is time, and a, b, and d are constants define as follow (Boore, 1983):

b =
−ε ln η

1 + ε (ln ε− 1)
,

d =
b

εtw
,

a =

(
e1

εtw

)b

or a =

[
(2d)2b+1

Γ(2b + 1)

]1/2

,

where tw is the duration of the motion and Γ is the gamma function. Figure 2-10
shows a sample of acceleration time history A(t), which is obtained by multiplying a
Gaussian time history Gn(t) with envelope function w(t).
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FIGURE 2-10 A sample of acceleration time history A(t).
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2.4.2 Ground Motion Generation for Multiple Sites

A model to generate seismic ground motion for n spatially distributed sites is developed
(Kafali and Grigoriu, 2003). Let

X (t) = (X1(t), X2(t), . . . , Xn(t)) , t ∈ [t1, t2]

be the seismic ground accelerations at n spatially distributed sites. It is assumed that X is
a non-stationary Gaussian vector process, and the components of X(t) are defined by

Xi(t) = wi(t)Gi(t), i = 1, . . . , n

where wi(t) is an envelope function to account for non-stationarity, and G(t) =
(G1(t), G2(t), . . . , Gn(t)) is a stationary Gaussian vector process with zero mean and
unit variance. The spectral density of the underlying Gaussian process, Gi(t) is
given by specific barrier model (Papageorgiou and Aki, 1983a),(Papageorgiou and Aki,
1983b),(Papageorgiou, 1988).

The spectral densities of the vector process G(t) are

sij(ω, r) = γ
(
~ξij , ω

) √
sii(ω, r)sjj(ω, r) (2-19)

where i, j = 1, . . . , n, sii and sjj are spectral density function at a site as given by Equation
2-11, ~ξij is the separation vector between sites i and j [Refer to Figure 2-11].

site i

site j

ijξ
uur

FIGURE 2-11 Separation vector between sites i and j, ~ξij.

γ
(
~ξij , ω

)
= ρ

(
~ξij , ω

)
e−iωd (2-20)

is a coherence function based on Harichandran and Vanmarcke’s model (Harichandran and
Vanmarcke, 1986), which depends on

d =
~V · ~ξij

|~V |2 (2-21)

ρ
(
~ξij , ω

)
= A exp

(
−2|~ξij |(1−A + αA)

αθ(ω)

)

+(1−A) exp

(
−2|~ξij |(1−A + αA)

θ(ω)

)
(2-22)
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θ(ω) = k

(
1 +

( |ω|
2πf0

)b
)−1/2

(2-23)

where ~V is the apparent wave propagation velocity vector whose direction coincides with
the direction of the site from the source, and A,α, k, k, f0, b are site specific parameters.

The coherence function describes a homogeneous, non-isotropic, space-time random field
since ρ

(
~ξij , ω

)
depends on the separation distance only, and not on the actual location.

As in the case for generating samples of seismic ground acceleration at one site, generation
of samples of X(t) for a spatially distributed sites also involves three steps:

1. Calculate spectral density function
For each site i, given the moment magnitude mw, the site to source distance ri, and
the soil properties, calculate the spectral density function sii(ω, ri) using Equation
(2-11) .

2. Generate samples of G(t)
Let

Gq(t) =
q∑

r=1

(Ar cos(ωrt) + Br sin(ωrt)) (2-24)

be the approximation of order q of the absolute acceleration process G(t),where
ωr = (r − 1/2)∆ω for r = 1, . . . , q, in which ∆ω = ω∗/b, ω∗ is a cut-off frequency
defined such that

∫∞
−∞ skkdω ' ∫ ω∗

−ω∗ skkdω, ∀k, and Ar,Br are zero mean Gaussian
vectors with the covariances,

EAr,kAp,l = EBr,kBp,l = δrp

∫ αr

αr−1

gkl(ω)dω ' δrpgkl(ωr)∆ω (2-25)

EAr,kBp,l = −EBr,kAp,l = δrp

∫ αr

αr−1

hkl(ω)dω ' δrphkl(ωr)∆ω (2-26)

where gkl(ω) = skl(ω) + skl(−ω), hkl(ω) = −i (sGkGl
(ω)− sGkGl

(−ω)), in which
k, l = 1, . . . , n, and r, p = 1, . . . , q, skl(ω)’s are the cross spectral density functions
and E denotes the expectation operator (Grigoriu, 1995),(Grigoriu, 2002).

3. Compute samples of non-stationary Gaussian X(t)
To account for non-stationarity, multiply each Gi(t) with an envelope function wi(t)
as described in Section 2.4 for ground motion model at a site.
Seismic ground accelerations are generated at points selected at 25 m in both directions
in a 500 x 500 m2 area characterized by NEHRP type-D soil. The samples correspond
to an earthquake with moment magnitude 6.5 and site-to-source distance of 50
km. Figures 2-12 and 2-13 show samples of stationary and non-stationary Gaussian
seismic ground accelerations at times 2 and 10 respectively. Figure 2-14 show the
stationary and non-stationary Gaussian seismic ground acceleration time histories at
the reference area.
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FIGURE 2-12 Stationary and non-stationary Gaussian seismic ground
accelerations at t=2sec.
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FIGURE 2-13 Stationary and non-stationary Gaussian seismic ground
accelerations at t=10sec.
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FIGURE 2-14 Stationary and non-stationary Gaussian seismic ground
acceleration histories at (250,250).
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SECTION 3

PIPE RESPONSE SUBJECT TO SEISMIC HAZARDS

Pipelines utilized in water supply systems typically range from 4 inches in diameter, which
connects to consumers, up to 12 feet in diameter, which convey water from sources to
treatment plants and from treatment plants to system nodes.

The most important pipelines in a water supply system are transmission and trunk pipelines,
typically to 6 feet in diameter, with major conduits from 6 feet to 12 feet in diameter. They
convey water from source collection areas to treatment plants, and from treatment plants to
system nodes for distribution in smaller pipelines to individual customers (O’Rourke et al.,
2004).

During an earthquake, pipelines can be affected by permanent ground deformation (PGD)
and transient ground deformation (TGD) (O’Rourke, 1998). Principal forms of PGD
include fault displacement, landslides, seismic settlement and lateral spreading due to soil
liquefaction (O’Rourke and Liu, 1999).

In the following sections, the TGD and PGD hazards will be discussed, along with the
response of pipelines subjected to these hazards.

3.1 Seismic Wave Hazard

Seismic waves can be modeled as a travelling ground wave that retains its sinusoidal shape
as it crosses a pipeline. Seismic waves at a site can be characterized by its peak ground
velocity vp and the apparent wave propagation velocity c (O’Rourke et al., 1985).

3.2 Pipelines Response to Seismic Waves

Pipelines can have straight sections, bends, and/or tees. This research mainly deals with
pipelines with straight sections, which are grouped into two broad categories, continuous
pipelines and jointed pipelines.

3.2.1 Continuous Pipelines

Assuming that pipelines are rigidly attached to the surrounding soils, then the maximum
pipelines axial strain εpm will equal the maximum ground strain εgm (O’Rourke et al.,
1985),(O’Rourke, 1996),(O’Rourke, 1998)

εpm = εgm =
vp sin(Ω) cos(Ω)

c
, (3-1)

where vp is the peak ground velocity, Ω is the angle between propagation direction of the
seismic wave and pipeline, and c is the apparent wave propagation velocity [Refer to Figure
3-1]. For shallow buried structures, such as pipelines, the dominating waves are S-waves
with apparent wave propagation velocities in the range of 2 to 4 km/s (Hashash et al.,
2001).
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The maximum axial force in a pipeline is

Fm = εpmEA, (3-2)

where E is the elastic modulus of the pipeline material and A is the cross sectional area of
the pipeline. Bending strains in pipelines are often neglected in calculation, since they are
usually considerably much smaller compared to axial strains (O’Rourke et al., 1985).

( )FRV Ω
Ω

A

A’

(a) wave orientation

pz

0D

t

(b) cross section A-A’

FIGURE 3-1 Seismic wave intersection with buried pipeline.

Equation (3-1) overestimates maximum pipe strain since slippage can occur at pipe-soil
interface, which leads to maximum pipe strain less than maximum ground strain. Due to
soil and pipeline interaction, frictional force per unit length f is conveyed to the pipe,

f =
1
2
(1 + k0)πDoγzp tan δ, (3-3)

where k0 is the coefficient of lateral earth pressure at rest, a value of k0 = 1 is recommended
(O’Rourke et al., 1985),(O’Rourke, 1996), Do is the outer diameter of the pipeline, γ is the
unit weight of the soil, zp is the depth from soil surface to the centerline of the pipe, and δ
is the interface friction angle between pipe and soil. Some typical values of δ are given in
Table 3-1 (O’Rourke, 1996).

The maximum pipe force Fm developed by shear transfer between soil and pipeline is

Fm =
fλ

4 cos Ω
, (3-4)

where λ = cTp is the predominant wave length and Tp is the predominant period of
the transient displacement wave. The predominant period is the period of vibration
corresponding to the maximum value of the Fourier amplitude spectrum (Kramer, 1996).
Maximum pipe force Fm is as given in Equation (3-4) and bounded in the upper limit by
Equation(3-2).

Fm =
fλ

4 cosΩ
≤ εpmEA (3-5)
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TABLE 3-1 Pipeline interface angles of friction for contact with granular soil.

Pipeline interface material Ratio of interface to soil angle of

friction, δ/φ, or δ-value for design

Rusted and pitted steel, partially cemented 1.0

and bonded to adjacent soil; rough concrete

and cement coating

Soft coatings and wrappings, such as coal δ = 30o

tar enamels, hot or cold applied mastics,

and coal tar epoxies

Rough steel, some oxidation and rusting of 0.7-0.9

surface with minor pitting; smooth, finished

concrete surface

Resin epoxy coating (assumes some aging 0.6-0.8

and softening)

Polyolefin or polyethylene coating 0.6-0.7

”Frictionless” wrap, employing geogrid on δ = 10o − 15o

polyethylene, polyolefin, or epoxy coating
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3.2.2 Jointed Pipelines

Pipelines typically consist of segments made up of concrete, steel, or other materials. Jointed
concrete cylinder pipelines (JCCP) is chosen to represent jointed pipeline analysis.

Figure Cross-Section for JCCP (unit: inch)
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FIGURE 3-2 Cross section for JCCP.

JCCP represents pipelines composed of reinforced concrete and steel cylinders that are
coupled with mortared, rubber-gasket bell-and-spigot joints [see Figure 3-2]. JCCP designs
and methods of construction rely on a rubber-gasket bell-and-spigot connection. The
rubber-gasket is around 18 to 20 mm wide when compressed to form a water tight seal.
Cement mortar is poured in the field to further seal the joint. The axial tensile capacity of
the joint depends on the tensile strength of the poured mortal connection and the pullout
resistance of the gasket (O’Rourke et al., 2004).

The pull out capacity of the joint in terms of axial slip to cause leakage depends on how
much movement can occur before the rubber-gasket loses its compressive seal. Typical slip
capacity is around 25 mm (O’Rourke et al., 2004).

In the field, it is common for joints to be cracked and separated due to installation and
subsequent ground movement loads. This condition typically leads to a pipeline that is fully
flexible, which satisfies

f

EA
>

πR

2
, (3-6)

where f is the frictional force per unit length, E is the elastic modulus of the pipe material,
A is the pipe cross sectional area, R is the ratio of vp/c to the rise distance λ/4, where vp

is the peak ground velocity, c is the apparent wave propagation velocity, and λ is the wave
length. A relatively rigid pipeline is one which f/(EA) < 2R/π.
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Assuming that joints on either side of a cracked joint have full mortar connectivity to
mobilize the tensile capacity across the joint and that pipeline is fully flexible, the pipe
strain εp will equal the ground strain εg everywhere the pipeline is continuous. At the
cracked joint, the pipeline cannot sustain strain, therefore εp is 0. As seismic wave passes
across the cracked joint, strain in the continuous pipeline on each side of the joint will
accumulate linearly at a slope of f/EA until εp equals εg, after which pipe and ground
strain are equal.

The shaded area in Figure 3-3(a) represents the integration of the differential strain between
pipeline and ground, which equals the relative joint displacement δj that occurs as axial
slip, and can be approximated by the triangular area as shown in 3-3(b) (O’Rourke et al.,
2004).

