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ABSTRACT

Earthquakes can cause cxtensive damage to buried water supply pipelines which is one of six
categories of infrastructure grouped under the heading 'lifelines', resulting in disruption of
essential services for the whole community. This thesis focuses on the damage analysis of
buried water supply pipelines of Dhaka city subject to earthquake effects.

The water pipeline network is essential for daily life. It provides household using as well as
industry and firefighting using. Damage prediction of water supply pipelines due to
earthquake involves seismic microzonation of Dhaka city and determination of the length of
water supply pipeline. In this process already developed seismic microzonation map of
Dhaka city is used and the available map of water supply pipeline network of Dhaka WASA
is digitized to get the length of pipelines with the help of GIS software.

On the basis of intensity the whole Dhaka city has been divided into three different zones.
Out of total area of 135 sg.km 88 sgq.km is (65%) of intensity VI, 39 sg.kin is (29%) of
intensity 1X and remaining 9 sg.km is (6%) of intensity X.

From the digitized pipeline network, based on 1993 DW ASA data, the length of 100mm,
200mm, 300mm and 450mm diameter pipe is found to be 916 km, 259 kin, 170 kin and 53
KIn respectively. But these lengths according to DWASA 2008 data are 1693 km, 419 Kin,
190 km and 54 kin for 100mm, 200mm, 300mm and 450mm diameter pipe respectively.
Again from the intensity based pipeline network it is found that 1043 kin pipe falls in the
zone of intensity VIII, 274 km falls in the zone of intensity 1X and 81 Kkin falls in the zone of
intensity X irrespective of pipe diameter.

A selection step is followed to estimate peak ground acceleration (PGA) to determine the
pipeline damage rate. Existing empirical relations such as Katayama (1975), O'Rourke
(1982), Isoyama and Katayama (1998) and Isoyama (2000) for the prediction of earthquake-
induced pipeline damage are reviewed. Finally using above four relations and selected peak
ground acceleration damage rate of pipelines is determined and an estimation of financial loss
is presented.

Pipeline damage rate is expressed in number of repairs per unit length of pipe. Total number
of repairs for all intensities are 587 within a total pipe length of 2356 km. Out of which 421
number of repairs required for 1693 km pipelines of 100mm diameter, 109 number of repairs
required for 419 km pipelines of 200mm diameter, 42 number of repairs for 190 kin pipeline
of300mm diameter and 15 number of repairs for 54 km pipeline of 450mm diameter.

Xl



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Lifelines are those systems that relate to daily life needs. Water distribution systems are one

of six broad categories of infrastructure grouped under the heading 'lifelines' (O'Rourke,

1998). Together with electric power, gas and liquid fuels, telecommunications, transportation
and wastewater facilities, they provide the basic services and resources upon which modern
communities have come to rely, particularly in the urban context. Disruption of these lifelines

through earthquake damage can therefore have a devastating impact, threatening life in the

short term and a region's economic and social stability in the long term.

Like other fields of earthquake engineering lifeline earthquake engineering is not so old. Its

formal recognition came in the 1970's with the establishment in the United States of ASCE's

Technical Council on Lifeline Earthquake Engineering (Duke & Matthiesen, 1973). In 1975,

Council Members, C.M. Duke and D.F. Moran commented that the state-of-the-art for
lifeline earthquake engineering was 10 to 20 years behind that of buildings (Duke & Moran,
1975). A concerted research effort since then has made up much of the lost ground, but many

challenges remain.

The whole post-earthquake operation may be jeopardized due to damage of city's water

distribution system. Lack of clean piped mains supply for basic drinking and sanitation needs
in the immediate aftermath of an earthquake constitutes a fresh threat to the lives of those

who have survived the initial devastation.

The concern is that many pipelines get broken causing water loss from storage reservoirs

eventually results in shortage of water for fire suppression. Fire losses, in particular, can be

greater than the losses directly due to the earthquake. The fire that followed the 1906 San

Francisco earthquake is perhaps the most striking example. Reduced fire-fighting capabilities

as a result of rupture of the city's three principal water transmission pipelines and breaks in



the trunk line system contributed to the destruction by fire of almost 500 blocks of the city,

resulting in the worst fire loss in US history (O'Rourke et al., 1992).

Table 1.1 gives an overview of water supply system damage in Kobe City following the 1995
Hyogoken-Nanbu earthquake in Japan. The total cost of damage caused by this earthquake
approached US$IOObn and a significant proportion of this (5%) was lifelines-related. Of the
damage caused to lifelines in Kobe and its surrounding area, around one tenth was damage to
water distribution facilities (Katayama, 1996). The cost of damage to distribution mains alone

accounted for almost half of the total system damage.

Table 1.1 Break down of damage to the water supply system in Kobe City
(after Matsushita et al., 1998)

Facility Total system Darage—tovel ReTTCoS—
composition (USSm)
Dams 3 ]
Purification plants 7 >
I-IUI-IK TITars 43 km 2 lines 70
Principal feeder
mains 26U Km 6 lines
Distribution i
roasarvolrs et | 10
m;l 1D LU 2 H
_ : 400K 1757 failures 135
QCTVILT CUTITITULIUTITS bbUUUU “nes 89 584 fallureS 25
Miscellaneous \/ariolls comnonents Several buildings including
o VWaterworks BUreau Head Office a4l
rowal 290

The primary earthquake hazards of concern for water pipes are transient and permanent
ground movements. Transient ground defotmation is caused by the passage of seismic waves
(ground shaking). Permanent ground deformation is caused by surface faulting or secondary
effects which give rise to localized ground failure (liquefaction, landslides and densification

of surface soil layers).

The impact of different effects on buried pipelines is relative as it varies from earthquake to
earthquake. Transient effects are cornmon to all earthquakes and are felt over a wide
geographical area and associated pipeline damage tends to be spread over the whole of a
water supply system. Resulting damage rates (in terms of breaks per unit length of pipe) are

relatively low but the total number of pipe breaks can be high. Surface faulting or secondary



earthquake effects can give rise to very high ground strains. Where these phenomena coincide
with buried pipelines, relatively high pipeline damage rates are observed but in localized
areas. In the current study, key factors affecting transient ground motion and pipeline

vulnerability due to earthquake have been reviewed.
1.2 OBJECTIVE OF THE STUDY

It has been proved that the greater risk for the lifeline systems is the earthquake disaster.
According to the statistical report from a lot of earthquake surveys, the damage or
malfunctions of lifeline systems is the key factor for huge economic loss during earthquake

invading. The major objectives of study are as follows:

I. to develop a database of buried water supply pipelines of Dhaka WASA based on
GIS.

2. to assess the vulnerability of the buried water supply pipelines for the earthquakes.



1.3 THESIS OUTLINE

In Chapter Two different earthquake effects, seismic response of buried pipelines, factors
affecting earthquake vulnerability of pipelines are studied. Different existing empirical

fragility relations for buried pipelines are also reviewed in this chapter.

Chapter Three reviews background information of the seismic environment prevailing in
Bangladesh as a part of the evaluation of seismic hazard. Important tectonic features of
Bangladesh, seismic zoning map, geotechnical characteristics and seismic microzonation map

of Dhaka city are described.

Chapter Four deals with the development of pipeline damage database with the GIS
software, selection of peak ground acceleration (PGA) values from intensity. Estimation of
damage based on existing methods was done and presented in this chapter. Monetary loss

estimation is also presented in this chapter.

In Chapter Five conclusions from this study and recommendations for further areas of study

are made.



CHAPTER TWO
LITERA TURE REVIEW

2.0 GENERAL

Earthquake is the trembling or shaking movement of the earth's surface. Most earthquakes are
minor tremors, while larger earthquakes usually begin with slight tremors, rapidly take the
fonn of one or more violent shocks, and end in vibrations of gradually diminishing force
called aftershocks. Earthquake is a fonn of energy of wave motion, which originates in a
limited region and then spreads out in all directions from the source of disturbance. It usually
lasts for a few seconds to a minute. The point within the earth where earthquake waves
originate is called the focus, from where the vibrations spread in all directions. They reach
the surface first at the point immediately above the focus and this point is called the
epicentre. It is at the epicentre where the shock of the earthquake is first experienced. On the
basis of the depth of focus, an earthquake may be tenned as shallow focus (0-70 km),
intennediate focus (70-300 km), and deep focus (>300 km). The most common measure of
earthquake size is the Richter's magnitude. The Richter scale uses the maximum surface wave
amplitude in the seismogram and the difference in the arrival times of primary and secondary
waves for detennining magnitude. The magnitude is related to roughly logarithm of energy.
Earthquakes originate due to various reasons, which fall into two major categories viz non-
tectonic and tectonic. The origin of tectonic earthquakes is explained with the help of 'elastic
rebound theory'. Earthquakes are distributed unevenly on the globe. However, it has been
observed that most of the destructive earthquakes originate within two well-defined zones or
belts namely, ‘'the circum-Pacific belt' and 'the Mediterranean-Himalayan  seismic belt'

(Banglapedia, 2004).
2.1 EARTHQUAKE EFFECTS

The direct effects of earthquakes are surface faulting and ground shaking. Secondary or

"collateral" effects include liquefaction, landslides, densification and tsunami.



