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ABSTRACT

Pipelines are the most economical, efficient, and safest mode of transporting oil, gas, water,
sewerage, and minerals in slurry form. In the last few decades pipelines have become the
lifelines for many nations’ economic security and growth. As these pipelines do and will
continue to pass through myriad geologic environments, some will be subjected to earthquake
hazards. Among others, the San Francisco (1906); Meckering, Australia (1968); Mexico City
(1985); Loma Prieta, California (1989); Northridge, California (1994); Kobe, Japan (1995);
Bhuj, India (2001); Denali, Alaska (2003); and Sumatra (2004) earthquakes all triggered
damages to critical pipeline routes. In this paper, emphasis is given to the vulnerability of the
Australian pipeline system to seismic hazards. Seismic design and engineering of pipelines
has advanced significantly in last few decades; still, little has been accomplished to address
the vulnerability of buried pipelines to seismic hazards. With new and proposed cross-country
pipelines in Australia, it is becoming more important to understand the effects of seismic
hazards (e.g. shaking, liquefaction, fault surface rupture) on buried pipelines.
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1

INTRODUCTION

Pipelines have been acknowledged as the most reliable, economic and efficient means for the
transportation of water and other commercial fluids such as oil and gas and nowadays
minerals in the form of slurry. The designation of pipeline systems, as “Lifelines” signifies
that their operation is essential in maintaining public safety and critical services (e.g., power,
water, and sewer) at all times, even immediately after natural disasters. A pipeline
transmission system is a linear system which traverses a large geographical area, and soil
conditions thus, is susceptible to a wide variety of geohazards. Ruptures or severe distortions
of the pipeline are most often associated with relative motion arising from earthquake
movements, landslides, liquefaction, or differential motion at abrupt interfaces between rock
and sediment. Historically the most catastrophic damages result from ground rupture, seismic
shaking, and liquefaction. The performance of buried and above ground pipeline structures
subjected to seismic hazards has become an important subject of study.
2

AUATRALIAN SEISMIC HAZARDS

The Australian seismic hazard map currently is under revision (McPherson et al., 2011) with
an updated edition planned for release in 2012. Australia occupies an intraplate tectonic
setting and as such, has a significantly lower seismic hazard than plate boundary regions.
Albeit relatively low on a global scale, the seismic hazard posed to pipelines in Australia is
not insignificant as evident by the failure of critical pipelines during the Meckering, Western
Australia (1968) Mw 6.9 and Tenant Creek, NT (1988) Mw 6.3, 6.4, and 6.6 events (McCue,
1990).
Australia’s low seismic hazard can be both opportune and inconvenient for industry and those
who study earthquakes. Current understanding of intraplate faults suggests their rupture
pattern consists of long episodes of quiescence (up to 100,000 years) followed by short
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episodes of activity (e.g., Crone et al., 2003; Clark et al., 2011). Given this suggestion, the
assessment of neotectonic features requires additional identification and characterization tools
than those typically employed in plate boundary studies. Geological and seismological
research on Australia’s intraplate earthquakes has increased considerably in the past few
decades. However, an inventory of possible seismic sources has just begun to be compiled
(Clark, 2010). As more studies are conducted, the Australian Neotectonic features database
(Fig. 1) is growing, but currently it is both incomplete and indicative of mostly possible
tectonic features rather than known seismic sources. Most of the features in the database have
not been studied on the ground and their seismogenic potential is unknown.

Figure 1: Australian neotectonic database (Geoscience Australia, 2011). Red lines delineate possible,
probable, and definite neotectonic features.