δj =
[
vp

c

]2 EA

f
(3-7)

3.3 PGD Hazard

PGD hazards such as landslides and liquefaction-induced lateral spreading and seismic
settlement are characterized by the amount, geometry, and spatial extent of the PGD zone.
While fault displacement PGD hazard is characterized by the horizontal and vertical offset
and pipe-fault crossing angle (O’Rourke and Liu, 1999).

3.3.1 Landslides

Landslides are mass movements of the ground which may be triggered by ground shaking
(O’Rourke and Liu, 1999). Based on effects of landslides to pipelines, landslides can be
classified into three types (Meyersohn, 1991): (1) Type I includes rock fall and rock topple,
which can cause damage to above-ground pipelines by direct impact, but has almost no effect
on buried pipelines, (2) Type II includes earth flow and debris flow, in which transported
material behaves like a viscous fluid, and (3) Type III includes earth slump and earth slide,
in which the earth moves, more or less as a block. These usually occur along natural slopes,
river channels, and embankments. Buried pipelines are most affected by type III landslides.

Jibson and Keefer (Jibson and Keefer, 1993) produced an analytical estimation of expected
amount of landslide movement. By searching for critical failure surface, which is the slip
surface, for a given factor of safety FS, critical acceleration ac is obtained by

ac = g(FS − 1) sinα, (3-8)

where g is the acceleration of gravity and α is the inclined angle of the slope.

Using 11 strong-motion records with critical acceleration in the range between 0.02 and 0.4
g, Jibson and Keefer estimated the displacement of the landslides DN by regression,

DN = 1.460 log Ia − 6.642ac + 1.546, (3-9)

where DN is the displacement of the landslides in centimeters and Ia is the Arias intensity
in g defined as

Ia =
π

2g

∫
[a(t)]2 dt, (3-10)
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(a) Seismic displacement and velocity interaction with pipeline.

(b) Simplified model for seismic wave interaction with pipeline.

FIGURE 3-3 Seismic wave interaction with pipeline.
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FIGURE 3-4 Types of landslides according to Meyersohn, 1991.
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where a(t) is the ground acceleration time history. Arias intensity can also be approximated
(Wilson and Keefer, 1983) simply as a function of earthquake magnitude mw and site-to-
source distance r in kilometers by

log Ia = mw − 2 log r − 4.1. (3-11)

3.3.2 Lateral Spreadings

Lateral spreading occurs when a loose saturated sandy soil deposit is liquefied due to ground
shaking, causing soil to loose its shear strength and leads to the flow or lateral movement
of liquefied soil (O’Rourke and Liu, 1999).

Lateral spreading can cause two types of pipeline response: (1) when top surface of the
liquefied layer is at ground surface, pipeline is subject to horizontal force due to liquefied
soil flow over and around the pipeline, as well as uplift or buoyancy force, (2) when top
surface of the liquefied layer is below the pipeline (i.e. pipeline is contained in a non-liquefied
soil layer which rides over the liquefied layer), pipeline is subject to horizontal forces due
to non-liquefied soil-structure interaction (O’Rourke and Liu, 1999).

(c) Longitudinal Pattern

L

(b) Transverse Pattern

W

(a) Plan View

L

W

PGDδ

FIGURE 3-5 Characteristics of a lateral spread.

There are four geometric characteristics of a lateral spread influencing pipeline response in
a horizontal plane: amount of PGD movement δPGD, transverse width of the PGD zone W ,
longitudinal length of the PGD zone L, and pattern or distribution of ground movement
across and along the zone [Refer to Figure 3-5].

Bartlett and Youd (Barlett and Youd, 1992) developed two empirical relations for the
expected amount of PGD due to liquefaction. The two empirical equations include the
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effects of shaking at the site, soil properties and site topography. The first is for lateral
spreads occurring at sites with gentle slopes,

log (δPGD + 0.01) = −15.787 + 1.178mw − 0.927 log r − 0.013r

+0.429 log S + 0.348 log T15

+4.527 log (100− F15)− 0.922D5015 , (3-12)

and the second is for lateral spreads occurring at sites with steep slopes (i.e. at free faces),

log (δPGD + 0.01) = −15.787 + 1.178mw − 0.927 log r − 0.013r

+0.429 log Y + 0.348 log T15

+4.527 log (100− F15)− 0.922D5015 , (3-13)

where δPGD(m) is the permanent horizontal displacement of ground, mw is the moment
magnitude of the earthquake, r(km) is the site-to-source distance, S(%) is the ground slopes
as shown in Figure 3-6a, Y (%) is the free face ratio as shown in Figure 3-6b, F15(%) is the
average fines content in T15, D5015 (mm) is the mean grain size in T15, and T15(m) is the
thickness of saturated cohesionless soils with a corrected Standard Penetration Test (SPT)
value less than 15.

A

B

Ground surface

100 /S A B=

(a) Ground slope

A

B

Slip surface

100 /Y A B=

(b) Free face ratio

FIGURE 3-6 Elevation view showing ground slope and free face ratio.

SPT test involves driving a standard cylindrical sampler into the bottom of a borehole. The
total blows required from a hammer, over the interval 150 to 450 mm are summed to give
the blow count N, in blows per foot. The N-value is used as a basis for foundation design
and as the primary index of liquefaction resistance (University of British Columbia, 2004).

3.3.3 Seismic Settlements

Seismic settlement can be caused by densification of dry sand, consolidation of clay or
consolidation of liquefied soil (O’Rourke and Liu, 1999).

Tokimatsu and Seed (Tokimatsu and Seed, 1987) developed an analytical procedure to
evaluate ground settlement for saturated sands after liquefactions without lateral spread
movement, expressed as

δPGD =
∑

(εv)i hi, for i = 1, 2, . . . , n, (3-14)
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where εv is the volumetric strain for a saturated sandy soil layer, h is the layer thickness,
and n is the number of sand layers with different SPT N-values.

The volumetric strain in each layer depends on the SPT N-value and the cyclic stress ratio
as shown in Figure 3-7, where (N1)60 is the corrected SPT N-value. The cyclic stress ratio
can be computed by

τave

σ′0
= 0.65

amax

g

σ0

σ′0
rd, (3-15)

in which amax is the maximum acceleration at the ground surface, σ0 and σ′0 is the total
overburden pressure and the initial effective overburden pressure on the sand layer under
consideration and rd is the stress reduction factor varying from a value of 1 at the ground
surface to a value of 0.9 at a depth of about 10 m.

FIGURE 3-7 Relation between cyclic stress ratio (N1)60 and volumetric strain
for saturated sands.

Another empirical method has been proposed by Takada and Tanabe (Takada et al., 1987)
for liquefaction-induced settlement at embankments and plain level sites based on 404
observations during five Japanese earthquakes. The formulation for embankments is

δPGD = 0.11H1H2amax/N + 20, (3-16)

and for plain level sites is
δPGD = 0.3H1amax/N + 2, (3-17)

where δPGD is the settlement in centimeters, H1 is the thickness of saturated sand layers in
meters, H2 is the height of the embankment in meters, N is the SPT N-value in sand layer,
and amax is the ground acceleration in cm/sec2.

In general, Takada and Tanabe’s model is simpler than Seed et al.’s model, but it is also
less accurate (O’Rourke and Liu, 1999).
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3.3.4 Fault Displacements

Fault displacement or surface faulting is the deformation associated with the relative
displacement of adjacent parts of the earth’s crust (Committee on Gas and Liquid Fuel
Lifelines, 1984). This displacement can occur suddenly during an earthquake or accumulate
gradually over a long period of time.

Faults can be categorized into four types based on the direction of the movement or slip:
strike-slip, normal, thrust, and oblique fault [see Figure 3-8]. Oblique fault is a combination
of strike-slip and normal or thrust fault.

(a) Strike slip fault

(b) Normal fault

(c) Reverse fault

(d) Oblique fault

FIGURE 3-8 Fault types.

The predominant motion of a strike-slip fault is horizontal motion. Pipe subjects to this
motion will deform primarily in tension or compression depending on the fault crossing
angle β.

For normal and reverse faults, the predominant ground motion is vertical. A normal fault is
defined for the condition in which the overhanging side of the fault moves downwards, and
will cause tensile deformation. A reverse fault is resulted when the overhanging side of the
fault moves upwards, and will cause compressive deformation (O’Rourke and Liu, 1999).

Amount of fault displacement can be determined using empirical relationships, derived from
worldwide data of 421 historical earthquakes, proposed by Wells and Coppersmith (Wells
and Coppersmith, 1994) as follows:

log δf = −6.32 + 0.90mw for strike-slip faults, (3-18)

log δf = −4.45 + 0.63mw for normal faults, (3-19)
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log δf = −0.74 + 0.08mw for reverse faults, and (3-20)

log δf = −4.80 + 0.69mw for all faults, (3-21)

where δf is the amount of fault displacement in meters, and mw is the moment magnitude.

3.4 Pipelines Response to Permanent Ground Deformations

PGD can be decomposed into two components, longitudinal and transverse components.
The soil movement of longitudinal components of PGD is parallel to the pipe axis, while the
soil movement of transverse components of PGD is perpendicular to the pipe axis (O’Rourke
and Liu, 1999). The following sections will first describe response of pipelines subject to
longitudinal and transverse components of PGD, followed with response of pipelines subject
to fault displacements.

3.4.1 Pipelines Response to Longitudinal PGD

Pipelines subject to longitudinal PGD can fail at welded joints, local buckling and wrinkling
in a compressive zone, tensile rupture in a tension zone, or beam buckling for shallow buried
pipes (O’Rourke and Liu, 1999).

Two models of buried pipe response to longitudinal PGD are available: (1) linear elastic
model, where pipe is assume to be linear elastic, and is appropriate for pipe with slip joints,
(2) inelastic model, where pipe is assume to follow Ramberg-Osgood model (Ramberg and
Osgood, 1943), and is appropriate for pipe with arc welded butt joints (O’Rourke and Liu,
1999).

3.4.1.1 Elastic Model

Five idealized patterns of ground deformation due to longitudinal PGD are presented by
M.O’Rourke and Nordberg, the block pattern, ramp pattern, ridge pattern, ramp-block
pattern, and asymmetric ridge pattern shown in Figure 3-9 (O’Rourke and Nordberg, 1992).

The block pattern is the most conservative pattern since it results in the largest strain in
an elastic pipe (O’Rourke and Liu, 1999). The pipe strain due to block pattern is given by

εp =

{
αL

2Lem
L < 4Lem

αL√
LLem

L > 4Lem
(3-22)

where

Lem =
αEA

f
, (3-23)

in which α is as shown in Figure 3-9, L is the length of the PGD zone as shown in Figure
3-5, Lem is the length over which the frictional force per unit length f must act to induce
a pipe strain equal to the equivalent ground strain.
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FIGURE 3-9 Five idealized patterns of ground deformation due to longitudinal
PGD.
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The model has been validated against the performance of pipelines that have relatively
low strength of slip joints and unshielded arc welded joints during the 1994 Northridge
earthquake (O’Rourke and Liu, 1999).

3.4.1.2 Inelastic Model

M.O’Rourke et al. use a Ramberg-Osgood model to calculate pipe strain and deformation
for inelastic pipe, such as pipes with arc-weld joints (O’Rourke and Liu, 1999),(O’Rourke
et al., 1995).

Ramberg-Osgood model (Ramberg and Osgood, 1943) is expressed as

ε =
σ

E

[
1 +

n

(r + 1)

(
σ

σy

)r]
. (3-24)

Some of Ramberg-Osgood parameters for the more commonly used pipe materials are given
in Table 3-2 (O’Rourke and Liu, 1999).

TABLE 3-2 Ramberg-Osgood parameters for mild steel and X-grade steel.

Grade-B X-42 X-52 X-60 X-70

σy (MPa) 227 310 358 413 517

n 10 15 9 10 5.5

r 100 32 10 12 16.6

Assuming that the pattern of ground deformation is the block pattern corresponding to
a soil mass having a length L, using Ramberg-Osgood model, thepipe strain εp and pipe
displacement δp is expressed as follows

εp(x) =
βpx

E

[
1 +

n

1 + r

(
βpx

σy

)r]
, (3-25)

and

δp(x) =
βpx

2

E

[
1 +

(
2

2 + r

) (
n

1 + r

) (
βpx

σy

)r]
, (3-26)

where n and r are Ramberg-Osgood parameters (Ramberg and Osgood, 1943), E is the
modulus of elasticity, σy is the effective yield stress, βp is the pipe burial parameter (lb/in3),
defined as

βp =
tan(δ)γzp

t
(3-27)

for granular material, where δ is the interface friction angle between pipe and soil, γ is the
soil unit weight, zp is the depth to pipe centerline, and t is the pipe wall thickness.