Earthquake effects on buried pipelines are best understood by considering the displacements
induced in the surrounding soil. Damage may be caused by transient ground deformation
(GOt), or permanent ground deformation (GOp), or a combination of the two. O'Rourke
(1998) defines the distinction between these two effects, "GDp involves the irrecoverable
movement of the ground that often is the result of ground failure, but also may result from
modest levels of volumetric strain and shear distortion. GDt involves ground waves and soil
strains associated with strong shaking. Although ground cracks and fissures may result from
GDt, the magnitude of this residual deformation will normally be less than the maximum GDt
during strong shaking. ™ All of the collateral earthquake effects, plus faulting, can give rise to

permanent ground deformation.

The relative impact of different effects on buried pipelines varies from earthquake to
earthquake. Transient effects are common to all earthquakes and are felt over a wide
geographical area and associated pipeline damage tends to be spread over the whole of a
water supply system. Resulting damage rates (in terms of breaks per unit length of pipe) are
relatively low but the total number of pipe breaks can be high. Surface fault rupture and

collateral earthquake effects can give rise to very high ground strains.

Water pipeline damage data trom the 1999 Ji-Ji (Taiwan) earthquake reveals the relative
impact of different earthquake effects (Table 2.1). In this case, ground shaking was directly
responsible for almost half of the total damage. The proportion of fault-induced damage was
also high, due to the extensive faulting and large fault displacements that characterized this
earthquake. Liquefaction induced damage was relatively insignificant. However, because the

earthquake-affected area was mountainous, landslide-induced damage was significant.

Table 2.1 Damage to water pipelines in tbe 1999 Ji-Ji (Taiwan) earthquake (Shib et al., 2000;
Miyajima and Hashimoto, 2001)

Cause of damage to water pipelines % of total damage
Ground shaking 48
Faulting 35
Landslides 11
Liquefaction 2

Other (unspecified)



The relative impact of the various earthquake effects on buried pipelines depends on the
geological conditions in which surface faulting and collateral effects occur and the
coincidence of these regions with the buried infrastructure. Even in the absence of surface
faulting, landslides, liquefaction or ground settlement, pipeline damage can be severe, as

observed in the 1985 Michoacan (Mexico) earthquake (Ayala and O'Rourke, 1989).
2.2 FAULTING

Most earthquakes occur as a result of the build up of stresses at tectonic plate boundaries.
When these stresses exceed the rock's ability to resist them, rupture occurs along a fault,
releasing the stored strain energy in the form of seismic waves and heat. The fault rupture
usually coincides with pre-existing discontinuity in the Earth's crust. The extent of faulting is
linked closely with earthquake magnitude. Large earthquakes can produce faults of several

hundred kilometres length with widths of tens of kilometres and offsets of several metres.

In most earthquakes, the fault rupture plane does not have a surface expression (blind
faulting) (Reiter, 1990). A surface fault trace is usually only observed for large earthquakes
occurring at shallow depth. The extent of surface faulting depends chiefly on the length and
amount of offset of the subsurface faulting, the attitude of the fault plane, the direction of the
fault movement and the type and thickness of the surficial geology (Taylor and Cluff, 1977).
Faults can be classified according to the movement of the two sides of the fault relative to
each other (Figure 2.1). Faulting is termed strike-slip when the movement is predominantly
horizontal. It is known as dip-slip when the movement is predominantly in the direction of
dip of the fault plane. Dip-slip movement where the horizontal component is compressional is
called reverse faulting. Where the horizontal component is extensional, the faulting is termed

normal. A combination of dip-slip and strike-slip movement is referred to as oblique faulting

Not all fault-like features observed at the surface e are related to tectonic rupture. Fractures
may be formed by ground shaking, landslides. As illustrated in Figure 2.1, fault-induced
ground-strain is most severe at the intersection between the fault plane and the ground
surface. However, the crustal deformation that accompanies earthquake faulting can be

significant at considerable distances from the surface rupture.



Figure 2.1 Surface expression of different types offaulting (Taylor & Cluff, 1977).
FW - foot wall; HW - hanging wall.

The large permanent ground deformations associated with faulting can present a very severe
hazard to structures on or near to active faults. Where potentially active faults can be
identified, "nobuild" zones can be designated, to avoid unnecessary damage in the event of an
earthquake. In the case of water pipelines, crossing active faults is often unavoidable, since
pipeline location is dictated by the locations of supply and demand areas. It is therefore useful
to be able to estimate the amount of permanent ground displacement that might occur in the

event of an earthquake of a given magnitude on a particular fault.

Numerous studies have been carried out to investigate the connection between earthquake
magnitude and various characteristics of the fault rupture. Wells and Coppersmith (1994)
compiled a worldwide database of 244 earthquakes covering the moment magnitude range
5.6 :'SM,,:'S 8.1.0bserved fault displacements ranged from 0.05 - 8.0 m for strike-slip faults,
0.08 - 2.1 m for normal faults and 0.06 - 1.5 m for reverse faults. From this database,
empirical relationships were derived among magnitude, rupture length, rupture width, rupture
area and surface displacement. These expressions can be used to predict likely fault rupture

characteristics given a specific magnitude of event. Of most interest for the prediction of



pipeline damage are expressions for expected surface fault displacement as a function of

magnitude:
Log D = C, + C2M" 2.1
Where: D is the average surface fault displacement (m),

M, is the moment magnitude,
C, and C; are coefficients derived from the regression, Values for different

categories of fault slip type are presented in Table 2.2.

Table 2.2 Regression coefficients for different categories of fault slip type for use in Equation

(‘) 1) \Aells_and (‘nppnrc ifh, 1QQA)
Fault slip type C, C, Standard deviation Correlation Magnitude
coefficient range
Strike-slip -6.32 0.90 0.28 0.89 56 - 8\
Reverse -0.74 0.08 0.38 1\0 5.8-7.4
Normal -4.45 0.63 0.33 0.64 6.0- 7.3
All -4.80 0.69 0.36 0.75 5.6 - 8\

Even for earthquakes without a surface fault expression, coseismic strains induced in the
epicentral region may still be large enough to cause damage to buried pipelines. The response
of a buried pipe to surface faulting depends to a large extent on its orientation with respect to
the fault. Bending, buckling due to axial compression or pull-out due to axial extension are

all possible responses.

2.3 GROUND SHAKING

Ground shaking is caused by two different kinds of seismic waves: body waves and surface
waves. Body waves are generated by earthquake faulting and are responsible for the radiation
of seismic energy from the rupture zone at depth to the surface of the Earth. Body wave
disturbances are of two types: P-waves (primary waves) and S-waves (secondary) (Figure
2.2). P-waves (compression waves) are characterized by disturbance parallel to the direction
of wave propagation whereas waves (shear waves) cause a disturbance perpendicular to the
direction of travel. The direction of particle movement can be used to divide S-waves into

two components: SV (vertical) and SH (horizontal).




Compressions Undlsturued rnedIIHIl
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Wavelength
Figure 2.2 Deformations produced by body waves: (a) p-wave; (b) SV-wave (Bolt, 1993)

The interaction of body waves with the surface of the Earth causes surface waves, the most
important of which, for engineering purposes, are R-waves (Rayleigh waves) and L-waves
(Love waves) (Figure 2.3). For R-waves, the particle motion traces an ellipse in a vertical
plane, the size of the ellipse decreasing with depth below the ground surface. R-waves also
have a horizontal component, which is parallel to the direction of propagation. For L-waves,
the particle motion is in the horizontal plane, perpendicular to the direction of propagation,

with the amplitude decreasing with depth below the ground.

Both types of waves are of interest when considering the response of buried pipelines to
seismic ground shaking. For body waves, only S-waves are normally considered as they carry
more energy than P-waves. In the case of surface waves, it is R-waves which are most
important, inducing axial strains in buried pipelines of much more significance than the
bending strains induced by L-waves (O'Rourke & Liu, 1999). Seismic wave propagation
theory indicates significant differences between the transient ground motions associated with

body waves and those associated with surface waves.
In order to predict earthquake damage to pipeline systems or design a new pipeline for

earthquake resistance, it is therefore important to define the predominant effects at the site or

region of interest.
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Figure 2.3 Defonnations produced by surface waves: (a) R-wave; (b) L-wave (Bolt, 1993)

The ground shaking felt at a given location will be made up of a combination of body waves
and surface waves. In the immediate locality of the fault rupture, body waves will dominate
the motion. The amplitude of ground motion reduces with distance from the source of seismic
energy release. This is due to a combination of geometric attenuation, which accounts for the
spread of the wave front as it moves away from the source, and anelastic attenuation, which is
caused by material damping. Geometric attenuation is different for body waves than for
surface waves. Assuming that the earthquake rupture zone can be represented as a point
source and R is the distance from the rupture zone, the amplitude of body waves decreases in
proportion to IIR, while the amplitude of surface waves decreases in proportion to 1l.,jR. This
explains why ground motion at large epicentral distances is generally dominated by surface

waves.