Three principal geohazards posed to pipelines by earthquakes in Australia are: 1) seismically
triggered soil and slope failures (e.g., landslides and liquefaction); 2) seismic shaking; and 3)
fault surface rupture. The seismic sources that are responsible for these hazards may be
previously identified faults or previously unknown faults. In order to mitigate the risks
associated with these geohazards, the geologic conditions along proposed pipeline alignments
must be understood. Soil and slope conditions must be determined in order to understand
how they might behave during an earthquake. In addition, due to the incomplete nature of
published fault maps and databases, route alignment-specific investigations must be
conducted in order to accurately determine the location of nearby seismic sources and whether
faults cross route alignments.
3. PIPELINE PERFORMANCE DURING PAST EARTHQUAKES
The 1971 San Fernando Earthquake resulted in direct losses to the pipeline systems by
damaging a 1.24 m diameter water pipeline at nine bend and welded joints. Ductile steel
pipelines were able to withstand ground shaking but could not withstand ground deformation
associated with fault rupture and lateral spreading (Youd & Perkins, 1978; O’Rourke and
Tawfik, 1983). The 1983 Coalinga Earthquake caused numerous breaks in the natural gas line
but fires did not occur since the main valve was closed manually shortly after the earthquake.
Several pipeline failures occurred in oil drilling and processing facilities. In general it was
noted that most pipe breaks occurred at pipe connections. In 1987 Whittier Narrows
Earthquake, the Southern California Gas Company reported 1411 gas leaks were directly
caused by the earthquake. 1989 Loma Prieta Earthquake with a moment magnitude of 6.9 Mw
caused failure of many pipelines. Damage consisted primarily of broken water lines. Broken
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waterlines occurred at the Ford automobile plant from liquefaction and excessive soil
pressures. 1994 Northridge Earthquake caused about 1400 pipeline breaks in the San
Fernando Valley area. Leaking gas ignited at several locations. Some broken water and gas
lines were found to have experienced 0.1524 to 0.3048 m of separation in extension. The area
experienced widespread ground cracking and differential settlements.
In 1999 (Mw 7.4) Kocaeli, Turkey Earthquake substantial water supply damage occurred in
many cities (Kurtulus, 2011). For example, the entire water distribution system in Adapazari
was damaged. A water pipe made of steel with a diameter of 2.4 m, damaged at Kullar due to
right-lateral strike-slip motion along the fault. A butt-welded Thames raw water steel pipeline
2.2 m in diameter crosses the Sapanca Segment of the North Anatolian fault and was damaged
at the fault crossing. Damage was observed at three locations where a small surface leak was
observed in the pipe at a point near the fault crossing; a significant leak occurred at yet
another point and a minor leak happened a bend in the pipe. In 1999, the Chi Chi Earthquake
(Taiwan) damaged many buried water and gas pipelines at many sites. It was reported that
buried gas pipelines underwent bending deformation due to ground displacement along a
reverse fault near the Wushi Bridge about 10 km south of Taichung. The risk to pipelines
from permanent ground deformation PGD received attention by the engineering community
after the 1999 Kocaeli and Chi-Chi earthquakes (Miyajima & Hasshimoto, 2001), where
faults displaced the ground surface by 2 and 9 m, respectively and caused damage to water
and gas pipelines. These kinds of events are likely to cause permanent damage to pipelines
that cross the fault trace. The response of buried pipelines to earthquake-induced PGD has
received attention by the pipeline engineering community in the past decade (e.g., O’Rourke,
2003).
4. SEISMIC VULNERABILITY OF BURIED PIPELINES:

Seismic hazards have been classified as being either permanent ground deformation (PGD) or
seismic wave propagation hazards (O’Rourke & Liu, 1999). PGD may be due to a) surface
rupture along a geologic fault, or b) triggered from seismic shaking such as landsliding and
liquefaction.
4.1 Surface Rupture: Fault surface rupture is surface deformation associated with the
relative displacement of adjacent parts of earth’s crust. Ground ruptures can occur over an
extended length of the fault, the length and amount of surface rupture depends mainly on the
magnitude of the earthquake and focal depth. Faults are classified on the basis of slip
(direction of movement) and their angle of dip with respect to the ground surface. In general,
depending upon the predominant component of movement, faults are classified as being
strike-slip, normal-slip, or reverse-slip. In many cases faults exhibit a combination of two
types of movements and are termed as oblique-slip. Figure 2 illustrates the simplified types of
fault movement and Figure 3 represents the geometry of a pipeline crossing a fault (Newmark
& Hall, 1975). For the purpose of illustration, the faults are represented as a single plane on
which relative movement between each side of fault occurs. A strike-slip fault is one in which
the predominant component of movement is horizontal displacement. If the movement of one
side of the fault when viewed from the other side is to the right, the fault is called right-lateral
strike-slip fault. Conversely, when the movement is to the left, the fault is called a left-lateral
strike-slip fault. Normal-slip and reverse-slip faults are those in which the overlaying side
moves downward or upward, respectively, with respect to the underlying side of the fault. A
low angle reverse-slip fault (whose plane of movement is oriented less than 45° with the
horizontal) is often referred to as thrust fault.
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Figure 2: Fault types
Figure 3: Idealisation of pipe crossing a strikeslip fault (Newmark & Hall, 1975)