For a given critical strain εcr or critical pipe displacement δcr, we can solve for the critical
length of PGD zone x = Lcr using Equations (3-25) and/or (3-26).
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This model has been used to successfully predict the behavior of two X-52 grade steel
pipelines with arc welded joints subject to the longitudinal PGD at Balboa Blvd. during
the 1994 Northridge earthquake (O’Rourke and Liu, 1999), (O’Rourke et al., 1995).

3.4.2 Pipelines Response to Transverse PGD

Pipelines subject to transverse PGD will stretch and bend in attempt to accommodate the
transverse ground displacement. Failure mode of the pipes depends on the relative amount
of axial tension and flexural strain. When the axial tension is low, pipe can buckle in
compression due to excessive bending. When the axial tension is high, pipe can rupture in
tension due to combined effects of axial tension and bending (O’Rourke and Liu, 1999).

Response of pipe subject to transverse PGD is a function of the amount of PGD δPGD,
width of PGD zone W , and the pattern of ground deformation. There are two possible
patterns for transverse PGD, spatially distributed and localized abrupt as seen in Figure
3-10 (O’Rourke and Liu, 1999).

W

PGDδ

(a) Spatially distributed

W

PGDδ

(b) Localized abrupt

FIGURE 3-10 Patterns of transverse PGD.

When a pipe is buried directly in liquefied soil, another type of transverse PGD occurs.
Pipe subjects to this type of transverse PGD will experience horizontal force due to lateral
spreading and uplift due to buoyancy (O’Rourke and Liu, 1999).

Several models of spatially distributed transverse PGD is available: (1) T.D. O’Rourke’s
model (O’Rourke, 1988), (2) Suzuki and Kobayashi et al. model (Suzuki et al.,
1988),(Kobayashi et al., 1989), and (3) M.O’Rourke’s model (O’Rourke, 1989).

T.D.O’Rourke (O’Rourke, 1988) approximates soil deformation using a beta probability
density function

y(x) = δPGD

(
s

sm

)r′−1 (
1− s

1− sm

)τ−r′−1

, 0 < s < 1, (3-28)

where s is the distance between the two margins of the PGD zone normalized by the width
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W , sm is the normalized distance from the margin of the PGD zone to the location of the
peak transverse ground displacement δPGD, and r′ and τ are parameters for distribution.
T.D.O’Rourke uses values of sm = 0.5, r′ = 2.5, and τ = 5.0.

Suzuki et al. (Suzuki et al., 1988) and Kobayashi et al. (Kobayashi et al., 1989) use a cosine
function raised to a power n to approximate the soil deformation as follow

y(x) = δPGD

(
cos

(
πx

W

))n

, (3-29)

where x is a non-normalized distance measured from the center of PGD zone. They use
value of n = 0.2, 1.0, 2.0 and 5.0 in their analysis.

M.O’Rourke (O’Rourke, 1989) use the following function to approximate soil deformation

y(x) =
δPGD

2

(
1− cos

(
2πx

W

))
, (3-30)

where x is again the non-normalized distance measured from the center of PGD zone.
This function gives the same shape of soil deformation as the Suzuki and Kobayashi et al.
function for n = 2 (O’Rourke and Liu, 1999).

Two types of pipe response is possible depend on whether the pipe is located in a non-
liquefied soil or a liquefied soil. Following is some brief description of pipe response for each
condition.

3.4.2.1 Pipe Surrounded by a Non-Liquefied Soil

When pipeline is located above the ground water level and the top surface of the liquefied
soil layer, the force-deformation relations at the soil-pipeline interface correspond to a pipe
in a non-liquefied soil which overrides a liquefied soil layer (O’Rourke and Liu, 1999).

M.O’Rourke (O’Rourke, 1989) developed a simple analytical model for pipeline response to
spatially distributed transverse PGD. Two types of response are considered, depending on
the width of the PGD zone. For a wide PGD zone, pipe is relatively flexible and its lateral
displacement is assumed to closely match the soil, pipe strain is assumed to be mainly
due to ground curvature. For a narrow PGD zone, pipe is relatively stiff and its lateral
displacement is substantially less than that of the soil, pipe strain is assumed to be due to
loading at soil-pipe interface.

For the wide PGD zone or flexible pipe case, the maximum bending strain εb in pipe is

εb = ±π2δPGDDo

W 2
, (3-31)

where δPGD is amount of ground displacement due to transverse PGD, Do is the pipe
outer diameter, and W is the width of PGD zone. The average axial tensile strain εa is
approximated by

εa =
(

π

2

)2 (
δPGD

W

)2

, (3-32)

For the narrow PGD zone or stiff pipe case, the axial tension due to arc-length effects is
small and neglected (O’Rourke and Liu, 1999). The maximum strain in the pipe is from
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bending, which is given by

εb = ± puW 2

3πEtD2
o

, (3-33)

where pu is maximum lateral force per unit length at the soil-pipe interface, pu for granular
soil is given by

pu = γzpNqhDo, (3-34)

in which γ is the soil unit weight, Nqh is the horizontal bearing capacity factors. Values of
Nqh for sand is given in Figure 3-11 (Trautmann and O’Rourke, 1983).

FIGURE 3-11 Horizontal bearing capacity Nqh for sand vs. depth to diameter
ratio.

Liu and M.O’Rourke (Liu and O’Rourke, 1997b) updated the analytical method for pipeline
response to transverse PGD based on their work with a finite element model. They found
that pipe strain is an increasing function of ground displacement for ground displacement
less than a certain value δcr, and pipe strain does not change much thereafter.

For narrow width of PGD zone, the critical ground deformation and pipe behavior are
controlled by bending, with the same mechanism as the model proposed by M.O’Rourke
for the stiff pipe case (O’Rourke, 1989). The critical ground deformation is given by

δcr−b =
5puW 4

384EI
. (3-35)

For wide width of PGD zone, pipe behaves like a flexible cable with a negligible flexural
stiffness. Critical displacement is controlled primarily by the axial force. The relation
between tensile force T and ground displacement δPGD is

T = πDotσ =
puW 2

16δPGD
, (3-36)

where σ is the axial stress in the pipe and is assumed to be constant within the PGD zone.

39



At the margin of PGD zone, pipe tends to move inward due to axial force T. Assuming
constant frictional force per unit length f beyond the margin, the pipe inward movement
at each margin is

∆inward =
πDotσ

2

2Ef
. (3-37)

The total axial elongation of pipe within the PGD zone is approximated by the average
axial strain given in Equation (3-32) due to arc-length effect times the width W , which is
due to stretching within the zone (σW/E) and inward movement at the margins. That is

π2δ2
PGD

4W
=

σW

E
+ 2

πDotσ
2

2Ef
. (3-38)

The critical ground deformation δcr−a and the corresponding axial pipe stress σ can be
obtained by solving simultaneously for Equations (3-36) and (3-38).

For any arbitrary width of PGD zone, resistance is provided by both flexural and axial
effects. Assuming that these two components act in parallel,

δcr =
1

1
δcr−b

+ 1
δcr−a

. (3-39)

The maximum strain in a pipe εp due to the combined effects of axial and flexural is given
by

εp =





πδP GD

2

√
f

AEW ± π2δP GDDo

W 2 δPGD ≤ δcr

πδcr

2

√
f

AEW ± π2δcrDo

W 2 δPGD > δcr

(3-40)

where A is the pipe cross sectional area.

3.4.2.2 Pipe Located in a Liquefied Soil

Pipes located in liquefied soil can deform laterally following the flow of liquefied soil down
a gentle slope, and/or can move upward due to buoyancy (O’Rourke and Liu, 1999).

Suzuki et al. (Suzuki et al., 1988) analyze the pipe response surrounded by liquefied soil
subject to spatially distributed transverse PGD. The presence of liquefied soil was modeled
by assuming that the lateral soil coefficient for a pipe surrounded by liquefied soil K1 is
some fraction of the corresponding value of the non-liquefied soil K2. They found that the
pipe strain for δPGD ≥ 1.5 m is proportional to the soil coefficient reduction factor K1/K2.

According to Takada et al. (Takada et al., 1987), equivalent soil spring coefficient for
liquefied soil ranges from 1/1000 to 1/3000 of that for non-liquefied soil. Other scholars
suggest that the ratio is 1/100 to 1/500 (O’Rourke and Liu, 1999). Therefore, pipe
surrounded by liquefied soil is very unlikely to be damaged by spatially disturbed transverse
PGD.

Hou et al. (Hou et al., 1990) analyze pipe strain due to buoyancy effects. The uplifting
force per unit length Puplift acting on a pipe within a liquefied zone can be expressed as

Puplift =
1
4
πD2

o (γ − γcontents)− πDotγpipe, (3-41)
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where Do is the pipe outer diameter, γ is the unit weight of soil, γcontent is the unit weight
of the pipe content, for example water and gas, t is the pipe wall thickness, and γpipe is the
unit weight of pipe material. Note that the uplifting force will decrease when a portion of
the pipe is at the ground surface (O’Rourke and Liu, 1999).

The maximum pipe strain is a function of the liquefied zone length W , and occurs at a
certain width of liquefied zone Wcr which can be expressed as

Wcr =

(
3π3EtHcD

3
o

pu

)1/4

, (3-42)

where E is pipe elastic modulus, Hc is the depth from the soil surface to the top of the
pipe, and pu is the lateral force per unit length at the soil-pipe interface given by Equation
(3-34).

The uplifting force per unit length Puplift is around 10% of lateral pipe-soil interaction for a
pipe surrounded by non-liquefied soil, therefore it is very unlikely for a pipe to be damaged
due to buoyancy, although it may uplift out of ground when the width of the liquefied zone
W is large (O’Rourke and Liu, 1999).

If the large uplift displacement is not desirable, following equation can be used to determine
the relation between maximum uplift displacement and the spacing of pipe restraints

δ3
max +

16I

A
δmax − 16puW 4

s

AEπ5
= 0, (3-43)

where I is the moment of inertia of the pipe, A is the pipe cross-sectional area, and Ws is
the spacing of the pipe restraints to prevent pipe vertical displacement greater than δmax.

3.4.3 Pipelines Response to Fault Displacements

The response of pipelines subject to fault displacement can be categorized into two cases
(O’Rourke and Liu, 1999): (1) pipes are deformed due to bending and axial tensile force,
typically caused by normal fault or strike-slip fault with fault crossing angle less than 90
degree, the failure mode is tensile rupture since the fault offset results primarily in tensile
strain, and (2) pipes are deformed due to bending and axial compressive force, typically
caused by reverse fault or strike-slip fault with fault crossing angle more than 90 degree,
the failure mode is buckling since the fault offset results primarily in compressive strain.

Several methods are available to analyze pipelines response subject to fault displacement:
(1) analytical methods such as Newmark-Hall procedure (Newmark and Hall, 1975) and
Kennedy, et.al procedure (Kennedy et al., 1977), and (2) using finite element analysis.
Only analytical methods will be discussed.

3.4.3.1 Newmark-Hall Procedure

A model, such as shown in Figure 3-12 is considered. In this model, pipe deforms with
amount of δf equals to the total fault movement due to a right lateral strike-slip fault with
a fault crossing angle β. For β less than 90 degree, strike-slip fault will primarily cause a
tensile strain in the pipe.
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FIGURE 3-12 Newmark-Hall model of pipe response due to fault displacement.
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Newmark-Hall model assumes that pipeline is firmly attached to soil at the two anchor
points located at La away from the fault trace. Anchor points can be bends, tie-ins, or
other features which develop substantial resistance to axial movement. Alternatively when
no constraints are located near the fault trench, an effective anchor length can be used,
beyond which there is no axial stress induced in the pipeline due to the fault movement
(O’Rourke et al., 1985). The model neglects the bending stiffness of the pipe and the lateral
interactions at the pipe-soil interface (O’Rourke and Liu, 1999).

Total elongation of the pipe due to the fault displacement δf is the sum of the axial
component of the fault movement δf cosβ and the arc-length effects caused by the lateral
component of the fault movement δf sinβ (O’Rourke and Liu, 1999).

