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Seismic damage probabilities for segmented buried pipelines
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ABSTRACT: Having aging buried pipeline systems, many lifeline utility (e.g., water) companies worried
about the performance of their systems against various hazards. For example, water distribution engi-
neers of water utility companies need methodology that would assist in estimating the optimum time to
replace water mains. Risk assessment of these systems provides a valuable tool for the mitigation studies.
In seismic areas, pipelines are affected by earthquake loading and get some damage. The damage state is
controlled by several parameters related to pipeline properties, geological and geotechnical characteristics
of the locations where pipelines exist and seismic intensity. Because these parameters show substantial
change for a pipeline system, which generally spreads over large areas, geographical information systems
(GIS) are used for evaluations. In this study, the fragility relations relating the probability of buried pipe-
line damage within the pipeline system to the seismic intensity levels were presented. The seismic intensity
is represented by peak ground velocity (PGV). The 1994 Northridge Earthquake and Los Angeles water
supply system damage database were used to develop the fragility relations. By using the GIS, a grid of
different sizes were superimposed on the pipeline damage and PGV maps. Effects of grid size on the dam-

age probability curves were discussed.

1 INTRODUCTION

Having aging buried pipeline systems, many life-
line utility (e.g., water) companies worried about
the performance of their systems against various
hazards. Risk assessment of these systems provides
a valuable tool for the mitigation studies. The basic
equation for the risk calculation under extreme
events is (e.g., Vrouwenvelder, 2009):

RISK =¥ P (H) P(D|H) P(S|D) C(S) (1)

where H represents the hazard and P(H) is the
probability of exceedance of a given intensity over
a given time period, D is the damage, P(D|H) is
the probability that the given facility get damage
when subjected to the given hazard intensity, S is
failure scenario, P(S|D) is the probability that the
given system fail when subjected to the given dam-
age and C is the cost for the given failure scenario.
The summation is over all relevant hazards, dam-
age types and scenarios. The calculated risks can
be used to calculate robustness index as proposed
by Baker et al. (2008).

The objective of this study is to develop fragility
relation relating the probability of pipe failure to
the seismic ground motion parameter, namely peak
ground velocity. In essence, a relationship to deter-
mine P(D|H) for earthquake hazard is presented.
The 1994 Northridge, USA earthquake pipeline
damage was used to develop the relationships.

A similar approach was used by O’Rourke et al.
(1999) to develop fragility relations relating the
probability of pipe failure at a specified fault cross-
ing location to the amount of fault offset.

2 PIPELINE DAMAGE IN PAST
EARTHQUAKES

The earthquakes that occurred close to large urban
areas caused significant damage. This was partly
because of the relative size of buried pipeline sys-
tems that was exposed to earthquake and partly
weaknesses in the systems. Some examples for
weaknesses are aging of the pipelines, corrosion
and inflexible joints. Selected cases for buried pipe-
line damage caused by earthquakes in the last two
decades are given below.

During the 2008 Wenchuan, China, earthquake
(Ms = 8) substantial damage to water pipelines
occurred. For example, in Anxian County, there
were 100 damages of which 70% and 30% are on
iron and steel pipelines, respectively at 39.6 km
of pipelines with diameters ranging from 63 to
300 mm (Yifan et al., 2008). There were also dam-
ages to steel gas pipelines.

The two largest municipalities whose water
systems were significantly affected by 23 October
2004 Niigata Ken Chuetsu, Japan, Mw = 6.6
earthquake were Nagaoka and Ojiya. As reported
by Scawthorn et al. (2006), Nagaoka’s water
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supply system has approximately 1,084 km of serv-
ice main and distribution pipelines. The system’s
total length consists of about 66% ductile iron
pipe, 21% unplasticized polyvinyl chloride (PVC)
pipe, 7% steel pipe, 6% cast iron pipe, and 0.5%
asbestos cement pipe. The larger main pipelines
were generally undamaged; smaller-diameter pipes
were significantly damaged. Nagaoka sustained
287 failures in its system of water transmission and
distribution pipes.