The response of buried pipelines to seismic waves differs substantially from that of most
aboveground structures. For a building, the ratio of its weight (inertia) to the restoring forces
(stiffness) in the structural elements is high, causing significant relative motion between the
building and the ground on which it stands. A fluid-filled pipeline typically has less weight
than the soil it replaces. Inertial forces are therefore low with respect to the stiffuess of the
surrounding soil. The response of the pipeline to ground shaking depends on the level of
strain induced in the ground, the stiffness of the soil, the stiffness of the pipeline and the

frictional resistance at the pipeline-soil interface.
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O'Rourke (1998) identifies four distinct categories of transient ground shaking effects of

relevance to pipelines and other lifelines:
a) Travelling ground waves.

b) Surface-wave generation in large sedimentary basins (typically several kilometres wide
with depths less than | km). Significant long-period motions are caused by surface waves
generated by the trapping and focussing of obliquely incident S-waves in large sedimentary

basins.

c) Vibration of sediments in relatively narrow valleys (several hundreds of metres wide by

several tens of metres deep). For smaller basins, mass shear deformation in the valley

sediments is more important than wave scattering effects. In such cases, large strains are

induced near valley margins.

d) Liquefaction-induced ground oscillation The last three phenomena are examples of long-

period ground motion. It is only large earthquakes, with extended fault ruptures that give

sufficiently strong excitation in the long-period range to be of engineering interest.
2.3.1 EFFECTS OF SURFACE TOPOGRAPHY

Destructive earthquakes have often caused higher concentrations of building damage on the
tops of hills than at their bases. Instrumental and theoretical evidence supports the hypothesis

that surface topography can significantly modify the amplitude and frequency content of

ground motion. However, few systematic investigations have been conducted into this

phenomenon and there is, as yet, no general consensus.

Geli et al. (1988) made a compilation of eleven individual studies of topographic effects,

including both instrumental and theoretical results. Their conclusions are summarised below:

a) The amplification of ground motions on a hilltop and its de-amplification at the foot of a
hill is supported, at least qualitatively, by observations and theory. In general, amplification is

more pronounced for the horizontal components of ground motion than for the vertical

component.
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b) Amplification on a hilltop is roughly related to the sharpness of the topography. The

steeper the terrain, the greater the amplification at the peak.

¢) The frequencies most significantly modified by surface topography are those which
correspond to wavelengths comparable to the horizontal dimension of the topographic

feature.

In view of the current lack of understanding of topographic modification of earthquake
ground motion, Bard & Riepl- Thomas (2000) suggest the need for more detailed studies of
this phenomenon involving dense arrays of strong-motion instruments and detailed

geotechnical characterization of the study area.
2.3.2 Effects of Soft Surface Layers

It is well recognized that earthquake-induced ground motions are strongly influenced by the
nature of near-surface geological materials. Earthquake damage to structures situated on soft

soil is consistently greater than damage to structures on firm soil or bedrock outcrops.

The amplification of ground motion in soft soils is caused by the trapping of seismic waves
within the soft layers because of the contrast in properties between the soft overlying material
and the firmer underlying bedrock. In the simplest ease of horizontally layered sediments,
this trapping affects only the vertical propagation of body waves. However, any real soil
structure will also have lateral heterogeneities which trap horizontally propagating surface
waves. The trapped waves interfere with each other, giving rise to resonance effects whose
spatial distribution and frequency content depend on the characteristics of the incident
seismic wave form and the geometrical and mechanical characteristics of the geological

structure.

Resonance effects at a given strong-motion measurement location can be identified by
considering frequency domain representation of the ground motion. Fourier or response
spectral plots will peak at resonant frequencies. The location of these peaks will depend on
the thickness and seismic velocities of the soil layers. For a simplified single layer I-D
structure, the fundamental frequency, fo and its harmonics,.in are given by the expressions

below:
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fo=v,/4H 2.2
fn = (2n+!Ifo 2.3

where: Sis the shear-wave velocity of the surface soil layer,
H is the layer thickness, and

N is an integer.

Very thick deposits or very soft soils (of low-shear wave velocity) are therefore characterized
by low fundamental frequencies (-0.2Hz), whereas very thin or stifflayers have much higher

fundamental frequencies (-10Hz).

The amplitude of resonant peaks depends mainly on the contrast between the soil layers and
the underlying bedrock, on the materia! damping in the sediments and, to a lesser extent, on
the characteristics of the incident wave field (type of waves, incidence angle, and distance
from fault rupture). In the case of a single homogeneous layer impinged by vertically

propagating plane S-wavcs, the amplification, Ao of the fundamental peak is given by:

| = 1
(/¢3 FusiT 24
"l

2.5

Wil ¢ i~the. impedallL\. rtJtintsl.
P, isth\'dl'lISily ol'the illl m.:diulll (i | till" ~1.dilth:ni:<i--2 1~if h..:dnh.'kl. :lUU

~1 is the.! mall .'rial damping 1)1'1111. SL"dill\"llh
For very low damping values (;1" 0), the amplification is simply equal to the impedance

contrast.
2.4 STRONG-MOTION PARAMETERS
2.4.1 MACROSEISMIC INTENSITY

Macroseismic intensity is a subjective measure of the severity of earthquake effects at a

particular location. It is defined according to an index scale, each level having a qualitative
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description of earthquake effects based on human perceptions, effects on construction and
effects on natural surroundings. A widely used scale, the Modified Mercalli Intensity (MMI)
scale alludes specifically to the level of response of various aspects of water supply systems

(see Appendix A).

At the lower intensity levels (up to VI), the effects are unlikely to be damaging to intact
components of the water supply system, although sloshing effects can disrupt water treatment
processes and cause structural damage to water storage tanks. Significant damage is

associated with levels of VII or more.

Estimates of intensity at individual locations are combined to create isoseismal maps where
contours delineate regions within which the intensity is approximately the same. The level of
correlation between macroseismic intensity and damage to the water supply system depends
on the weighting given to water supply system-related criteria and the level of smoothing

applied when defining the isoseismals.

Various different intensity scales exist, each with its own qualitative descriptions of
earthquake effects at different intensity levels. Approximate conversions can be made

between different scales, as illustrated in Figure 2.4.

MMmI | 11 ]| v v Vi Vil vl IX X X1 X1
IMA - Y AE:
IASK 1N 11 [\ v VI VIL VI X X X1 Xn

Figure 2.4 Comparison between various intensity scales. MMI - Modified Mercalli;
RI - Rossi-Forel; JMA - Japanese Meteorological Agency;
MSK - Medvedev-Spoonheuer-Karnik (Kramer, 1996)
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2.4.2 INSTRUMENTAL PARAMETERS

To completely characterise earthquake ground motion at a point, time histories would be
required of the amplitude of oscillation in three mutually perpendicular directions plus
torsional movements about each of the three axes. However, in order to be of use to the
engineer, the severity of ground motion must be quantified concisely whilst retaining the
important damage-inducing characteristics of the earthquake record. There are many ways of
doing this, based on time histories of ground motion, although no single parameter is
considered sufficient to accurately describe all of the key ground-motion characteristics
(Kramer, 1996; Bommer & Martinez-Pereira,  2000). For earthquake engineering
applications, amplitude, duration, frequency content and energy are the strong-motion

characteristics of most interest.
24.2.1 AMPLITUDE PARAMETERS

The commonest measure of the amplitude of earthquake motion is the peak ground
acceleration, PGA. Although accelerations are related directly to inertial forces, PGA itself is
not a particularly good measure of damage to structures, except in certain special cases (i.e.
very stiff structures). Relatively small magnitude earthquakes, for example, can give rise to
large peak accelerations but have very little impact on structures because the duration of
ground shaking is so transient and the peak accelerations are at frequencies too high to be of
engineering interest. As far as pipelines are concerned, regions of high PGA have been seen
to correlate with pipeline damage where this damage has been due to permanent ground

deformations (O'Rourke & Toprak, 1997).

Velocity is a parameter less sensitive to high frequency components of the ground motion. As
such, the peak ground velocity, PGV is a useful indicator of the effect of ground motion on
structures such as tall or flexible buildings, which are sensitive to intermediate frequencies. It

is a very useful parameter for understanding the seismic behavior of buried pipelines.