The average strain ε̄ resulted from the fault movement is

ε̄ =
∆L

2La

∼= δf

2La
cosβ +

1
2

(
δf

2La
sinβ

)2

. (3-44)

When no physical constraints are located near the fault trench, La can be approximated as
follows

La = Le + Lp, (3-45)

Le =
EεyπDot

f
, (3-46)

Lp =
Ep (εp − εy) πDot

f
, (3-47)

where Le is the length of pipe over which elastic strain develops, Lp is the length of pipe
over which plastic strain develops, εy is the material yield strain, Ep is the modulus after
yield, and εp is the plastic tensile strain of the pipe (O’Rourke and Liu, 1999).

To accommodate the resulted average strain ε̄, pipe must also elongate with the amount
∆L, which can be expressed as follows (Fau, 1976)

∆L = 2εy

[
BMLa − hL2

a

2
− C

[
(BM − hLa)

r+2

h(r + 2)

]
+ C

Br+2
M

h(r + 2)

]
, (3-48)

where

BM =
σm

σy
,

h =
f

Aσy
,

C =
n

r + 1
,

in which σm is the maximum stress resulted in the pipe, and n and r are the Ramberg-
Osgood parameters (Ramberg and Osgood, 1943). Maximum strain in the pipe εm can be
calculated with Ramberg-Osgood equation once the maximum stress σm is known.
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FIGURE 3-13 Kennedy, et al. model of pipe response due to fault displacement.

3.4.3.2 Kennedy, et al. Procedure

Kennedy, et al. extend the Newmark-Hall procedure by incorporating some improvements
in the methodology for evaluating the maximum axial strain in the pipe. Effects of lateral
interaction, which was omitted in the Newmark-Hall procedure, is incorporated in the
analysis, and the influence of large axial strains on bending stiffness of the pipe is considered
(Kennedy et al., 1977),(O’Rourke and Liu, 1999).

Bending strain occurs in the curved region of the pipe with an assumed constant curvature
1/Rc. Total strain resulted in the pipe ε̄ due to the fault movement is the sum of axial
strain εa and bending strain εb (Kennedy et al., 1977),(O’Rourke et al., 1985),(O’Rourke
and Liu, 1999). Bending strain εb is given as

εb =
Do

2Rc
, (3-49)

where

Rc =
σmπDot

pu
, (3-50)

in which σm is the maximum stress seen in the pipe, for granular soils, pu = γzpNqhDo

is the lateral soil-pipe interaction force per unit length, and Nqh is the horizontal bearing
capacity factors.

Total elongation in the pipe ∆L resulted from the strain ε̄ is expressed as

∆L = δf cosβ +
(δf sinβ)2

3Lc
, (3-51)

where Lc is the horizontal projection length of the laterally deformed pipe and is given as

Lc =
√

Rcδf sinβ. (3-52)

44



To accommodate the resulted elongation ∆L resulting from strain ε̄, the pipe must also
deform with the amount of ∆Lp which should equal ∆L (Fau, 1976).

∆Lp = ∆Ls + ∆Lc, (3-53)

where

∆Lc = 2εy

{
Lc

[
BM + Bs

2

]
+

C

hc (r + 2)

[
(BM )r+2 − (Bs)

r+2
]}

, (3-54)

∆Ls = 2εy

{
Ls

[
Bs + BL

2

]
+

C

hs (r + 2)

[
(Bs)

r+2 − (BL)r+2
]}

, (3-55)

and

Ls = La − Lc,

Bs = BM − hcLc,

BL = Bs − hsLs,

hc =
fc

Aσy
,

hs =
f

Aσy
,

where Ls is the straight portion of the pipe, and the ratio of fc to f ranges from 2.4 for
zp/Do equals 1 to 3.3 for zp/Do equals 3 (Kennedy et al., 1977).

The maximum stress in the pipe σm can be determined from Equations 3-51 and 3-53. As
in Newmark-Hall procedure, maximum pipe strain εm can be obtained from the Ramberg-
Osgood model as given in Equation 3-24.

3.5 Summary of Equations

Equations for calculating pipe responses subject to various seismic hazards are summarized
in Figures 3-14 and 3-15. Figures 3-14 shows the equations used for calculating pipe
responses subject to seismic waves and PGD hazards. Figure 3-15 shows the equations
used for calculating pipe responses subject to fault displacement hazard.
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FIGURE 3-14 Equations for pipe responses subject to seismic waves and PGD
hazards.
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Summary of equations used to calculate pipe responses subject to seismic hazards

III. Fault displacement hazard analysis:
1. Newmark-Hall method
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FIGURE 3-15 Equations for pipe responses subject to fault displacement
hazard.
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SECTION 4

FRAGILITY ANALYSIS OF PIPELINES

The variation of the conditional probability of failure or damage for a system/system
component with some earthquake parameters is called fragility. Fragility curves provide
the probability of exceeding different levels of damage or limit states as a function of
peak ground acceleration (PGA) or other ground motion intensity measures (Grigoriu and
Mostafa, 2002a).

Fragility curves can be produced analytically or empirically. Analytical fragility curves
are generated from the results of simulations of the system subject to either historical or
artificial ground motion records. The challenge in producing analytical fragility curves
lies in the difficulties to generate ground motion histories that are consistent with the site
and relating the results of simulation to predefined limit and/or damage states. Empirical
fragility curves can be based from experimental results or real data collected from historical
earthquakes. Scarcity in available data is the main challenge for this method.

Most commonly used seismic intensities against which fragility curves are plotted includes
PGA, spectral acceleration (Sa), spectral velocity (Sv), and Modified Mercali Intensity
(MMI). However, it has been shown that it is not adequate to characterize ground motion
with only one parameter (Sewell, 1989).

Grigoriu and Mostafa (Grigoriu and Mostafa, 2002a) proposed the use of fragility surface,
which has similar concept as fragility curves. Instead of using one parameter to characterize
the ground motion, fragility surfaces provides the failure probability of a system as a function
of moment magnitude mw and site-to-source distance r. Fragility surface corresponds to the
ith limit state is the conditional probability that the damage index DI exceeds a critical
value DIi given the seismic occurrence with moment magnitude mw and site-to-source
distance r.

Fi(x, y) = P [DI > DIi|mw, r] . (4-1)

Figure 4-1 shows the typical configuration of fragility curves, the ground motion parameters
are the combination of moment magnitude and site-to-source distance (mw, r), and three
different damage indexes DI1, DI2, DI3 are plotted.

Fragility analysis of pipelines subject to transient ground deformation (TGD) hazard (i.e.
seismic waves), permanent ground deformation (PGD) hazard including landslides, lateral
spread and seismic settlement induced by liquefaction, and fault displacement hazard are
performed and described in the following sections.
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FIGURE 4-1 Typical configuration of fragility curves.
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4.1 Fragility of Continuous Pipelines Subject to Seismic Waves

The response of pipelines subject to seismic wave hazard is discussed in Chapter 3, Section
3.2. Furthermore, the behavior of continuous pipelines subjected to seismic waves is
examined in Section 3.2.1.

4.1.1 Limit State

It is assumed that a continuous pipelines fails when the pipeline strain εp caused by the
seismic event with moment magnitude mw and site-to-source distance r exceeds a specified
limit strain limit εlimit. The corresponding fragility surface is given by the conditional
probability

Pf (mw, r) = P [εp > εlimit|mw, r] . (4-2)

4.1.2 Fragility Analysis

Three types of input parameters are needed to perform fragility analysis of continuous
pipelines subject to seismic wave hazard: (1) seismic inputs, (2) pipeline and soil properties,
and (3) limit state.

Seismic inputs include moment magnitude mw and site-to-source distance r. Using these
parameters, seismic ground motion histories can be generated as described in Chapter 2
Section 2.4.1.

Required pipeline inputs are: outer diameter Do, pipe wall thickness t, depth from soil
surface to centerline of the pipe zp, elastic modulus of pipe material E, interface friction
angle between pipe and soil δ, and the angle between pipeline and seismic wave Ω.

Soil parameters needed are: its unit weight γ, apparent wave propagation velocity c, and
coefficient of lateral earth pressure at rest k0, also the soil type as specified by the NEHRP
as shown in Table 2-3. The soil type may modify the seismic input and thus the generation
of seismic ground motion.

Maximum force Fm in the pipeline can be determined using Equation (3-5). Maximum
pipe strain is calculated by realizing that strain is equal to force divided by stiffness and
cross sectional area (i.e.εp = Fm/(EA)). Performing the analysis with different moment
magnitudes mwi

, i = 1, . . . , p, and site-to-source distances rj , j = 1, . . . , q), with n samples
for each (mwi

, rj) pair, a fragility surface can be produced for the specified limit strain
εlimit. The procedure can be summarized with the flowchart given in Figure 4-2.

Fragility surfaces are obtained for a pipe with 12 inches diameter and 0.5 inches wall
thickness with 48 inches of depth to its centerline. The pipe is made of steel with elastic
modulus of 29000 ksi. It is assumed that the angle between pipeline and seismic wave is
45 degree, and the specified limit strain is 0.005%. Figure 4-3 shows fragility surfaces of
the pipe for various soil types based on NEHRP classification. The fragility surfaces are
calculated for moment magnitude mw from 4.0 to 8.0 with an increment of 0.5, site-to-
source distance r from 50 km to 250 km with an increment of 50 km, and 250 samples for
each (mw, r) pair.
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FIGURE 4-2 Fragility analysis of continuous pipelines subject to seismic wave
hazard.
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FIGURE 4-3 Fragility surfaces of a continuous pipe for various soil types.
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4.2 Fragility of Jointed Pipelines Subject to Seismic Waves

The response of pipelines subject to seismic wave hazard is discussed in Chapter 3, Section
3.2. Furthermore, the behavior of jointed pipelines (represented with the jointed concrete
cylinder pipeline, or JCCP) subjected to seismic waves is examined in Section 3.2.2.

4.2.1 Limit State

It is assumed that a jointed pipeline fails when the relative joint displacement δj caused
by a seismic event with moment magnitude mw and site-to-source distance r exceeds the
specified slip capacity δj . As discussed in Section 3.2.2, the typical range of slip capacity
falls in between 15 mm to 60 mm, with an average of 25 mm. The corresponding fragility
surface is given by the conditional probability

Pf (mw, r) = P [δj > δlimit|mw, r] . (4-3)

4.2.2 Fragility Analysis

Fragility analysis of jointed pipelines is very similar to that for continuous pipelines. The
same inputs (seismic inputs, pipeline and soil inputs, and limit state) are used to calculate
the relative joint displacement δj using Equation (3-7).

Failure probability is determined by comparing value of joint displacement δj to the specified
slip capacity δlimit. The procedure is summarized in Figure 4-4.

Fragility surfaces are obtained for a pipe with 24 inches diameter and 0.5 inches wall
thickness with 48 inches of depth to its centerline. The pipe is made of steel with elastic
modulus of 29000 ksi. It is assumed that the angle between pipeline and seismic wave is 15
degree, and the specified slip capacity is 0.25 inches. Figure 4-5 shows fragility surfaces of
the pipe for various soil types. The fragility surfaces are calculated for moment magnitude
mw from 4.0 to 8.0 with an increment of 0.5, site-to-source distance r from 50 km to 250
km with an increment of 50 km, and 250 samples for each (mw, r) pair.
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FIGURE 4-4 Fragility analysis of jointed pipelines subject to seismic wave
hazard.
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FIGURE 4-5 Fragility surfaces of a JCCP for various soil types.
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4.3 Fragility of Pipelines Subject to Landslides, Lateral Spreads, or
Seismic Settlements

Fragility analysis of pipes subject to landslides, lateral spreads and seismic settlements
induced by liquefaction follows the same logic. The three types of PGD hazard result in an
amount of PGD movement δPGD which can be decomposed into longitudinal and transverse
components. The difference among the three types of hazard lies on the calculation to obtain
δPGD.

The amount of δPGD can be obtained using Equation (3-9) by Jibson and Keefer (Jibson
and Keefer, 1993) for landslides, Equations (3-12) and (3-13) proposed by Bartlett and Youd
(Barlett and Youd, 1992) for lateral spreads induced by liquefaction, and Equations (3-16)
and (3-17) proposed by Takada and Tanabe (Takada et al., 1987) for seismic settlement
induced by liquefaction. If the angle of inclination ψ between pipeline axis and δPGD

is known, then δPGD can be decomposed into its longitudinal component and transverse
component, in which the longitudinal component acts parallel to the pipe axis and transverse
component perpendicular to the pipe axis.