Ojiya’s water supply system has approximately
328 km of service main and distribution pipelines.
The system’s total length consists of about 71%
ductile cast iron pipe, 16% steel pipe, 9% unplasti-
cized PVC pipe, and 4% polyethylene pipe. The city
sustained 102 failures in its system of water trans-
mission and distribution pipelines. Many failures
occurred in pipes of relatively small diameter.

The 1999 Ji-Ji, Taiwan earthquake (or called
Chi-Chi earthquake) caused widespread damage
at vital lifelines including water distribution sys-
tems and natural gas supply systems. Chen, et al.
(2002) presented the gas pipeline performance of
Taichung City which is the largest city in the dis-
aster area of the Ji-Ji earthquake. The length of
pipelines installed exceeded 979 km (not includ-
ing the pipes leading to the customers’ residences
from the distribution lines). Pipeline network
was mainly composed of three types of materi-
al—polyethylene (PE pipes), steel (steel pipes), and
cast iron (CI pipes). The steel pipes included poly-
ethylene covered steel pipes, galvanized steel pipes,
and ordinary steel pipes. The cast iron pipes were
used for pipelines with larger diameters, but rarely
used recently. In terms of pipeline lengths, the steel
pipes were the longest with 800 km, while the PE
pipes accounted for 152 km. The cast iron pipes
had only 27 km. Various sizes of pipelines ranging
from 25 to 250 mm were used in constructing Tai-
chung City’s gas supply network. Pipe diameters
with more than 100 km of pipeline are 50, 80, 100
and 150 mm. Chen, et al. identified damage loca-
tions according to data gathered immediately after
the Ji-Ji Earthquake, re-evaluated them for accu-
racy and finally concluded with 795 damages.

In order to study the damage patterns of natu-
ral gas and water pipelines in the Ji-Ji earthquake,
Chen, et al. established a GIS database and analy-
sis procedures. They also conducted statistical
analysis to understand the correlation between
repair rate (RR) and seismic parameters such as
the peak ground acceleration, peak ground veloc-
ity, and spectrum intensity by attempting different
grid sizes and calculating the size parameters as
suggested by Toprak (1998). Hwang et al. (2004)
evaluated particularly the performance of the
steel pipelines of Taichung City’s gas supply net-
work. Both Chen, et al. (2002) and Hwang et al.

(2004) used damage ratio (or repair rate) in their
correlations.

The 1994 Northridge, U.S.A. earthquake pro-
vided a unique opportunity to develop and improve
correlations between pipeline damage and seis-
mic parameters. The research described in Toprak
(1998), O’Rourke et al. (1998), O’Rourke and
Toprak (1997) represented the first time that com-
prehensive GIS analyses were performed for a large
US water supply with extensive Earthquake dam-
age and strong motion data. There was widespread
pipeline damage and deployment of strong motion
instruments throughout the City of Los Ange-
les at the time of the earthquake. The earthquake
damage included 15 transmission line, 74 trunk
line (nominal pipe diameter > 600 mm), and 1,013
distribution lines (diameter < 600 mm) repairs.
Furthermore, reliable information about pipeline
characteristics, repair, and strong motion measure-
ments has been collected. As part of the research,
all of approximately 10,750 km of distribution lines
and 1,000 km trunk lines were digitized and incor-
porated in a GIS database that also includes repair
records and the corrected strong motion records of
165 seismograph stations.

3 FRAGILITY RELATIONSHIPS

3.1 Characterization of seismic hazard

Among the various seismic parameters, the most
statistically significant correlations were found for
PGV (O’Rourke et al., 1998; Toprak, 1998; ALA,
2001). PGV has a more direct physical interpreta-
tion in terms of its effects on buried pipelines. PGV
is correlated with axial strains experienced in the
soil due to seismic wave propagation as expressed
in the following general equation (Committee on
Gas and Liquid Fuel Lifelines, 1984):

g,= V,/C (2

where ¢, is the maximum seismic ground strain,
V... 1s the maximum ground velocity, and C is the
seismic wave-propagation velocity. Depending on
the slippage developed between a pipeline and the
surrounding soil, a certain percentage of the soil
strain is transferred to the pipeline. Because of this
relationship, a good correlation between PGV and
pipeline damage would be expected.