The amount of horizontal shortening or lengthening in the plane perpendicular to the fault is
referred to as heave. The vertical offset measured in the same plane is referred to as throw.
4.2 Liquefaction and Landsliding: Liquefaction is the transformation of a saturated

cohesionless sediment from a solid to a liquid state as a result of increased pore pressure and
loss of shear strength. Youd & Perkins (1978) identified three basic types of ground failure
associated with liquefaction: lateral spreading, flow failure, and loss of bearing capacity.
Lateral spreads involves the horizontal movement of the surficial soils due to liquefaction of
an underlying deposit. Lateral spreads can be especially destructive to buried pipelines,
although the degree of damage depends on the magnitude and extent of lateral spreading and
the composition of the pipeline. A flow failure involves the displacement of completely
liquefied soil often with blocks of intact earth transported within the liquefied mass. Many
flow failures develop under water, as is evidenced by the ground deformations adjacent to
Lake Merced caused by the 1957 San Francisco earthquakes (Bonilla, 1959). Loss of bearing
strength leads to bearing failures and large deformations in surface structures founded on
liquefied soil. Bearing capacity loss beneath an embankment leads to settlement and
spreading that may induce considerable tensile strain in a pipeline. Liquefaction often leads to
the formation of sand blows, sand dikes, fissures, and other channels through which water and
sediments are ejected, often at high pressure, onto the ground surface. When the soil around
the buried pipeline liquefies, buoyancy forces are exerted on the pipeline which must be
resisted by anchors and the drag forces imposed by the liquefied soil as the pipeline begins to
elevate (Kennedy et al., 1977).
Buoyancy effects are probably of greatest concern in areas such as flood plains and estuaries
where massive liquefaction could take place in a large earthquake. Coseismic landslides are
often triggered during seismic events when gravitational and seismic accelerations exceed the
combined cohesive and frictional strength of affected rock and soils (Newmark, 1965). The
number of landslides and area affected by landslides scales with earthquake magnitude (Youd
and Perkins, 1978) and focuses on, and decays radially from, the earthquake epicentre
(Keefer, 2000).
4.3 Failure Modes of Buried Pipelines during Seismic Events:
Approximately 3% of natural gas pipelines failures in the USA are due to ground movement
during seismic events (PRCI, 2003). Soil movement can induce stresses and strain the pipe
walls. The magnitude of the induced stress/strain depends on the magnitude and direction of
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soil movement, the soil shear strength, the friction between the soil and pipe, the depth of
burial and the pipe properties. Governing strains induced in the pipeline may be tensile or
compressive depending on the type of motion along the underlying fault (or seismically
triggered failure surface) and the angle at which the pipeline crosses it.
For continuous pipeline:
Compressive failure: The failure of the buried pipelines occurs due to fault rupture, landslide,
liquefaction, or relative ground motions. Local buckling or wrinkling in the buried pipelines
occurs due to local instability of the pipe wall. This is very common failure mode for steel
pipes. For a shallow buried pipeline, during movement along a fault in the vertical plane
global buckling is predominant over local buckling. The uplift resistance is much less than the
downward bearing capacity. Typically, the relative movement is distributed over a large
length and hence the compressive strains in the pipeline are not too large and the potential of
tearing of the pipe wall is less.
Tensile Failure: In tension, the corrosion-free steel pipe with arc-welded butt joints is ductile
and capable of mobilizing large strains, associated with significant tensile yielding, before
failure. Older steel pipe with gas-welded joints often cannot withstand large tensile strain
before rupture. The strain associated with tensile rupture is generally well above about 4%
(Newmark & Hall, 1975). For analysis and design, an ultimate tensile value approximately of
4% (ASCE, 1984) is often used, beyond which the pipeline is considered to have failed in
tension.
Welded Slip Joint: The material strength of the pipe governs the failure of arc-welded butt
joints. However, for the steep pipelines with slip joints and gas-welded joints, the failure
criterion is different and is governed by the strength of the joints which is less than the
strength of the pipe material. During, 1971 San Fernando earthquake, the Granada Trunk line
(1260 mm) is an example of welded slip joint failure during an earthquake (O’Rourke &
Twafik, 1983).