4.3.1 Limit State

The amount of PGD movement δPGD will induce a certain amount of strain in a pipe εp.
Therefore, the appropriate limit state for fragility analysis of pipes subject to landslides,
lateral spreads and seismic settlement induced by liquefactions is a specified amount of limit
strain εlimit.

A continuous pipeline subject to some amount of PGD movement δPGD resulted from a
source with moment magnitude mw and site-to-source distance r is said to be in failure
when the pipe strain εp is greater than the specified limit strain εlimit.

Pf (mw, r) = P [εp > εlimit|mw, r] (4-4)

4.3.2 Fragility Analysis

The input for fragility analysis of pipelines subjected to PGD consists of: (1) inputs for
calculation of δPGD, (2) pipe and soil properties, and (3) limit state.

Inputs for calculation of δPGD differ for different types of PGD hazard. The differences are
as follow:

Information needed for the calculation of amount of PGD δPGD due to landslides are
moment magnitude mw, site-to-source distance r in kilometers, slope of landslide (i.e.
possible failure surface if landslide occurs) α, and a factor of safety corresponds to the
critical failure surface FS. The amount of PGD δPGD caused by landslides can then be
obtained with Equation (3-9).

Information required for the calculation of amount of PGD δPGD for lateral spreads induced
by liquefactions are moment magnitude mw, site-to-source distance r in kilometers, A and
B (i.e. the depth and length of the critical failure surface)as described in Figure 3-6 found
in Section 3.3.2, the thickness of saturated cohesionless soils with a corrected SPT N-value
less than 15 T15 in meters, average of fines contents in T15, F15 in %, and the mean grain

57



size in T15, D5015 in millimeters. For a gentle sloping site, amount of PGD δPGD caused by
lateral spreads can be calculated using Equation (3-12), while for a free face site, δPGD can
be obtained with Equation (3-13).

Information neccesary for the calculation of amount of PGD δPGD for seismic settlements
induced by liquefactions include the thickness of saturated sand layer H1 in meters, the
height of embankment (for pipes located at embankments) H2 in meters, the SPT N-value
in the sandy layer N , and the maximum ground acceleration amax in cm/sec2. Amount of
PGD δPGD caused by seismic settlements can be calculated with Equation (3-17).

The various inputs for calculating δPGD for all three types of PGD hazard are summarized
in Figure 4-6. For convenience, we will termed the various inputs for calculating δPGD as
seismic input. If the angle ψ between the direction of PGD movement and the pipe axis is
known, δPGD can be decomposed into its longitudinal and transverse components.

Assuming that all pipes are linear elastic, pipe strain εp resulted from the longitudinal
component of δPGD can be calculated using Equation (3-22) if the following parameters
are known: length of the PGD zone L, the length over which the frictional force per unit
length f must act to induce a pipe strain equal to the equivalent ground strain Lem, pipe
outer diameter Do, pipe wall thickness t, elastic modulus of pipe material E, depth to
pipe centerline zp, interface friction angle between pipe and soil δ, soil unit weight γ, and
coefficient of lateral earth pressure at rest k0. The assumption is conservative since elastic
model assumes that pipe fails in the elastic region (O’Rourke and Liu, 1999).

Effect of transverse component of PGD on pipes considered is the spatially distributed
pattern on pipes located in a non-liquefied soil. This effect is the most damaging among
the types of transverse PGD (O’Rourke and Liu, 1999), and therefore is conservative. Pipe
strain εp can be obtained with Equation (3-40) once the following parameters are known:
the width of PGD zone W , pipe outer diameter Do, pipe wall thickness t, elastic modulus
of pipe material E, depth to pipe centerline zp, soil unit weight γ, coefficient of lateral earth
pressure at rest k0, and soil horizontal bearing capacity factor Nqh.

Failure probability is determined by comparing the values of pipe strain εp to the specified
limit strain εlimit. If εp is greater than εlimit, then the pipe fails. As described previously, a
fragility surface for a pipeline subject to PGD hazard can be obtained for a specified limit
state εlimit. The procedure can be summarized with the flowchart given in Figure 4-7.

Fragility surfaces have been obtained for a pipe experiencing a lateral spread hazard induced
by liquefaction. The pipe has a 12 inch diameter and 1/2 inch thickness, located at a depth
of 48 inch from the surface to its centerline. It is a steel pipe with elastic modulus of 29000
ksi, with interface friction angle between pipe and soil of 30 degree, the soil has a unit
weight of 120 pcf with coefficient of lateral earth pressure at rest assumed to be 1.0 and
horizontal bearing capacity factor of 4. The PGD zone has a length of 500 km and width
of 100 km. The site is a gentle slope with A = 50 m, and B = 150 m. The thickness of
saturated cohesionless soils is 10 m, the average fines contents is 30%, and the mean grain
size is 0.35 mm.

The calculated fragility surfaces are shown in Figure 4-8. Fragility surfaces for longitudinal
and lateral components are obtained by assuming that all components of the calculated
δPGD is longitudinal and lateral component respectively. The fragility surfaces are
calculated for moment magnitude mw from 4.0 to 8.0 with an increment of 0.5, site-to-
source distance r from 50 km to 250 km with an increment of 50 km, with 100 samples for
each (mw, r) pair.
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Fragility surfaces are also obtained for the same pipe subject to seismic settlement hazard
induced by liquefaction. The PGD zone is again has a length of 500 km and width of 100 km.
The pipe is located at embankment having a height of 10 m. The thickness of the saturated
soil is 5 m, and the number of SPT N-value is 30 counts. Again, the fragility surfaces for
longitudinal and lateral components are obtained by assuming that all components of the
calculated δPGD is longitudinal and lateral component respectively.

The calculated fragility surfaces are shown in Figure 4-9. As for the case of lateral spread,
the fragility surfaces are calculated for moment magnitude mw from 4.0 to 8.0 with an
increment of 0.5, site-to-source distance r from 50 km to 250 km with an increment of 50
km, with 100 samples for each (mw, r) pair.
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4.4 Fragility of Pipelines Subject to Fault Displacements

Response of pipelines subject to fault displacement has been described in Chapter 3, Section
3.4.3. Two analytical methods are available: Newmark-Hall procedure and Kennedy, et al.
procedure.

4.4.1 Limit State

Parameter chosen to define the damage state is the limiting pipe strain εlimit. Pipeline
subjects to fault displacement under a moment magnitude mw is said to be in failure when
the resulting maximum pipe strain εm is greater than the limiting pipe strain εlimit.

Pf (mw) = P (εm > εlimit|mw) (4-5)

4.4.2 Fragility Analysis for Newmark-Hall Model

The input for fragility analysis of pipelines subject to fault displacement hazard using
Newmark-Hall procedure consists of: (1) seismic input, (2) pipeline and soil properties, and
(3) limit state.

The parameter needed for seismic input is the moment magnitude mw, which can be used
to calculate the peak ground displacement using either Equation (3-18), (3-19), (3-20), or
(3-21) depending on the types of fault considered.

Pipeline input includes the pipe outer diameter Do, pipe wall thickness t, depth to the pipe
centerline zp, interface friction angle between soil and pipe δ, pipe material yield stress σy

and elastic modulus E, Ramberg-Osgood parameters n and r defining material stress-strain
curve, anchor length of the pipe La, and the fault crossing angle β.

Soil properties required are the unit weight γ and coefficient of lateral earth pressure at rest
k0.

Following procedure described in Chapter 3, Section 3.4.3, calculate the maximum pipe
strain εm using Equations (3-44) and (3-48). Failure is defined when maximum strain εm is
greater than the specified limiting pipe strain εlim.

The procedure for calculating fragility surface for pipelines subject to fault displacement
using Newmark-Hall method is summarized in the flowchart given in Figure 4-10.

4.4.3 Fragility Analysis for Kennedy, et al. Model

All inputs for performing fragility analysis of pipelines subject to fault displacement using
Kennedy, et al. procedure are the same as the inputs using Newmark-Hall procedure, with
an additional input of the horizontal bearing capacity factor Nqh into the soil inputs.

Using the methodology described in Chapter 3, Section 3.4.3, calculate the maximum pipe
strain εm using Equations (3-51) and (3-53), and compared with the specified limiting strain
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εlim. Failure is defined when maximum strain εm is greater than the limiting strain εlim.
Fragility surfaces can be obtained using the flowchart given in Figure 4-10.

A comparison between fragilities obtained by Newmark-Hall procedure and Kennedy et al.
procedure is shown in Figure 4-11. The fragilities are calculated for a pipe with 12 inches
diameter and 0.5 inches wall thickness, buried at a depth of 48 inches to its centerline and
has an anchor length of 100 ft. The pipeline is made of steel with a yield stress of 60 ksi and
initial elastic modulus of 29000 ksi. The stress-strain curve is defined by Ramberg-Osgood
parameters n = 10 and r = 12. The soil has a unit weight of 110 pcf with interface of friction
angle between soil and pipe of 30 degree. For Kennedy et al. procedure, the soil horizontal
bearing capacity factor is assumed to be 5. The fault crossing angle is assumed to be 30
degree and the specified limit strain is 0.1%. The fragility curves are calculated for moment
magnitude mw from 4.0 to 8.0 with 0.5 increment, with 100 samples for each moment
magnitude. Since amount of fault displacement δf depends only on moment magnitude,
failure probability is presented as a function of moment magnitude mw only, thus the results
are plotted as fragility curves.
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FIGURE 4-11 Comparison of fragilities of a pipe between Newmark-Hall and
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SECTION 5

FRAGILITY INFORMATION ON SOME COMPONENTS OF

WATER SUPPLY SYSTEMS

The seismic performance of a water supply system depends on the performance of its
components, for example, water tanks, tunnels, hydrants, valves, pumps, and pumping
stations.

The American Lifelines Alliance (ALA) (American Lifelines Alliance, 2001a),(American
Lifelines Alliance, 2001b) provides a comprehensive fragility formulations for some of
the components of water supply systems, including the fragility formulations for buried
pipelines, water tanks, water tunnels, and water canals.

Following sections provide the fragility information for water tanks, water tunnels (American
Lifelines Alliance, 2001a),(American Lifelines Alliance, 2001b), and various components of
groundwater systems (Ballantyne, 2000).

5.1 Fragility Information for Water Tanks

Typical failure modes in steel tanks (American Lifelines Alliance, 2001a) are shell buckling
mode (sometimes termed as elephant foot), roof damage, anchorage failure, failures of the
tank support system, tank support system, foundation, hydrodynamic pressure, connecting
pipe, and failure of manhole.

Historical seismic performance of tanks (damage data) have been published by various
researchers. ALA provides the compilation of these damage data and is reproduced here in
Table 5-1 (American Lifelines Alliance, 2001a).

The seismic performances of tanks are categorized into five damage states as seen in Table
5-2. The various damage states are in accordance with damage states defined by HAZUS
(HAZUS, 1997), where damage state 1 (DS1) indicates no damage, damage state 2 (DS2)
slight damage, damage state 3 (DS3) moderate damage, damage state 4 (DS4) extensive
damage, and damage state 5 (DS5) indicates total failure or collapse of the system.

Damage state 2 includes roof damage, anchor bolt damage, and overflow pipe damage.
These type of damages need minor repair and tanks remain in service after earthquake.
Damage state 3 includes elephant foot buckling with no leak. This damage requires major
repair but tank remains in service after earthquake. Damage state 4 includes inlet pipe
leaks, wall uplift with leaks, elephant foot buckling with leaks, and hoop overstress. These
damages need major repairs and tanks will be out of service after earthquake (American
Lifelines Alliance, 2001a).

Fragility curves used by ALA is a measure of the probability that a certain damage state
will be achieved or exceeded as a function of PGA. The mathematical expression of the
fragility is given as

P [DS|x] = Φ
[
1
β

ln
x

A

]
, (5-1)

where P [DS|x] is the probability of being in or exceeding damage state DS given a PGA of
x, A is the median value of PGA for which the tank reaches the threshold for damage state
DS (i.e. the PGA value when 50% of probability value is reached for being in or exceeding
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TABLE 5-1 Historical tank damaged data provided by ALA.

Event No. of tanks PGA range (g) Average PGA (g)

1933 Long Beach 49 0.17 0.17

1952 Kern Country 24 0.19 0.19

1964 Alaska 39 0.20 - 0.30 0.22

1971 San Fernando 27 0.20 - 1.20 0.51

1979 Imperial Valley 24 0.24 - 0.49 0.24

1983 Coalinga 48 0.20 - 0.62 0.49

1984 Morgan Hill 12 0.25 - 0.50 0.30

1989 Loma Prieta 141 0.11 - 0.54 0.16

1991 Costa Rica 38 0.35 0.35

1992 Landers 33 0.10 - 0.56 0.30

1994 Northridge 70 0.30 - 1.00 0.63

Others 27 0.17 - 0.50 0.34

TABLE 5-2 Tank damage states based on historical data of damaged tanks as
provided by ALA.