Peak ground displacements (PGD) are related more to the low-frequency content of strong
ground motion. Where displacements are calculated from the integration of acceleration time-
histories, their reliability in characterizing aspects of the true ground motion is significantly

limited by inaccuracies in processing the raw data.
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2.4.2.2 DURATION PARAMETERS

The level of earthquake damage is often strongly influenced by the duration of strong ground
motion. In the presence of certain ground conditions (e.g. liquefiable deposits), repeated
stress or load cycles of moderate amplitude, over an extended period, can cause more damage

than higher amplitude motion over a shorter period.

2.4.2.3 FREQUENCY-CONTENT PARAMETERS

The earthquake response of structures and the ground is highly influenced by the frequency
content of the input motion. Frequency content is significant for buried structures in as much
as the response of the soil layers in which they are embedded is sensitive to frequency
content. It is therefore important to consider how the amplitude of ground motion is

distributed among the range of frequencies.

The maximum system response values are referred to as the spectral displacement (SD),
spectral velocity (SV) and spectral acceleration (SA) respectively. The spectral acceleration

at zero natural period (which corresponds to an infinite natural frequency) is equal to PGA.

The peak velocity and the peak acceleration values are related to the high and intermediate
frequency components of strong ground-motion  respectively. The ratio PGV/PGA is

therefore a measure of the relative importance of these frequency ranges in the motion.

2.5 COLLATERAL EFFECTS

2.5.1 LIQUEFACTION

Liquefaction is a term used to describe a variety of complex phenomena involving soil
deformations characterized by the generation of excess pore-water pressure under undrained
loading conditions. The term liquefaction has been used to describe a number of different,

though related phenomena. For engineering purposes, Kramer (1996) divides liquefaction

phenomena into two main groups:jlow liquefaction and cyclic mobility.
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Figure 2.5 Lateral spreading caused by liquefaction of subsurface layer (a) before and (b) after
an earthquake (Kramer, 1996)

Flow liquefaction failures are characterized by their sudden, catastrophic nature and the speed
and extent of movement of the liquefied materials. The occurrence of flow liquefaction
requires an undrained disturbance to bring the soil to an unstable state. Once initiated, it is
actually the static shear stresses that drive the failure and give rise to the often large

deformations observed.

Cyclic mobility occurs under a broader range of soil and site conditions than flow
liquefaction. As a result, it is observed in the field much more frequently although its effects
are generally less severe. Cyclic mobility occurs when the static shear stress is smaller than
the shear strength of the liquefied soil. Deformations are not sudden as in the case of flow
liquefaction, but develop incrementally over the duration of ground shaking. The
deformations to which it gives rise are termed latera! 5preads and can be up to several meters
if the earthquake is large enough or of sufficient duration. Lateral spreading can occur on
very gently sloping ground or even on flat ground adjacent to a free face, as illustrated in
Figure 2.5. In this case, lateral movement of the liquefied subsurface soil has broken the
surface layer into distinct blocks which move differentially both horizontally and vertically.
A pipeline embedded in the non-liquefied surface layer may be pulled apart or sheared. A
pipeline passing through the liquefied layer would be subject to horizontal and vertical forces

due to the flow of soil around it, plus an uplift force due to buoyancy.
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Soil liguefaction has caused significant. damage to buried lifelines in past earthquakes.
Zonation of liquefaction hazard is therefore of particular importance to lifeline earthquake
engineers. Not all soils are susceptible to liquefaction, so the first stage of liquefaction hazard
evaluation must be determination of liquefaction susceptibility. For any given soil,
liquefaction susceptibility can be judged according to various historical, geological,

compositional or soil state criteria.

Given that liquefaction s likely at a particular location, of most importance from an
engineering perspective is to predict the amount of permanent ground displacement
associated with the liquefaction. Hamada et al. (1986), for example, proposed a formula to
predict the horizontal ground displacement caused by liquefaction-induced lateral spreads,
based on failures observed in the 1964 Niigata and 1983 Nihonkai-Chubu earthquakes. The
amount of horizontal displacement, the thickness of the inferred liquefied layer and the

severity of ground slope were then averaged within each block to give the following

expression:
2.6
Wiz pa i-Jdh~hiirizuiital ~nHIIAdi:'piac ..un..11 fi)).
Ihl/ i..4he. Ulir—1as-ntn ligll illd la~r ()
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2.5.2 DENSIFICATION

Earthquake-induced strong ground-shaking can cause densification of both cohesive and
cohesionless soils (O'Rourke & Liu, 1999). This process manifests itself as settlement at the
ground surface and is therefore potentially damaging to buried infrastructure. Seismic
densification of clays has been observed, but it is the densification of sands, either saturated

or dry, which is of greater consequence.

Settlement of dry sands is normally complete by the end of strong ground-shaking. However,

the process in saturated sands occurs only as earthquake-induced excess pore water pressures
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dissipate. This will depend on the permeability and compressibility of the soil and on the
drainage path length and therefore may not be complete until some hours after the
earthquake. Following the 1995 Hyogoken-Nanbu (Kobe) earthquake, post-liquefaction
settlements of up to | m were observed in the loose artificial fill materials on reclaimed land

in the Osaka Bay area.
2.6. PIPELINE RESPONSE TO GROUND SHAKING

In this part the influence of ground condition on pipeline response and factors affecting the
earthquake vulnerability of buried pipelines are discussed including a detailed review of

empirical relations for the estimation of pipeline damage caused by seismic ground shaking.

2.6.1 INFLUENCE OF SITE EFFECTS ON THE SEISMIC RESPONSE OF BURIED
PIPELINES

The influence of site conditions on the seismic response of buried pipelines is related to the
shear-wave velocity of the ground. For both body waves and surface waves, for a fixed value
of POY, ground strain will generally be greater in soft soils (i.e. low v, value) than stiffer
soils. As shown in Figure 2.6, for the same value of POY, maximum ground strain observed
in soft ground (Shimonaga) is on average 3 to 4 times that observed in hard ground (Kansen).
In this case, the predominant period of the soft ground was 1.3 s whilst the predominant

period of the hard ground was around 0.4 s.

One of the earliest investigations into the effect of geological environment on pipeline
damage was by Kachadoorian (1976). Using data mainly from the 1964 Alaska and 1971 San
Fernando earthquakes, he considered three broad geological categories: bedrock, fine-grained
sediments and coarse-grained sediments. For each category, he identified the relative
occurrence of various potentially damaging earthquake effects. He then assigned relative
pipeline damage intensities to each earthquake effect for all three geological categories. For
the earthquakes studied, across all earthquake effects (which included ground shaking,
landslides, faulting, seismic settlement and others), pipeline damage intensity was greatest in
fine-grained soils, and least in bedrock. Kachadoorian (1976) suggested that this reflected the

greater abundance of damaging earthquake effects in fine-grained soils compared to the other
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two geological environments. For ground shaking alone, slightly more pipeline damage was

observed in fine-grained soils than coarse-grained soils.
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Figure 2.6 Field measurements of PGV and peak ground strain at sites in Japan with different
ground conditions (Nakajima etal., 1998) .

In the preceding discussion, earthquake-induced pipe strains are shown to be strongly
influenced by the average properties of the soil in which they are laid, whether that be
characterised by the shear wave velocity or the natural period. Many field observations and
theoretical studies have shown, however, that for transient earthquake effects, the level of
non-uniformity of ground conditions is also extremely important in the seismic behaviour of
buried pipelines (Liang & Sun, 2000). Lateral variation of ground conditions has been shown
to cause strain concentrations during ground shaking due to significant differences in ground-
motion characteristics even over short distances. Strong-motion array measurements have
shown variations by a factor of five in velocity over a distance of 200 m and by a factor of
two in acceleration over the same distance, all caused by variable site conditions (Zerva,
2000). Ground non-uniformity significant to the seismic behaviour of buried pipelines
includes lateral variation in surface soil type, variation in surface topography and sloping
subsurface strata. The features responsible for ground non-uniformity can be large scale, as in
the case of major geological boundaries between surface soil types or small scale such as

man-made cut-and-fill boundaries.
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Nishio et al. (1988) investigated the effect of lateral variations In ground conditions on
earthquake induced ground and pipe strain using an instrumented arc-welded steel pipeline at
Tama New Town in a western suburb of Tokyo. The pipeline under observation passed
through a boundary between stiffer cut ground and softer fill material. Observations made
during twelve earthquakes, with magnitude values 4.2 S M,ys S 6.7, always showed greater
peak accelerations in the filled ground than the cut ground. Maximum pipe strains, as
measured using an array of strain gauges, were also much greater where the pipe was
embedded in the fill material. Maximum strains generally coincided with the shoulder of the

which was assumed to be a topographic effect. Other than this, an additional
boundary due to lateral variation in

embankment,
strain concentration was observed at the cut-and-fill

ground stiffness.
2.6.2 FACTORS AFFECTING EARTHQUAKE VULNERABILITY OF PIPELINES

For succinctness (conciseness) in the discussion which follows, a few useful abbreviations

are defined in Table 2.3.

pipeline-related abbreviations, together  witb typical vyield

Table 2.3 Some commonly-used
materials  (from O'Rourke  and

stress and yield strain values for common pipe barrel

Liu, 1999)
Abbreviation Teim Toicaleyioldastioss e —anhel
A Y ; Fomteet—ytete
0. (Mpa) efr::in’ n'
AC asbestos cement t i
C concrete 2-28 0.0001 - 0.0013
CI cast iron 97 - 290 0.001.0.003
DI ductile iron 293.360 0.0018 - 0.0022
PE polyethylene 15- 17 0.022 - 0.025
PvC polyvinyl chloride 35-45 0.017 - 0.022
S steel 227,289,358,448.517' 0.00134,0.0023"
oG steel (threade joint) -
S welded  steel - -
W SAWHA) | Welded steel arc. welded jomts (Gmdes A & B steel) - _
W_WMW%U . R
WSE S R e R S - -
| WSGWI | Wettet—Steet—gas—wetded—joints | - |

t AC does not have yield values due to its brittleness. Its strength is normally characterized using transverse
crushing strength or beam strength.