Figure 4: Axial pull-out at the joint of a water
supply pipeline during Tangshan Earthquake,
1976 (EERL, 2004)

Figure 5: Leaking at bell and spigot joint of a
water supply pipeline due to bending during
Sumatra earthquake, 2004 (Das & Jain, 2005)

For segmented pipelines
Axial pull-outs: The shear strength of the joint material is much less than that of the pipeline
material. During seismic activity in areas of tensile ground strain this kind of failure
mechanism dominates especially for water transport pipelines (Das & Jain, 2005).
Circumferential flexural failure and joint rotation: when a segmented pipe is subjected to
bending due to PGM (Permanent ground movement) or shaking due to seismic events, the
ground curvature is accommodated by the combination of rotation at the joints and flexure on
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that pipe segment Figure 4. These are the two major failure modes for CI (Cast Iron) or
asbestos cement (AC) pipes.
Crushing of bell-and-spigot joints: This occurs due to compressive strain and was observed in
the 1985, Mexico City earthquake (Flores Berrones & Liu, 2003), and recently in the Bhuj
earthquake 2001 (Das & Jain, 2005) where many of the CI pipes were damaged due to this
failure mechanism.
5. SEISMIC HAZARD AND AUSTRALIAN PIPELINE INDUSTRY
Seismic hazards in Australia are not fully understood. A number of notable earthquake
triggered pipeline failures have occurred in Australia (e.g., Meckering, Newcastle, Tennant
Creek). However, no attempt has been made to develop a seismic design guideline for the
pipeline industry in Australia. The uncertainty associated with Australian seismic hazards
requires a proactive approach from industry. Geologists with an understanding of geohazards
must be involved during preliminary project stages. Geologic investigations and mapping
along proposed route alignments are critical in order to identify hazards prior to route
selection. Engineers can incorporate geologic hazard mapping (e.g., hazard susceptibility)
during their design stage in order to reduce the risk of earthquake triggered hazards such as
liquefaction, landsliding, and fault rupture.
During Tennant Creek earthquakes of 1988, three powerful earthquakes ranging from 6.3 to
6.7 ML shook the region. The main infrastructure damage was the severe warping of a major
natural gas pipeline as ground ruptures occurred along a 35 km long fault scarp (with up to
2m of vertical displacement). This was due to the ductile failure of mild steel pipeline
materials (McCue, 1994) as shown in Figure 7: .

Figure 6: Brittle failure of water pipe,
Meckering earthquake (Source: AEES Gallery)

Figure 7: Damage to the natural gas pipeline,
Tennant Creek earthquake (McCue, 1994)

In December 28, 1989 an earthquake of magnitude 5.6 in the Newcastle region caused twenty
two water-main breaks in 150 mm and smaller diameter pipes. This was mainly due to the
seismic shaking. Few cast iron pipes were found to have circumferential cracking and also
areas of localised corrosion appeared to have been shaken by the seismic waves from the
earthquake (Raja Sekar, 1991).
6. CONCLUSION
This paper gives an overview of past performance of buried pipelines during seismic events
including fault rupture, liquefaction, seismic shaking, etc., and illustrates the nascent
understanding of earthquake hazards in Australia. Identification of seismic sources and
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geohazard prone areas during early project phases allows these data to be incorporated during
the design phase. Then appropriate site-specific seismic design during the engineering stage
can reduce the risks posed by earthquake hazards on buried pipeline structures.
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