PGA (g) All Tanks Damage Damage Damage Damage Damage

State 1 State 2 State 3 State 4 State 5

0.1 4 4 0 0 0 0

0.16 263 196 42 13 8 4

0.26 62 31 17 10 4 0

0.36 53 22 19 8 3 1

0.47 47 32 11 3 1 0

0.56 53 26 15 7 3 2

0.67 25 9 5 5 3 3

0.87 14 10 0 1 3 0

1.18 10 1 3 0 0 6

Total 531 331 112 47 25 161

1. Most of the collapsed tanks were made of riveted steel. Application of Damage State 5
for welded steel tanks should be used with caution.
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damage state DS) [Refer to Figure 5-1], β is the standard deviation of the natural logarithm
of PGA for damage state DS, and Φ is the standard normal cumulative distribution function
(American Lifelines Alliance, 2001a),(O’Rourke and So, 1999).

Table 5-3 provides the fragility curves for tanks as a function of fill level, and Table 5-4
provides the fragility curves for tanks as a function of fill level and anchorage (American
Lifelines Alliance, 2001a).

TABLE 5-3 Fragility curves of tanks as a function of fill level.

DS A β A β A β A β A β

DS ≥ 2 0.38 0.80 0.56 0.80 0.18 0.80 0.22 0.80 0.13 0.07

DS ≥ 3 0.86 0.80 >2.00 0.40 0.73 0.80 0.70 0.80 0.67 0.80

DS ≥ 4 1.18 0.61 1.14 0.80 1.09 0.80 1.01 0.80

DS = 5 1.16 0.07 1.16 0.40 1.16 0.41 1.15 0.10

All Tanks Fill < 50% Fill ≥ 50% Fill ≥ 60% Fill ≥ 90%

N=531 N=95 N=251 N=209 N=120

TABLE 5-4 Fragility curves of tanks as a function of fill level and anchorage.

DS A β A β A β A β A β

DS ≥ 2 0.18 0.80 0.17 0.80 0.15 0.12 0.30 0.60 0.15 0.70

DS ≥ 3 0.73 0.80 2.36 0.80 0.62 0.80 0.70 0.60 0.35 0.75

DS ≥ 4 1.14 0.80 3.72 0.80 1.06 0.80 1.23 0.65 0.68 0.75

DS = 5 1.16 0.80 4.26 0.80 1.13 0.10 1.60 0.60 0.95 0.70

Fill ≥ 50% Fill ≥ 50% Fill ≥ 50% Near full Near full

All tanks Anchored Unanchored Anchored Unanchored

tanks tanks tanks tanks

N=251 N=46 N=2051 HAZUS HAZUS

1. The low β values reflect the sample set. However, β = 0.80 is recommended for use
for all damage states for regional loss estimates for unanchored steel tanks with fill ≥ 50%
unless otherwise justified.
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Fragility curves for tanks as a function of fill level are shown in Figure 5-2 for: (1) all tanks,
(2) fill level ≥ 50%, (3) fill level ≥ 60%, and (4) fill level ≥ 70%.
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FIGURE 5-2 Fragility curves for tanks as a function of fill level.
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Fragility curves for tanks as a function of both fill level and anchorage are shown in Figure
5-3 for: (1) fill level ≥ 50% and anchored, (2) fill level ≥ 50% and unanchored, (3) near full
and anchored, and (4) near full and unanchored.
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FIGURE 5-3 Fragility curves for tanks as a function of fill level and anchorage.
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5.2 Fragility Information for Water Tunnels

Database of 217 bored tunnels that have experienced strong ground motions in prior
earthquakes have been compiled by ALA (American Lifelines Alliance, 2001a),(American
Lifelines Alliance, 2001b). The tabulated data of the tunnels are reproduced here in Table
5-5.

TABLE 5-5 Tunnel database for fragility analysis provided by ALA.

PGA (g) All Tanks Damage Damage Damage Damage

State 1 State 2 State 3 State 4

0.07 30 30 0 0 0

0.14 19 18 1 0 0

0.25 22 19 2 0 1

0.37 15 14 0 0 1

0.45 44 36 6 2 0

0.57 66 44 12 9 1

0.67 19 3 7 8 1

0.73 2 0 0 2 0

Total 217 164 28 21 4

Ground motion induces stress in the liner system of tunnels. If sufficient level of ground
motion occurs, liner can cracked, and some part of the liner can collapse into the tunnel.
For unlined tunnels, ground motion can cause failure to the native materials.

Small damage in water liner may gives an increase of head loss over time, and small cracks
allow water from the tunnel to enter the native material behind the liner, which can lead
to erosion and more damage to the liner (American Lifelines Alliance, 2001a).

Large cracks in liners can cause partial blockage of water flow, or carry debris in the water
flow that will decrease the water quality of downstream or even cause damages to in-line
equipments such as pumps (American Lifelines Alliance, 2001a).

Table 5-6 gives the parameters A and β that describe the fragility curves as a function of
liner system (American Lifelines Alliance, 2001a).

Figure 5-4 shows fragility curves for: (1) all tunnels, (2) unlined tunnels, (3) timber,
masonry, and brick tunnels, and (4) unreinforced concrete tunnels.
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TABLE 5-6 Fragility curves of tunnels as a function of liner system.

DS A β A β A β A β A β

DS ≥ 2 0.60 0.11 0.33 0.21 0.43 0.03 0.61 0.10 0.61 0.27

DS ≥ 3 0.65 0.12 0.55 0.39 0.57 0.01 0.67 0.11 0.82 0.34

DS = 4

All Unlined Timber, Unreinforced Reinforced

Masonry, Concrete Concrete,

Brick Steel
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FIGURE 5-4 Fragility curves for all tunnels, unlined tunnels, timber, masonry,
and brick tunnels, and unreinforced concrete tunnels.
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5.3 Fragility Information for Other Components

Ballantyne (Ballantyne, 2000) presented reliability curves for some of the components of
groundwater system. Fragility curves can be obtained from the reliability curves since
fragility is one minus reliability. Only one damage state is attached to each curves, which
is assumed to be associated with the probability of the components being out of service.

Components included in the reliability curves are wells, substations, pump buildings, control
equipments, reservoirs, control buildings, and main pumps. Table 5-7 gives the reliability
of the components at different values of PGA. Figure 5-5 shows the reliability curves of the
components reproduced from the original source (Ballantyne, 2000), and also the respective
fragility curves.

TABLE 5-7 Reliability information for various components of groundwater
systems.

PGA Reliability

Well Substation Pump Control Reservoir Control Main

Building Equipment Building Pump

0.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.1 1.000 1.000 1.000 1.000 0.967 0.964 0.864

0.2 1.000 1.000 0.983 0.971 0.700 0.673 0.425

0.3 0.942 0.938 0.933 0.855 0.386 0.300 0.154

0.4 0.836 0.800 0.783 0.682 0.200 0.100 0.064

0.5 0.700 0.655 0.591 0.500 0.100 0.045 0.027

0.6 0.565 0.500 0.417 0.364 0.055 0.009 0.009

0.7 0.450 0.386 0.270 0.256 0.027 0.000 0.000

0.8 0.341 0.283 0.175 0.175 0.018 0.000 0.000

0.9 0.257 0.209 0.108 0.125 0.009 0.000 0.000

1.0 0.192 0.158 0.073 0.086 0.000 0.000 0.000
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FIGURE 5-5 Reliability and fragility curves for groundwater system
component.
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SECTION 6

FRAGILITY ANALYSIS OF WATER SUPPLY SYSTEMS

Fragility analysis can be used to assess seismic performance of water supply systems. A
methodology is developed for fragility analysis of water supply systems [Refer to Figure
6-1].

Parameters to perform fragility analysis of a water supply system include: (1) the
moment magnitude of the earthquake, (2) site-to-source distances from the source to
each component, (3) soil properties at each location of the components, (4) the fragility
information for each component of the water supply system, and (5) a performance criteria
for the water supply system.

The methodology developed for fragility analysis of water supply systems follows three
steps:

Step 1: Generate a system damage state
The analysis is initiated by shaking the water supply system with a seismic ground motion
having a moment magnitude m∗ to obtain the peak ground acceleration (PGA) values at
each location of the components. The next step is to toss a coin, which has a uniform
distribution U(0, 1), for each component of the water supply system. The coin tossing
exercise will determine the damage state of each component based on the outcome of the
coin toss and the fragility information of the component.

Step 2: Hydraulic analysis of a damaged system generated in step 1
Measure the performance of the damaged water supply system by running a hydraulic
analysis. Failure probability of the water supply system under the seismic occurrence with
moment magnitude m∗ can be approximated by repeating the analysis for n times. For
each analysis, check the satisfaction of the system performance against a specified criteria
or limit state, for example, pressure at a certain demand node or flow at a certain pipe.

Step 3: Develop system fragilities
Failure of the system corresponds to the situation in which the specified performance criteria
is violated. Failure probability for m∗ is approximately the number of failure divided by n
run of analysis. Repeat the process with various moment magnitude mw values to obtain a
fragility curve.

6.1 Locating the source and the components

Relative to the distance between a seismic source and a water supply system, different
approaches are needed. If the distance between a seismic source and a water supply system
is such that the distances among the components of the water supply system are much
smaller than the distance from the seismic source to the water supply system as a group,
then the seismic source can be modelled as a point source with moment magnitude mw and
a site-to-source distance r from the seismic source to the water supply system. Note that
with this configuration, it is possible to present the seismic performance of the water supply
system with fragility surfaces (i.e. plotting failure probability of the system as a function
of moment magnitude mw and site-to-source distance r).

If the seismic source is located relatively near the water supply system such that the distance
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from the source to the system is approximately in the same order of magnitude compared
to the distances among the components of the water supply system, then it is most likely
that the source must be modelled as a plane source (i.e. fault), and a more rigorous
approach is needed to calculate the site-to-source distance from the seismic source to each
individual components of the system. Seismic performance of water supply systems with
this configuration can only be presented in the form of fragility curves, since it will be
difficult to pick a value of site-to-source distance r that is representative of the distance
from the seismic source to the closely located water supply systems.

Tank

Reservoir

Pump

1 fault segment

mid-point

1 pipe segment

mid-point

site-to-source distance for each component

fault segment where slippage occurs

FIGURE 6-2 Locating seismic source and components and measuring site-to-
source distance of each component.

A plane seismic source located near the proximity of a water supply system is assumed to
consist of equal length segments, and the occurrence of slippage that trigger an earthquake
can happen at any segment along the plane source with equal probability. The segment
where slippage occurs is modelled as a point source located at its midpoint with a moment
magnitude mw.

Components of a water supply system can either be model as a point component or a
segmented component. Components such as pumps and water tanks are modelled as a
point, while pipes and tunnels are assumed to be composed of equal length segments with
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each segment modelled as a point.

The segmented components model is not applicable when a pipe crosses a fault segment
that triggers an earthquake. For this scenario, the entire length of the pipe is considered
as one component, since the models utilized to determine pipes response subject to fault
displacement (i.e. the Newmark and Hall model, and Kennedy et. al. model) measure the
strains εp only at the location where the pipe crosses the fault [Refer to Chapter 3, Section
3.4.3].

Using the above procedure to locate a seismic source and components of a water supply
system, site-to-source distance between the source and each component can easily be
obtained as summarized in Figure 6-2.

6.2 Uniformity of Fragility Information

Fragility information of each component can either be calculated analytically or obtained
from literatures, such as described previously for pipes in Chapter 4 or for other components
of water supply systems in Chapter 5. Two forms of fragility information have been
presented, fragility surface and fragility curve. Fragility surface gives the failure probability
of a component as a function of earthquake moment magnitude mw and site-to-source
distance r, while fragility curve gives the failure probability of a component as a function
of peak ground acceleration (PGA), or other ground motion parameters. For uniformity,
fragility surface will be converted into fragility curve with the following procedure:

For a given moment magnitude mw, site-to-source distance r and soil properties at a site,
we can generate n samples of acceleration time histories using Monte Carlo simulation. For
each sample, obtain the value of peak ground acceleration along with the performance of
the component (i.e. success or fail). Combine all the results into a matrix M having the
following format,

M = [{mw} {r} {PGA} {performance}]
where {mw} is a vector of moment magnitudes, {r} is a vector of site-to-source distances,
{PGA} is a vector of peak ground accelerations, and {performance} is a vector of
performance which can have values of either 1 if the component fails for that particular
run or 0 if the component satisfies the requirement for that particular run. For example,

M =




4 50 0.05 0
...