‘Values are quoted for five different grades ofsleel: B, X-42, X-52, X-65 & X-70 respectively .
es Values are given for X-42 and X-65 grades of steel.
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Many studies have been done on thc factors affecting pipeline wvulnerability under non-
catastrophic (aseismic) operating conditions. Due to the difficulty in characterizing the
condition of buried pipelines, much of the work has been inconclusive. However, several
important factors influencing pipe leakage and break rates (per unit length of pipe) have been
identified. In a literature review covering the period 1948 to 1991, Wengstrom (1993)
investigated the influence of pipc age, installation method, material type, pipe dimensions
(diameter and thickness), joint type, previous damage history, operating pressure, soil
conditions, land use and seasonal variations of external environment. Many of these factors

are important in understanding pipeline vulnerability under seismic conditions.

Three of these factors (pipe type, joint type and pipe diameter) have been considered in a
rating scheme developed by Ballantyne (1995) for earthquake vulnerability of pipelines.
Ballantyne (1995) assessed the seismic performance of pipelines based on four qualitative
parameters: ruggedness - a function of pipe material strength and ductility; bending - a
measure of resistance of the pipe barrel to bending failure; joint flexibility - a measure of the
pipe's ability to extend, compress or bend and rotate around the joint without breaking the
joint's water-tight seal; restraint - a measure of the ability of the pipe-joint system to hold

together in extension.

The scheme highlights the influence of joint type on the overall pipeline vulnerability. A
pipe-joint system is only as strong as its weakest element. A gas-welded joint renders a steel
pipe as vulnerable to damage as a Cl or AC pipe, even though the tensile strength of a steel
barrel is much greater than that ofClI or AC (Table 2.3). For a given joint type, however, steel

and ductile iron (D!) pipes are less vulnerable than more brittle pipe types (eg. PVC, AC, CI).
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Table 2.4 Relative earthquake vulnerability of water pipes (Ballantyne, 1995). Joint types: B&S
- bell & spigot; RG - rubber gasket; R - restrained; UR - unrestrained

Material typddiameter Joint type l Ruggednessl Bending l Joint flexibility l Restraint Total
LOW| VULNERABILIT
ductile iron B&S,RG,R 5 5 4 4 18
polyethylene Fused 4 5 5 19
steel ard welded 5 5 4 5 19
steel Riveted 5 5 4 4 18
steel B&S,RG,R 5 5 4 4 18
LOW/MODERATE VULNERABILITY
concrete cylinder B&S,R 3 4 4 3 14
ductile iron B&S,RG,UR 5 5 4 | 15
PVC B&S,R 3 3 4 3 13
steel B&S,RG,UR 5 5 4 | 15
MODERAJTE VULNERABILITY
AC >200mm $ Coupled 2 4 5 1 12
cast iron>_1toomm [ U&S,RG 2 4 4 I T
PVC 1J&S.UR 3 3 4 | 1
concrete cylinder B&S.UR 3 4 4 | 12
MODERATE/HIGH VULNERABILITY
AC< 200mm $ Coupled 2 | 5 I 9
cast iron <lOOmm ¢ B&S,RG 2 | 4 | 8
steel gas welded 3 3 | 2 9
HIGH VULNERABILITT
cast iron B&S, rigid 2 2 1 | 6

Observations of pipeline damage in Kobe, Ashiya and Nishinomiya cities, caused by the
1995 Hyogoken-nanbu earthquake are consistent with the rating scheme given in Table 2.4,
A summary of data collected by Shirozu et ai, (1996) is given in Figure 2,7. The worst
affected category of pipes was steel with threaded joints (SG), However, this failure rate is
unrealistically high, representing localised damage averaged over a very short length of pipe.
The highest reliable damage rate was observed in AC pipes, followed by Cl, PVC and DI,

with steel pipes showing the best overall performance,

The importance of joint type is illustrated with reference to the performance of pipes having
"Stype" or "S Il type" joints. DI pipes having these specially-designed anti-seismic joints (not
included in Table 2.4), suffered no damage as a result of the Hyogoken-nanbu earthquake,

These types of pipe-joint systems constituted about 270 km of the total water distribution
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network, 100 km of which coincided with areas experiencing significant liquefaction-induced

permanent ground deformation (Shirozu et al., 1996). In the Ashiyama District, for example,
a 500mm diameter pipe with S type joints remained intact after a lateral ground movement of
about 2m. A 300 mm diameter pipeline with SII type joints at the Egeyama distribution

reservoir also suffered no damage, in spite of subsidence of around 1.3 m (Inada, 2000).

()

(24.1)
i 2 (405.1) (231.5)

1 (1874.4) (296)

0
DI Cl pvc AC S SG
Material type

Figure 2.7 Pipeline failure rate for various pipe types from the study by Shirozu et al. (1996).
Pipe lengths are given for each category (km)

These S and S 1ltype anti-seismic joints are illustrated in Figure 2.8. S 1ltype joints are for
smaller diameter pipes (in the range 75 - 450 mm), whilst S type joints are for larger diameter
pipes (500 -600 mm). Both joint types allow for expansion and contraction at the joint equal
to 1% of pipe length. A run of several anti-seismic pipe lengths can therefore tolerate
significant permanent ground deformations. Due to the high costs involved, installation of
anti-seismic joints is only warranted in locations likely to experience significant permanent

ground deformation as a result of liquefaction, landslides or faulting.

Seismic loading of pipelines can cause a number of different failure modes. The principal
failure modes for corrosion-free continuous pipelines (e.g. steel pipe with welded joints) are
rupture due to axial tension, local buckling due to axial compression and flexural failure. For
shallow burial depths, continuous pipelines in compression can also fail by beam buckling.
For corrosion-free segmented pipelines with bell and spigot type joints, the main failure
modes are axial pull-out at the joints, crushing at the joints and round flexural cracks in pipe

segments away from the joints.
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Figure 2.8 Cross-sections of anti-seismic pipe joints (Nakajima et al., 1998)

The presence of corrosion in Cl, DI or steel plpes Increases the likelihood of failure by
decreasing pipe wall thickness. The occurrence of corrosion is linked to pipeline age but is

significantly influenced by the prevailing soil conditions.

AC pipes are weakened due to softening caused by leaching of lime (decalcification) and
PVC pipes are weakened by fatigue. The influence of pipe age, however is also connected to
environmental changes and the changes over time of pipe installation and material

specification and selection practices.

Certain elements of a pipeline network have increased vulnerability to earthquake damage
due to stress concentrations induced by the passage of seismic waves. Stresses at pipeline
elbows and at pipe intersections can significantly exceed stresses in adjacent portions of
straight pipe (Stuart el al., 1996; Datta, 1999). Portions of pipe connecting to manholes, tanks

or buildings can be vulnerable due to their propensity for differential movements.

For seismic risk analysis of water distribution systems, pipeline repair rates need to be related
to earthquake effects as well as factors affecting pipeline vulnerability. Since the 1970's,
attempts have been made to correlate earthquake intensity and various peak ground motion
parameters with pipeline damage rates (given in terms of numbers of repairs per unit length
of pipe). The resulting fragility relations can then be used for predictive purposes in

estimating likely damage in the event of a future earthquake.
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2.6.2.1 FRAGILITY RELATIONS FOR BURIED PIPES SUB.JEeTED TO GROUND
SHAKING

Separate pipeline fragility relations exist for permanent ground deformation and ground

shaking effects. The focus of the current review is on ground shaking effects.

A total of seventeen studies have been found relating pipeline damage to ground shaking
effects from data culled from past earthquakes. A summary of thcse studies, fifteen of which

is given in Table 2.5a. The strong-motion parameter(s) used to
in Table

present fragility relationships,
define the level of ground shaking/earthquake effects for each study are summarized
2.5b. The table also indicates the earthquakes from which data have been obtained in each

study, and wherever known, the nwnber of data points used. Fragility curves, including the

datasets from which they are derived are included wherever available. The dependent

variable is given variously as "repair rate", "damage rate" or "damage ratio"; other studies

use the term “failure rate". These terms are used interchangeably in the literature. In the
following sections, specific emphasis is placed on identifying the size, origin and reliability

of the data for each study.

2.6.2.2 Katayama et al. (1975)

One of the first attempts to correlate observed seismic damage in pipelines with any strong-
motion parameter was when Katayama el al. (1975) considered damage rate in terms of PGA.
The study is based on pipeline failure rates obtained for six earthquakes, as indicated in Table

2.5a. Figure 2.9 shows the data of Katayama el al. (1975) as presented by Bresko (1980).

This figure has been reproduced in several publications (e.g. O'Rourke & Liu, 1999)

although the original report (Bresko, 1980) was not available. Numbers of data points

indicated in Table 2.5a refer to the original dataset of Katayama el al. (1975). Where the
nwnbers of data points presented by Bresko (1980) differ, these are given in brackets. The

small differences are due to different ways of aggregating the pipeline damage statistics.

PGA values in the vicinity of each damaged pipeline system were estimated from the few

strongrnotion records available for these earthquakes. For the 1923 Kanto (Tokyo) and 1948

Fukui earthquakes, no records were available so ranges of values were assigned from
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Table 2.5a Summary of pipeline fragility studies for ground shaking effects according to earthquake data used
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Notes for Table 2.5a Magnitudes are Mw unless otherwise stated and are mostly taken from ISESD (Ambraseys at al., 2002) or TMG (1995). Studies highlighted in grey
present fragility curves; other studies show the range of data observed but do not define fragility curves. Shaded boxes in the main table indicate the use of data from a given
earthquake. For each study, the number of separate data points from a given earthquake is given where known. For the ALA (2001) study, GDp refers to to data points
considered but excluded due to likely effects of pennanent ground defonnation; a-s refers to data points considered in the study but excluded due to the occurrence of an
aftershock of similar magnitude to the main event, leading to difficulties in associating damage to a single event. Aftershock magnitudes are indicated in square brackets. For
this study, PGD refers to the transient peak ground displacement, rather than pennanent ground displacement.

Table 2.5b Strong-motion parameters considered by each study. Studies highlighted in grey present fragility curves; other studies show the range of data observed but do not
define fragility curves (as Table 2.5a)
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Table 2.9c Summary of earthquakes ysed in studies given in Table 2.5a
Location No. of earthquakes
us 1
Japan 8
MexicolCentral _ America 3
China 1
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Figure2.9 Pipeline fragility data of Katayama et at (1975) as presented by O'Rourke & Liu
(1999). This graph presents the data in a more comprehensive manner than the graph
included in the original study and includes trends suggested by Bresko (1980)

earthquake effects, as shown in Figure 2.9. Eight separate data points are shown for different
localities affected by the 1968 Tokachi-oki earthquake. PGA values appear to have been
estimated from values of JMA intensity given for each locality although the conversion
method used is not known. Nineteen separate data points were obtained for the 1971 San
Fernando earthquake by dividing a map of pipeline failures in Northern Los Angeles into 19
strips, each of width 0.48 krn. A PGA value for each strip was found by estimating PGA at
the northern and southern extremities of the mapped area (probably based on strong-motion
recorded nearby, although details are not specified) and interpolating values using a strong-
motion attenuation relationship. The PGA values given in Figure 2.9 for the San Fernando
earthquake cover the range 0.18 - 0.34 g whereas those in Katayama el at. (1975) for the
same earthquake cover the range 0.27 - 0.50 g. This represents a discrepancy between the
Bresko (1980) and Katayama el al. (1975) studies. Another discrepancy is found in the PGA
value for the 1972 Managua earthquake, which Katayama el al. (1975) estimate at 0.41 g:i:
0.05 g but which Bresko (1980) plots below 0.25 g. PGA for the 1964 Niigata earthquake is
not specified by Katayama et al. (1975) and may be an addition from Bresko (1980) based on
either intensity or strong-motion values. The scatter in the dataset presented by Bresko (1980)

is considerable, although it would be greater if the original PGA values of Katayama el al.

30



(1975) had been used. Such large scatter is typical of pipeline fragility relations, although in
this case is undoubtedly influenced by heightened damage rates due to permanent ground
deformation in certain cases (eg. liquefaction-induced damage during the Niigata earthquake
and damage due to faulting in the case of the Managua earthquake). Most of the data
presented in Figure 2.9 is for Cl pipes although the data from the 1968 Tokachi-oki
earthquake includes damage to AC pipes. The fragility relationship makes no distinction
between different pipe diameters or joint types, both of which are known to influence damage
rates. However, Katayama et al. (1975) do comment on the tendency for damage to increase
with increasing pipe diameter. The fragility relations indicated in Figure 2.9 are those
suggested by Bresko (1980) and expressed in Equation (2.9) (Table 2.9). b is a parameter
which depends on a range of factors including soil conditions and pipe age. It has a value of
4.75, 3.65 or 2.20 for "poor", "average" or "good" conditions respectively (Ayala &
O'Rourke, 1989).

2.6.2.3 Eguchi (1991)

The work of Eguchi (1991) was a modification of an earlier study (Eguchi, 1983) in the light

of data from more recent (unspecified) earthquakes. Both sets of fragility relations give

pipeline repair rate as a function oflIMM (see Appendix B).
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Figure 2.10 Biliuear pipeline fragility relations ofEguchi (1991). See Table 2.3 for
abbreviations. Note that repair rate is given per 1000 ft.
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The modified relations are shown in Figure 2.10. The amount of scatter associated with these
relations is not possible to determine as individual data points are not presented. Distinction
is made between different pipe and joint types, with greatest damage rates observed in steel
pipes with gas-welded joints. AC and concrete pipes were found to be more vulnerable than
PVC pipes, which in tum were more vulnerable than CJ pipes and welded steel pipes with
caulked joints. DJ pipes experienced on average about ten times fewer repairs per unit length

than the worst performing pipes.

2.6.2.4 O'Rourke and Ayala (1993)

Barenberg (1988) plotted the damage rate for CJ pipe against POV using data from three US
earthquakes (Table 3.4a). O'Rourke & Avyala (1993) subsequently added data from the 1983

Coalinga and two Mexican earthquakes (1985 Michoacan and 1989 Tlahuac). The fragility

relations defined by both investigations are shown in Figure 2.11.
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Figure 2.11 Fragility relations of Barenberg (1988) (derived from data points A - D), and
O'Rourke & Ayala (1993) (derived from data points A-K).

The fragility relationship of Barenberg (1988) suggests that a doubling of POV will lead to an

increase in the pipeline damage rate by a factor of about 4.5. The same increase in POV for
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the modified relationship results in a 6-fold increase in pipeline damage rate. Two outlying
points, E and G are largely responsible for this change. It is suggested that the relatively high
damage level in this case is largely due to abrupt changes in the subsurface conditions which
characterise this region (O'Rourke & Ayala, 1993). Pipeline failures are not influenced by
permanent ground deformation effects and PGV values are more reliable due to greater
availability of strong-motion records for these later earthquakes. Katayama et al. (1975) and
Sarenberg (1988) both comment on the inadequacy of PGA for determining ground shaking

intensity.

The fragility relationship of O'Rourke & Ayala (1993) has been incorporated into the
national loss estimation methodology wused in the US, HAZUS (FEMA, 1999). The
relationship, given in Equation (2.13) (Table 2.10) is used for brittle pipes only as it is based
on data from AC, concrete and CI pipes. For more ductile pipe types (steel, DI or PVC),
HAZUS (FEMA, 1999) suggests this relation be multiplied by 0.3. Steel pipes with arc-
welded joints are classified as ductile whereas steel pipes with gas-welded joints are
classified as brittle. In the absence of joint information, pre- 1935 steel pipes are classified as

brittle pipes. The HAZUS methodology does not consider pipe diameter as a factor.
2.6.2.5 Hwang and Lin (1997)

The fragility relation of Hwang & Lin (1997) gives pipeline failure rate as a function of PGA
and is based on a review of data drawn from six studies (Katayama et al., 1975; Eguchi,
1991; ASCErrCLEE, 1991; O'Rourke et al., 1991; Hamada, 1991; Kitaura & Miyajima,
1996). The fragility curve of Hwang & Lin (1997) is shown in Figure 2.12 along with the

relations upon which it is based.