...
...

...
4 100 0.03 0
...

...
...

...
8 250 0.54 1
...

...
...

...




for the range of moment magnitudes mw between 4 and 8, range of site-to-source distances
r between 50 km and 250 km, and n samples for each (mw, r) combination.

With the matrix M, a fragility surface can be obtained from the information given in {mw},
{r}, and {performance}. The failure probability for a given moment magnitude mw and
site-to-source distance r is approximately the sum of number of failure (i.e. summing vector
{performance}) divided by number of samples n.
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From matrix M, failure probability of a component can also be presented in the form of
fragility curve by using {PGA} and {performance}. This can be done by sorting matrix
M so that the values of PGA in {PGA} are in ascending order. Then, create a histogram of
the sorted {PGA} to discretize PGA into bins. In each PGA bin, approximate the failure
probability by summing the number of failure (i.e. summing sorted vector {performance})
divided by number of samples in the bin.

6.3 Hydraulic Analysis

Hydraulic analysis is performed by using a computer program EPANET (Rossman,
2000), developed by National Risk Management Research Laboratory, and is available
for free download at the U.S. Environmental Protection Agency (EPA) website http://
www.epa.gov/ORD/NRMRL/wswrd/epanet.html. EPANET can perform extended period
simulation of hydraulic and water quality behavior within pressurized pipe networks. The
underlying analytical computations is based on fundamentals of fluid mechanics.

Some of the basic principals in fluid mechanics are continuity, conservation of energy, and
momentum principal (Jeppson, 1976).

6.3.1 Continuity

Continuity principal states that the mass flow into a junction must equal the mass flow out
of the junction (Jeppson, 1976). This principal is expressed mathematically as follow,

ΣQi = 0, (6-1)

where Qi is the flow in pipe i, for i = 1, 2, . . .. Figure 6-3 shows an example of continuity
principal applied at a junction in pipelines.

1Q

2Q

3Q

4Q

1 2 3 4Q Q Q Q+ = +

FIGURE 6-3 Continuity principal shown for a junction in pipelines.
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6.3.2 Conservation of Energy

Flowing water carries three forms of energy (Jeppson, 1976): (1) potential energy due to its
elevation, (2) potential energy due to the presence of pressure, and (3) kinetic energy from
the motion of water flowing.

The total energy per unit mass E/M can be expressed in the form

E/M = gz + p/ρ + V 2/2, (6-2)

where gz is the energy per unit mass due to elevation, p/ρ is the energy per unit mass due
to pressure, and V 2/2 is the energy per unit mass from kinetic. g is the acceleration of
gravity, z is the vertical distance above some datum, p is the water pressure, ρ is the water
density, and V is the velocity of flowing water.

When some external machines exist, such as turbines or pumps, in a water network, these
machines supply energy per unit mass of Em. There are also some energy loss El when a
body of water flows from one position to another position due to friction.

Conservation of energy between two points within a flow, such as illustrated with Figure
6-4], is given as

gz1 +
p1

ρ
+

V 2
1

2
+ Em = gz2 +

p2

ρ
+

V 2
2

2
+ El. (6-3)

Q Q

(1) (2)

Pump

FIGURE 6-4 Conservation of energy between two points within a flow.

Principal of conservation of energy in fluid mechanics is typically represented as energy per
unit weight (Jeppson, 1976), better known as the Bernoulli equation,

z1 +
p1

γ
+

V 2
1

2g
+ hm = z2 +

p2

γ
+

V 2
2

2g
+ hl, (6-4)

where each term represents energy per unit weight with dimension length L and is typically
denoted as head. z is simply denoted as head, the sum z+p/γ is the piezometric or hydraulic
head, z+p/γ +V 2/2g is the total head, hm is mechanical head that is supplied by machines
such as turbines and pumps, and hl is the head loss resulted from frictions.

There are two types of head loss, frictional head loss hf and minor loss hL. Frictional head
loss results from friction in a flowing body of water. Minor head loss comes from the devices
in pipelines such as bends, elbows, and valves that alter the flow pattern in the pipe and
causing additional energy loss.

Three most widely used methods for calculating frictional head loss are: (1) Darcy-Weisbach
equation, (2) Hazen-Williams equation, and (3) Mannings equation.
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The Darcy-Weisbach equation (Jeppson, 1976) is

hf = f
L

D

V 2

2g
, (6-5)

where f is a dimensionless friction factor, L is the length of the pipe, D is the pipe diameter,
V is the average flow velocity and g is the acceleration of gravity.

Formulation for friction factor f is different for different type of flow. A summary of the
formulations is given in Table 6-1 for laminar flow, hydraulically smooth or turbulent smooth
flow, transition between hydraulically smooth and wholly rough flow, and hydraulically
rough or turbulent rough flow (Jeppson, 1976).

TABLE 6-1 Summary of friction factor formulation for Darcy-Weisbach
equation.

Flow type Formulation calculating f Range of application

Laminar f = 64/Re Re < 2100

Hydraulically f = 0.316/Re0.25 4000 < Re < 105

smooth or

turbulent smooth 1√
f

= 2 log10

(
Re
√

f
)− 0.8 Re > 4000

Transition between 1√
f

= 2 log10

(
e/D
3.7 + 2.52

Re
√

f

)
= . . . Re > 4000

hydraulically smooth . . . 1.14− 2 log10

(
e
D + 9.35

Re
√

f

)

and wholly smoth

Hydraulically 1√
f

= 1.14− 2 log10(e/D) = . . . Re > 4000

rough and turbulent . . . 1.14 + 2 log10(D/e)

rough

Re = V D/ν is Reynolds number, in which ν is the fluid kinematic viscosity, and e/D is the
relative roughness (Jeppson, 1976). Values of e for some commonly used pipe material is
given in Table 6-2.

The Hazen-William equation (Jeppson, 1976) is

hf =
4.73L

C1.852
HW D4.87

Q1.852 (6-6)

where D and L is the diameter and length of pipe respectively in feet. CHW is the Hazen-
William roughness coefficient, which is given in Table 6-3 (Jeppson, 1976). Hazen-William
equation is an empirical formulation, and is more commonly used than Darcy-Weisbach
equation.

Another empirical equation is the Manning equation (Jeppson, 1976), which is used for flow
analysis in open channels. The Manning equation is

hf =
4.637n2L

D5.333
Q2 (6-7)

83



TABLE 6-2 Values of equivalent roughness e for some commonly used pipes.

Material e

(inches) (cm)

Riveted steel 0.04 to 0.4 0.09 to 0.9

Concrete 0.01 to 0.1 0.02 to 0.2

Wood stove 0.007 to 0.04 0.02 to 0.09

Cast iron 0.0102 0.026

Galvanized iron 0.006 0.015

Asphalted cast iron 0.0048 0.012

Commercial steel or wrought iron 0.0018 0.046

PVC 0.000084 0.00021

Drawn tubing 0.00006 0.00015

TABLE 6-3 Hazen-Williams coefficient CHW and Manning coefficient n for some
common pipe materials.

Pipe material CHW n

PVC 150 0.008

Very smooth pipe 140 0.011

New cast iron or welded steel 130 0.014

Wood, concrete 120 0.016

Clay, new riveted steel 110 0.017

Old cast iron, brick 100 0.020

Badly corroded cast iron or steel 80 0.035
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in which D and L is the pipe diameter and length respectively in feet, and n is Manning
coefficient as given in Table 6-3.

Minor head losses are caused by the added turbulence occurring at bends or fittings. For a
long pipeline, these losses are negligible (Jeppson, 1976). Minor loss is expressed as

hL = KL
V 2

2g
(6-8)

where KL is a minor loss coefficient. Values of KL for some typical types of fittings and
valves are given in Table 6-4 (Jeppson, 1976).

TABLE 6-4 Minor loss coefficient KL for valves and other pipe fittings.

Fittings Minor loss coefficient KL

Global valve, fully open 10

Angle valve, fully open 5

Gate valve, fully open 0.19

Gate valve, 3/4 open 1

Gate valve, 1/2 open 5.6

Ball check valve, fully open 70

Foot valve, fully open, 15

Swing check valve, fully open 2.3

Close return bend 2.2

Tee, through side outlet 1.8

Standard short radius elbow 0.9

Medium sweep elbow 0.8

Long sweep elbow 0.6

45o elbow 0.4

6.3.3 Momentum Principal

Equation for momentum principal (Jeppson, 1976) is

~F = ρQ
(
~V2 − ~V1

)
(6-9)

in which ~F is the resultant force acting on the fluid in a control volume being analyzed, and
~V1 and ~V2 are the average velocities entering and leaving the control volume respectively.

The momentum principal does not play an important role for flow analysis of water supply
system.
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6.4 Application: Numerical Example

To better understand the proposed methodology for fragility analysis of water supply
systems, two numerical examples are presented as follows:

6.4.1 Example 1

Consider a water supply system that consists of one reservoir, one pump, one tank, and
several pipes. Layout of the system is shown in Figure 6-5. The characteristics of each
node in the system is shown in Table 6-5, and pipe properties are listed in Table 6-6. The
pump can deliver 150 ft of head at a flow of 600 gpm. The tank has a 60 ft diameter, with
a maximum level of 20 ft.

1
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7

8

5

9 2 3

4

5

6

71 8

SOURCE PUMP TANK

Soil A

Soil C Soil C

Soil A

Soil D

FIGURE 6-5 Example of a water supply system.

Using EPANET, the heads and pressures at each node along with the flows in each link can
be obtained. These results are shown in Table 6-7.

Consider the case where a seismic source is located at far enough away from the water supply
system such that the distance from the source to the water supply system is much greater
compared to the distances among the components of the water supply system. Consider
also that the seismic source is located at an angle of 45-degree with respect to the reservoir
(i.e. node 1) and the distances between the source and the reservoir considered are r =
50 km, 100 km, 150 km, and 200 km. Fragility surfaces are to be obtained for the water
supply system subjected to earthquakes with moment magnitude mw = 4.0 to 8.0 with 0.5
increment. The layout can be seen in Figure 6-6.
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TABLE 6-5 Node properties of the example system.

Node Elevation (ft) Demand (gpm)

1 700 0

2 700 0

3 710 150

4 700 150

5 650 200

6 700 150

7 700 0

8 830 0

TABLE 6-6 Pipe properties of the example system.

Pipe Length (ft) Diameter (inch) CHW

1 3000 14 100

2 5000 12 100

3 5000 8 100

4 5000 8 100

5 5000 8 100

6 7000 10 100

7 5000 6 100

8 7000 6 100

TABLE 6-7 Original states of the nodes and links of the example network.

Node ID Head (ft) Pressure (psi) Link ID Flow (gpm)

Junc 2 852.56 66.10 Pipe 1 584.43

Junc 3 850.40 60.84 Pipe 2 179.34

Junc 4 838.58 60.05 Pipe 3 255.09

Junc 5 828.63 77.40 Pipe 4 3.95

Junc 6 838.58 60.05 Pipe 5 244.91

Junc 7 849.55 64.80 Pipe 6 65.57

Pipe 7 109.04

Pipe 8 90.96

87



O45

Seismic source

with 4.0 to 8.0

with 0.5 increment
wm =

50,100,150, 200 kmr =

Water supply system

FIGURE 6-6 Location of the seismic source with respect to the example
network.

The sequence of fragility analysis is as follow:

Step 1: Generate system damage state

For each moment magnitude and site-to-source distance pair (mw, r), 50 samples of
spatially correlated seismic ground acceleration is generated for the water supply system
[Methodology as described in Chapter 2, Section 2.4.2].

For each sample, obtain the damage state of each component by coin tossing exercise, and
the fragility information of the component. The fragility information of the individual
component can be obtained either analytically for pipes, with methodology as described in
Chapter 4, or from published fragility information, as presented in Chapter 5.

Step 2: Hydraulic analysis of damaged system generated in step 1

A hydraulic analysis is then performed on the damaged system by assuming that the pump,
water tank, and reservoir follow the criteria given in Table 6-8.