Figure 2.12 highlights how great the differences are between different fragility relationships.
The basic curve established by Hwang & Liu (1997) is for Cl pipes with diameters of around
300 mm. The pipe diameter factor, RD, which is defined based on data from the 1995
Hyogoken-nanbu earthquake (Kitaura & Miyajima, 1996; Shirozu et al., 1996), is shown in
Figure 2.13.
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Figure 2.13 Damage rate ratio for different pipe diameters (Hwang & Lin, 1997)
2.6.2.6 O'Rourke et al. (1998)

O'Rourke et al. (1998) used a GIS database to investigate factors affecting water supply
system damage caused by the 1994 Northridge earthquake. All Los Angeles Department of
Water and Power (LADWP) and Metropolitan Water District (MWD) trunk lines within the
LADWP system were digitised from 1:12,000 maps provided by LADWP. The trunk line
repair database was assembled from statistics provided by LADWP and MWD and the
distribution line repair database came from statistics developed for the State of California
Office of Emergency Services (DES). Of 1,405 original DES repair records, 1,013 were
deemed valid for investigation into damage to distribution mains and hydrants. Of these,
reliable information about pipe composition could be found for 964 repairs, most of which
(944) also had information concerning pipe diameter. An extensive strong-motion dataset
allowed reliable contour maps to be drawn for various different strong-motion parameters,

including PGA, PGV, PGD, SA, faand Sl.

Pipeline repair rate contours were calculated for CI pipes, which constituted approximately
76% of the distribution network. The contours were found by dividing the Northridge area
into a grid of 2 x 2 km squares and determining the length of Cl pipe and number of CI

pipeline repairs in each square. Figure 2.14 shows the repair rate contours for CI pipes
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superimposed on a contour map of PGY. No pipeline damage was observed in regions with
PGY < 10 cm/s. Highest repair rates were shown to coincide reasonably well with zones of
highest PGY. Similar correlations were found for other strong-motion parameters.
Concentrated areas of damage were generally found to coincide with occurrences of ground

failure due to liquefaction or landslides.

Figure 2.14 Pipeline repair rate contours for Cl pipe vs. PGV for the Northridge earthquake
(O'Rourke & Toprak, 1997)

The study by O'Rourke el al. (1998) includes pipeline fragility relations for IMM and SI
based only on Northridge data and relations for PGA and PGY which also use data from three
other US earthquakes. The relation shown in Figure 2.15 (a) is for PGY for CI pipes of all
diameters. The trend of O'Rourke el al. (2001) is expressed in Equation (2.16) and has been
plotted in Figure 2.18 for subsequent comparison with fragility relations by other
investigators. The PGA fragility relation of O'Rourke el al. (1998) is expressed in Equation
(2.11) and plotted in Figure 2.18.
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Figure 2.15 Pipeline repair rate correlation with PGV for steel, ClI, DI and AC distribution
lines: (a) CI distribution lines; and (b) steel, CI, b1 and AC distribution lines
(O'Rourke el al., 2001)

Figure 2.15 (b) shows repair rate correlations for steel, Cl, DI and AC pipes, all obtained
from GIS analysis of the Northridge data. The relative vulnerabilities of Cl and DI pipes
implied by these trends confirm the findings of previous studies. The low damage rates
observed for AC pipes and the high damage rates observed for steel pipes are, however,

surprising.

2.6.2.7 Isoyama el al. (2000)

Isoyama el al. (2000) extended the GIS-based investigation of the Japan Water Works
Association (JWW A) (Shirozu el al,. 1996) to establish pipeline fragility relations for PGA
and PGV. Shirozu el ai, (1996) established a GIS database to analyse factors influencing
water pipeline damage caused by the 1995 Hyogoken-nanbu earthquake. This database
consisted of distribution pipes digitised from 1:5000 or 1:6000 maps for the whole of Kobe
City and neighbouring Ashiya City (except for Okuyama and Okuike Districts) and

Nishinomiya City, all of which suffered extensive earthquake damage. The location of each
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pipeline repair, including data on pipe material, pipe diameter, failure mode and year of
installation, was entered into the database. Isoyama et al. (2000) carried out a more detailed
investigation focusing on Ashiya and Nishinomiya Cities. For this region, 50 m grid cells
were defined in order to better represent "narrow valleys" and other topography types. A
multivariate analysis was carried out to quantify the influence of the various factors on
pipeline damage rate, establishing empirical correction factors to account for pipe material,

pipe diameter, ground topography and liquefaction (Table 2.6).

A separate analysis was performed using strong-motion data from across the whole Kobe-
Osaka region to establish standard damage rate curves, to which the correction factors could
be applied. The pipeline fragility relationships were derived according to the form given in

Equations (2.7) and (2.8).
2.7
2.8

where: RR (X) is the pipeline repair rate per km of pipe as a function of the strong-motion
parameter, X. Fragility relations have been derived for POA and POY.
BL are modification factors defined in Table 2.6,
Ro is the standard pipeline damage rate, defined for CI pipe of diameter range 100 _
150 mm located in alluvial soil with no liquefaction (coefficients B, = 1.0 in Table
2.6) a and b are regression coefficients, Xmin is the minimum value of strong ground-
motion for which damage is considered to occur (I 00cm/s? in the case of POA and

15cm/s in the case ofPQY).

In this case the fragility relations were based on 19 data points and 16 data points. In each
case, several additional outlying points were excluded due to extreme instances of
liquefaction or topographic effects. As a result of the size and quality of the data set, the work
of Isoyama el al. (2000) represents a major improvement on a previous pipeline fragility
relation for POA developed by Isoyama & Katayama (1982); both relations are plotted in
Figure 2.17 for comparison. The algorithms are expressed in Equations (2.10) and (2.12)
respectively. The basic repair rate algorithm of Isoyama el al. (2000) for POY is given by

Equation (2.15) and plotted in Figure 2.18.
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Table 2.6 Correction factors for application  to the fragility relations of Isoyama et al.
(2000). Values in brackets are less reliable due to small sample size.

Pine matorial Pine diametor Groun d__tonoara a\aiV] Groun dlicuafact:
correctrion factor, Bp corregtlon facgor, Bd | correction :‘aZtor. JBg coerrction vlfactor, BL

DI 0.3 75mm 1.6 Disturbed hill 11 No liquefaction 1.0

Cl 1.0 100-150mm 1.0 Terrace 1.5 | Partial liquefaction | 2.0

PVC 1.0 200-400mm 0.8 Narrow valley | 3.2 | Total liquefaction 2.4

Steel 0.3 >500 (0.5) Alluvial 1.0

AC (1.2) Stifr alluvial 0.4

2.6.2.8 ALA (2001)

In 200 | the American Lifelines Alliance (ALA), published a set of detailed procedures to
evaluate the probability of damage from earthquake effects to various components of water
supply systems (ALA, 200 I). For buried pipelines, fragility relations were developed

separately for permanent ground deformation effects and ground shaking effects.

The database developed for ground shaking effects included pipeline damage rates from 18
earthquakes spanning the period 1923-1995. Data were obtained from a number of sources,
as detailed in Table 27. The full ALA (2001) database was homogenized as much as

possible. Where data were based on IMM or PGA.

Tahle 2.7 Summary of data sources used to develop the ALA (2001) database of pipeline
damage caused by ground shaking.
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ALA (200 I) has published its full dataset as an appendix along with its report. For each data
point, pipe material, pipe repair rate (RRJ. pipe diameter, PGV and any adjustments made are
specified. Where available, the numbers of repairs and length of pipe used to calculate RR are

given. Pipe material and pipe diameter categories are summarized in Table 2.8.

Table 2.8 P|pe material an pipn diameter. r\ntognrinc included—in-the dataset for the ALA
(2001) fragility rglation (percentages subjected to rounding errprs)

Pipeline
gon . [age or _|
- ~ = 7 DCObllptIUII Percenta e Of
characteristic total database
AC Asbestos cement 12.3
Cl GCast-iron 466
CP
Material type Conerete 2s
DI Ductile iron 11.1
WX Mixed (CI & DI combined) 111
S Steel 16.0
DS Distribution system (mainly small diameter) 70.3
Diameter S Carge diameter (> 30.48cm) 9.9
SV Small diameter (,; 30.48cm) 108

The distribution of data for different pipeline categories is summarized in Table 2.8. The full

ALA (200 I) dataset is plotted in Figure 2.16.

This includes the standard "backbone" fragility relationship based on a single-parameter
linear model and lines representing the 16th and 84th percentiles of the data set. The
"backbone" line defines the median slope of all 81 data points and has the property of having
equal numbers of points above and below it. The line of median slope is a description of

central tendency less sensitive to data outliers. The "backbone" fragility relation is expressed

in Equation (2.17) and plotted in Figure 2.18.

Additional analyses were performed to assess the influence of earthquake magnitude, pipe
material and pipe diameter on the pipe failure rate. Earthquake magnitude was taken as a
surrogate measure for duration of ground shaking, with the implication that for a given value
of PGV, pipe damage rate would be higher in regions experiencing longer duration of ground

shaking. However, no meaningful relationship was identified from the available data.

40



1111 Y)ICHH ee.  11J~:S1""V)

0.25 |
]_ \] [
0’1| o !
) |
n
80.1~
m | 0
— ' )
" o
H
r o1 . o .
- . ||,i~.
— ..III -
OOC o 0 ~ll.lll ..Ig |
~crar™” <o |
(o}
]_ 1-11~'~ . o 0< 1 o
01 Do 1o
° 30 Al
GV (irk:tl/I'r'—

Figure 2.16 Data set used by ALA (2001) to derive pipeline vulnerability function for PGV.
Mcladian replair rate (RR) line defines standard "backbone™ curve. Lines defining tbe
16 and 84 percentiles are included to illustrate the scatter.

The ALA (200 I) investigation included details on application of the fragility relations for
different pipe-joint-diameter-soil  types and a discussion of scatter in the dataset, which is

considerable.

2.6.2.9 Findings

For seismic risk analysis of water distribution systems, pipeline repair rates need to be related
to earthquake effects as well as factors affecting pipeline vulnerability. Since the 1970's,
attempts have been made to correlate earthquake intensity and various peak ground motion
parameters with pipeline damage rates (given in terms of numbers of repairs per unit length
of pipe). The resulting fragility relations can then be used for predictive purposes in

estimating likely damage in the event of a future earthquake.
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The earthquake performance of buried pipelines has been investigated by means of a detailed
review of existing pipeline fragility relations. Specific emphasis is placed by Lain Tromans
on identifying the size, origin and reliability of the datasets used. Results are presented of a
post-earthquake investigation into water pipeline damage in the town of DUzce, Turkey,
caused by two destructive earthquakes in 1999. The influence of various factors on the spatial
distribution of water pipeline damage was examined using a Geographical Information

System.

It is found that most of the fragility relations investigated did not consider the possible
categories of pipe material and pipe diameter whereas these parameters play important role in
the vulnerability of pipelines. It is also found that no new fragility relation is developed in the

case of Duzce earthquake.
2.6.2.10 Lessons learned

The majority of pipeline fragility relations use either PGA or PGV as the predictor parameter.
A selection of available relations for PGA are given in Table 2.9 and are plotted for
comparison purposes in Figure 2.17, along with an indication of the range of applicability of

each relation, where this could be estimated.

The predictions of Bresko (\980), based on the data of Katayama et al. (\975) are
significantly greater than any of the other predictions for PGA above about 200 cm/s2. The
high values predicted reflect both the influence of permanent ground deformation effects and
large uncertainties in the derivation of repair rates. The curves of Isoyama & Katayama
(1982) and Isoyama el al. (2000) give similar predictions to each other in the range 120 - 300
cm/sz- Much beyond this, the earlier study predicts significantly larger values of repair rate.
The Isoyama & Katayama (1982) study is based on data from the San Fernando earthquake
(Table 2.5a), which according to Bresko (1980), yielded pipeline repair rate data for the PGA
range 170-330 cm/s’ (Figure 2.17kData from the Hyogoken-nanbu earthquake used by
Isoyama el al. (2000) included data for PGA up to about 800 cm/s? and so is more reliable in
the range 330 < PGA < 800 cm/s™ In any case, the IsoyanJa el al. (2000) study is based on a

much more reliable and comprehensive database than that of the earlier study.
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Table 2.9 Pipeline fragility relations for PGA derived by several investigations. RRdenotes
repair rate. PGA is measured in em/s'.

Investieators RR=f(PGV) Notes

Mainly CI pipes.
fog—PEAr (Z79) [ Data is from Katayama et al. (1975)

Katayama et al. (1975)

for "average condition™ (b=3.65)

ISoyama and Ratayana .
(1982 1.698X10.16 PGAs0s (2.10) Cl pipes
O'Rourke et al. (1998) | 101.2%g peaoss (2.11) Cl pipes
Isoyamaet al. (2001)  2.88X 10'\PGA-100r  (2.12) Cl pipes
lU,uUU
E 1.000
Q0 \
: 0.100
o
0_:“
_G___ Kalayarra et al. (1975)
6' 0.010 o...000 Isoyarra and Katayarra (1982)

ORourke et al. (1998)
Isoyarra et al. (2000)

0.001
10 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

PGA (em/s’)

Figure 2.17 Comparison of the pipeline fragility relations for PGA expressed in Table 2.9.

The relation derived by O'Rourke et al. (1998) predicts high repair rates for low values of
PGA. However, application of the relation to PGA values below about 90 cmls? requires
extrapolation beyond the limits of the dataset. For PGA greater than around 220 cmlsz, the
O'Rourke et al. (1998) relation predicts lower repair rate values than the Japanese study. The
two curves diverge significantly: the ratio of repair rates for the two relations at 400 and 800
ch52 are 2.9 a 6.4 respectively. The reasons for this difference are not clear without more

information on how the relations were derived.
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Various POV fragility relations are expressed in Table 2.10 and compared graphically in

Figure 2.18.

Table 2.10 Pipeline fragility relations for PGV derived by several investigation. RR denotes
repair rate. PGV is measured in em/s.

Investillators RR = f(PGVI Notes
"best-fit" fTagility relation (K=I),
Efdinger—et-at—($995—1998)K0-0661658PO¥E38——(2:13) converted
from imperial units to Sl units
HAZUS (FEMA, 1999) 0.000 1POY"25 (2.14) "brittle pipes" fTagility relation
Isoyama et al. (2000) 3.11X10.3 (POY_15)L3 (2.15) Cl pipes “standard curve"
O'Rourke et al. (200 I) “l (2.16) Cl pipes
"backbone" fTagility relation
(KALA=I ),
ALA (2001 K .00241 . . : .
(2001) | ALA 0002416 pay  (2.17) | converted from imperial units to SI |
units

10.00

T-IL
_l

1.00

--Bdinger etal.(1995,1998)
--HAZUS(FB.1A,1999)
- - 50yama et al. (2000)
O'Rourke et aL (2001)
--ALA (2001)

SOme € |

0.01
0 10 20 30 40 50 60 70 80 20 100 110 120 130 140 150

PGV (em/s)

Figure 2.18 Comparison of the pipeline fragility relations for PGV expressed in Table 2.10.

The HAZUS curve, based on the data of O'Rourke & Ayala (1993) gives the highest
predictions of pipeline repair rate for POV greater than 15 cm/s. O'Rourke (1999) considers
this fragility relation to be over-conservative, with pipeline repair rates being unduly affected
by the long durations of ground shaking experienced during the Michoacan earthquake.

The Eidinger el al. (1995, 1998) and Isoyama (2000) relations predict repair rates within
about a third of each other over the range 35 < POV < 70 cm/s. These predictions are
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especially considering the fact that completely

remarkably close for fragility rdations,
is largely

different data sets were used in each case. The disagreement at lower levels ofPOY

due to the assumption by Isoyama el al. (2000) of a lower POY threshold for pipeline
damage. The Eidinger el al. (1995, 1998) relation has a much more limited range than that of
Isoyama el at. (2000) and probably should not be extrapolated much beyond about 55 cm/s.
The HAZUS relation is based on a dataset with a similarly restricted range. The curves of
O'Rourke el al. (200 1) and ALA (2001) are remarkably similar over a wide range of POY
values.

For the range of strong-motion values typically associated with destructive earthquakes, the
variation in repair rate obtainable using different fragility relations is generally less for POY
than POA (Figures 2.9 and 2.10). This suggests that POY may be a better predictor of

earthquakeinduced pipeline damage than POA. However, many factors have contributed to

the scatter observed among the various fragility relations and a more quantitative

investigation is required to draw more firm conclusions.

The investigations of O'Rourke el al. (1998, 2001) and Isoyama el al. (2000) suggest that
POY is more effective than POA for the prediction of pipeline damage caused by earthquake-
induced ground shaking. That this should be the case has been suspected for a long time.
Newmark (1967) highlighted the close connection between ground strain and POY and this
served as the motivation for the first POY fragility relation (Barenberg, 1983). Measures of
ground acceleration (although not necessarily the peak ground acceleration) are of more
relevance in predicting damage to aboveground structures, for which inertial forces are much

more important.

Pipeline fragility relations have improved considerably over recent years and are useful for
damage prediction. For general application, the POY relation of ALA (200 I) is recommended

as it is derived from a global database.

Although it has been shown that POY is a better predictor parameter for pipeline damage

than POA, it is nevertheless useful to have POA fragility relations because of the widespread

use of this parameter in earthquake risk assessment. It should be stressed, however, that

wherever possible, predictions of pipeline damage should be made from POY estimates.
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2.7 SUMMARY

The purpose of this chapter was to review the response of buried water supply pipeline due to
ground shaking and site effects. Factors affecting earthquake vulnerability is also reviewed. A

thorough review work is done on existing empirical relations such as Katayama (1975),

O'Rourke (1982), lIsoyama & Katayama (1998) and Isoyama (2000) for the prediction of

earthquake-induced pipeline damage and finally a comparison is made among the selected

fragility relationships.
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