Assume that pipes have two damage states, DS1(no damage) and DS5(damage). Pipes in
DS1 operate normally, while pipes in DS5 will have leakages modelled as emitters with an
assumed emitter coefficient of 5. Note that a sprinkler typically has an emitter coefficient
of 0.5 (Rossman, 2000). Flow rate through an emitter is given with the following expression

q = Cpγ (6-10)

where q is flow rate, p is pressure, C is discharge coefficient, and γ is pressure exponent
(Rossman, 2000). Emitters in EPANET are specified with emitter coefficients, which is Cγ .

Step 3: Develop system fragilities
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TABLE 6-8 Capacity of pump, water tank, and reservoir for the sample water
supply system at various damage states.

Damage State Pump Flow Pump Head Tank Level Reservoir Elevation

(gpm) (ft) (ft) (ft)

1 600 150 20 700

2 550 150 16 675

3 500 150 12 650

4 450 150 8 625

5 400 150 4 600

From the hydraulic analysis, the heads and pressures at each node along with the flows
in each link can be obtained for the damaged system. Following are several postulated
options/examples of limit states criteria for the water supply system:

1. Option 1
Assuming that the critical node is Junction 3 with an initial pressure of 60.84 psi, and
the critical link is Pipe 1 with an initial flow of 584.43 gpm. The system can fall into
four different damage states according to the following rules established in Table 6-9.
Water supply system in DS1 has a slight damage, DS2 has a moderate damage, DS3
has a severe damage, and DS4 represents a total collapse.

Using this option, fragility surfaces are obtained for the system under DS1, DS2,

TABLE 6-9 Damage states of the water supply system for option 1.

Junc 3 ≥ 50 psi Junc 3 < 50 psi

Pipe 1 ≥ 450 gpm DS1 DS3

Pipe 1 < 450 gpm DS2 DS4

DS3, and DS4 as shown in Figure 6-7.

2. Option 2
Assuming that the critical node is Junction 7 with an initial pressure of 64.80 psi,
and the critical link is Pipe 6 with an initial flow of 65.57 gpm. The system can fall
into four different damage states according to the following rules established in Table
6-10.

Using this option, fragility surfaces are obtained for the system under DS1, DS2,
DS3, and DS4 as shown in Figure 6-8.

3. Option 3
Consider for the loss of pressure at junction 2 to junction 7. Assume that 5% or less
in pressure loss puts the junction into DS1, loss of pressure in between 5 to 15% puts
the junction into DS2, and pressure loss of more than 15% puts the junction into DS3.
Assuming that option 4 categorizes the water supply system into four damage states
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FIGURE 6-7 Fragility surfaces of the sample network for damage states
prescribed in option 1 or Table 6-9.

TABLE 6-10 Damage states of the water supply system for option 2.

Junc 7 ≥ 50 psi Junc 7 < 50 psi

Pipe 6 ≥ 50 gpm DS1 DS3

Pipe 6 < 50 gpm DS2 DS4
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FIGURE 6-8 Fragility surfaces of the sample network for damage states
prescribed in option 2 or Table 6-10.

TABLE 6-11 Damage states of the water supply system for option 3.

No. of junctions with DS1 System DS

5 - 6 1

3 - 4 2

1 - 2 3

0 4
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based following the criteria given in Table 6-11. Using this option, fragility surfaces
are obtained for the system under DS1, DS2, DS3, and DS4 as shown in Figure 6-9.
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FIGURE 6-9 Fragility surfaces of the sample network for damage states
prescribed in option 3 or Table 6-11.

4. Option 4
Similar to option 3, consider for the loss of pressure at junction 2 to junction 7.
Assume that 5% or less in pressure loss puts the junction into DS1, loss of pressure
in between 5 to 15% puts the junction into DS2, and pressure loss of more than 15%
puts the junction into DS3.
Assuming that option 4 categorizes the water supply system into four damage states
based following the criteria given in Table 6-12. Using this option, fragility surfaces
are obtained for the system under DS1, DS2, DS3, and DS4 as shown in Figure 6-10.

Options 1 and 2 are chosen since the junctions and pipes for each respective options seems to
be the critical junctions and/or pipes of the example system. Pressure supplies at junctions
4, 5 and 6 depend on either junction 3 supplied by pipe 1 (i.e. option 1), or junction 7
supplied by pipe 6 (i.e. option 2). Looking at the fragility curves obtained for option 1 and
option 2, it can be inferred that the combination of junction 3 and pipe 1 (i.e. option 1) is
more critical compared to the combination of junction 7 and pipe 6 (i.e. option 2).
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TABLE 6-12 Damage states of the water supply system for option 4.

Sum of the damage states of junction 2 to 7 System DS

6 - 9 1

10 - 12 2

13 - 15 3

16 - 18 4
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FIGURE 6-10 Fragility surfaces of the sample network for damage states
prescribed in option 3 or Table 6-12.
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Options 3 and 4 measure the overall pressure satisfaction at each demand node (i.e.
junctions 2 to 7). Both options yield very similar fragility surfaces although different failure
criteria are specified for each option.

6.4.2 Example 2

Suppose that we take the pump out from the sample water supply system and replace it
with a 14 inch diameter pipe with a length of 1000 feet and coefficient of Hazen William
CHW of 100 as shown in Figure 6-11.

1

2

3

4

6

7

8

5

9 2 3

4

5

6

71 8

SOURCE TANK

Soil A

Soil C Soil C

Soil A

Soil D

FIGURE 6-11 Example of a water supply system (modified).

Properties of the other pipes, from pipe 1 to pipe 8, are the same as for the previous example
[Refer to Table 6-6]. The nodes have properties as shown in Table 6-13.

For this modified system, the initial system performance (i.e. under no damage condition)
can be obtained from EPANET and is given in Table 6-14.

The modified system is still to be considered for seismic sources located at an angle of 45-
degree with respect to the reservoir (i.e. node 1) with moment magnitude mw = 4.0 to 8.0
with 0.5 increment and site-to-source distance r = 50 km to 200 km with 50 km increment,
similar to previous example.

To obtain fragility surfaces for the modified system, again use the same procedure as for
the first example, as follows:

Step 1: Generate system damage state
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TABLE 6-13 Node properties of the example system (modified).

Node Elevation (ft) Demand (gpm)

1 1000 0

2 850 0

3 800 150

4 700 150

5 650 200

6 850 150

7 850 0

8 1100 0

TABLE 6-14 Original states of the nodes and links of the example network
(modified).

Node ID Head (ft) Pressure (psi) Link ID Flow (gpm)

Junc 2 1000.68 65.29 Pipe 1 567.78

Junc 3 1002.73 87.84 Pipe 2 881.32

Junc 4 997.54 128.92 Pipe 3 163.54

Junc 5 988.36 146.61 Pipe 4 90.84

Junc 6 999.28 64.68 Pipe 5 336.46

Junc 7 1019.03 73.23 Pipe 6 1217.78

Pipe 7 104.38

Pipe 8 95.62

Pipe 9 567.78
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For each moment magnitude and site-to-source distance pair (mw, r), 50 samples of spatially
correlated seismic ground acceleration is generated. For each sample, damage state of each
component is determined.

Step 2: Hydraulic analysis of damaged system generated in step 1

A hydraulic analysis is then performed on the damaged system. The capacity of components
at different damage states are given in Table 6-15.

TABLE 6-15 Capacity of water tank, reservoir and pipelines for the modified
water supply system at different damage states.

Damage State Tank Level Reservoir Elevation Pipe Emitter Coefficient

(ft) (ft)

1 20 1000 0

2 16 975 5

3 12 950 –

4 8 925 –

5 4 900 –

Step 3: Develop system fragilities

From the hydraulic analysis, the heads and pressures at each node along with the flows
in each link can be obtained for the damaged system. Only one specified limit states (i.e.
option) will be considered for the modified system.

Consider for the loss of pressure at junction 2 to junction 7. Assume that 5% or less in
pressure loss puts the junction into DS1, loss of pressure in between 5 to 15% puts the
junction into DS2, and pressure loss of more than 15% puts the junction into DS3.

Assuming that the modified system damage states are specified in Table 6-16.

TABLE 6-16 Damage states of the modified water supply system.

No. of junctions with DS1 System DS

5 - 6 1

3 - 4 2

1 - 2 3

0 4

Using this option, fragility surfaces are obtained for the modified system under DS1, DS2,
DS3, and DS4 as shown in Figure 6-12.

More options can be specified by users either at individual component level or the system
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FIGURE 6-12 Fragility surfaces of the modified sample network for damage
states prescribed Table 6-16.
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level to better analyze the seismic performance of the system.

6.5 Life Cycle Damage Estimation

Assuming that the water supply system is located at a site with a seismic activity matrix
or mean annual rate of seismic occurrence νij . A life cycle damage estimation of a water
supply system can be performed for a given fragility surface and seismic activity matrix of
the site. The procedure for life cycle damage estimation is as follow [Refer to Figure 6-13]:

For a given lifespan of a water supply system t and the seismic activity matrix at the site
νij , samples of seismic hazard in [0, t] can be produced. For each seismic event i with
moment magnitude and site-to-source distance (mwi, ri), the damage state of the system
can be obtained from the fragility surface of the water supply system. Repeating this for
each event i, the damage sequence of the water supply system can be obtained.

The damage sequence gives an estimation of the system damages during its lifespan t. Since
each damage state DSi is associated with a cost Ci, estimation of total cost CT of the system
due to seismic hazard can be estimated, which is simply the sum of all cost as follow:

CT =
∑

i

Ci, (6-11)

for i = 1, 2, . . . , n, and n is the number of seismic event during time period t.
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FIGURE 6-13 Life cycle damage estimation of a system.
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SECTION 7

SUMMARY AND CONCLUSION

Seismic hazard models have been developed for generating random samples of seismic
activity at a single site and multiple sites. A ground motion model (i.e. specific
barrier model by Papageorgiou (Papageorgiou and Aki, 1983a),(Papageorgiou and Aki,
1983b),(Papageorgiou, 1988)) and Monte Carlo simulation are used to produce seismic
ground acceleration records at a site. A coherence model proposed by Harichandran and
Vanmarcke (Harichandran and Vanmarcke, 1986) is used in conjunction with the ground
motion model and Monte Carlo simulation to produce seismic ground acceleration for
multiple sites. The coherence model captures the coherency of motions experienced at
different sites originating from a same seismic source.

Permanent ground deformation (PGD) hazards can cause a certain amount of ground
displacement. The amount of ground displacement can be obtained by empirical models,
such as: (1) Jibson and Keefer’s model (Jibson and Keefer, 1993) for landslides, (2) Bartlett
and Youd’s model (Barlett and Youd, 1992) for lateral spreads, and (3) Takada and Tanabe’s
model (Takada et al., 1987) for seismic settlements. The ground displacement can be
decomposed into its longitudinal and transverse components. The effect of each component
on pipelines can be calculated with models proposed by O’Rourke (O’Rourke and Liu,
1999),(O’Rourke and Nordberg, 1992),(O’Rourke, 1989).

Ground movement caused by fault displacements can be approximated with near-
fault ground motion model proposed by Mavroeidis and Papageorgiou (Mavroeidis and
Papageorgiou, 2003). The effects of the ground movement on pipelines can be analyzed
either by employing Newmark-Hall model (Newmark and Hall, 1975) or Kennedy, et.al.
model (Kennedy et al., 1977).

Several methodologies for obtaining pipeline’s fragility are developed, which includes : (1)
fragility analysis of continuous and jointed pipelines subject to seismic waves, (2) fragility
analysis of pipelines subject to PGD hazards, and (3) fragility analysis of pipelines subject
to fault displacements.

Fragility information of some components of water supply system have been obtained from
published works, which includes fragility information of : (1) water tanks, tunnels, and
canals from the American Lifelines Alliance (American Lifelines Alliance, 2001a), and (2)
wells, substations, pump buildings, control equipments, reservoirs, control buildings, and
main pumps from Ballantyne (Ballantyne, 2000).

An algorithm for obtaining fragility surfaces of an arbitrary water supply system has been
developed. The algorithm consists of three steps: (1) generate a system damage state,
(2) hydraulic analysis of a damaged system generated in step 1, and (3) develop system
fragilities. These steps are illustrated with numerical examples.

A procedure for estimating the life cycle system damage is discussed. This procedure yields
the damage sequence of the system during its lifespan. Each damage is associated with
a cost, thus the total cost due to seismic hazard of the system during its lifespan can be
determined.
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