Toprak (1998) and O’Rourke et al. (1998),
Toprak, et al. (2008) relationships were developed
primarily from CI pipeline damage although they
made limited comparisons with damage for other
pipe types. Also they considered effect of pipe
size on damage correlations by dividing the data
into two groups as distribution (nominal pipe
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diameter < 600 mm) and trunk lines (nominal pipe
diameter > 600 mm).

3.2 The methodology

In order to develop fragility relation relating the
probability of pipe failure to the seismic ground
motion parameter, namely peak ground velocity,
the study area is divided into 2 km x 2 km, 1 km
x 1 km, 0.5 km x 0.5 km, and 0.25 km x 0.25 km
grids. Different grid sizes are used to evaluate the
effect of grid size on the probabilities of pipe fail-
ure. Toprak et al. (1999) discussed the visualization
of spatially distributed pipeline damage using GIS
and emphasized the effect of grid size on pipe-
line repair rate values. Figure 1 show the 2 x 2 km
grid superimposed on the map of Los Angeles
water supply system affected by the 1994 North-
ridge earthquake. The lines in the figure show the
pipelines whereas the full circles show the pipeline
repairs.

The focus in this study is on distribution pipe-
lines and particularly cast iron pipelines. The total
length of the distribution lines is 10,750 km. About
76%, 11%, 9%, and 4% of the distribution lines are
composed of cast iron (CI), steel, asbestos cement
(AC) and ductile iron (DI), respectively. Out of 944
distribution line repairs, about 78%, 17%, 3%, 1%,
and 1% are cast iron, steel, asbestos cement, duc-
tile iron and other pipe type repairs, respectively
(Toprak et al. 2008). Since 76% of the water distri-
bution system consists of CI pipelines with wide-
spread distribution throughout the city, this type
of pipeline can be used most effectively to evalu-
ate the distribution and characteristics of damage
over the entire area (O’Rourke & Toprak 1997).

Figure 1. A 2 x 2 km grid superimposed on map
of Los Angeles water supply system affected by the
1994 Northridge Earthquake (Modified after Toprak,
etal., 1999).

A complete discussion of the City of Los Ange-
les water supply system and the 1994 Northridge
earthquake damage in that system can be found in
Toprak (1998) and O’Rourke & Toprak (1997).

In the current study, PGV values from ShakeMap
for the 1994 Northridge earthquake were used
(Toprak et al. 2008). ShakeMap (http://earthquake.
usgs. gov/eqcenter/shakemap/)—rapidly, automati-
cally generated shaking and intensity maps—com-
bines instrumental measurements of shaking with
information about local geology and earthquake
location and magnitude to estimate shaking vari-
ations throughout a geographic area (Wald et al.,
2005). The results are rapidly available via the Web
through a variety of map formats, including Geo-
graphic Information System (GIS) coverages. The
fundamental output product of the ShakeMap
processing system is a finely sampled grid of lati-
tude and longitude pairs with associated amplitude
values of shaking parameters at each point. These
amplitude values are derived by interpolation of
a combination of the recorded ground shaking
observation and estimated amplitudes at locations
that fill in gaps, with consideration of site amplifi-
cation at all interpolated points. The resulting grid
of amplitude values provides the basis for generat-
ing color-coded intensity contour maps, for further
interpolation to infer shaking at selected locations,
and for generating GIS-formatted files for further
analyses. ShakeMap utilizes the larger of the two
horizontal components at strong motion recording
stations.

The strong motion database of 1994 North-
ridge earthquake had provided the most extensive
data of its type up to 1994 for pipeline damage
correlations. Yet, the spacing between stations
was tens of kilometers in most of the cases. The
ShakeMap processing system however produces a
finely sampled grid of latitude and longitude pairs
(about 1.5 km spacing) with associated ampli-
tude values of shaking parameters at each point.
These amplitude values are derived by interpola-
tion of a combination of the recorded ground
shaking observation and estimated amplitudes
at locations that fill in gaps, with consideration
of site amplification at all interpolated points.
Hence, the PGV values should be more close to
the reality as opposed to just statistically interpo-
lating PGVs using sparsely distributed stations.
The PGV values as a grid system and as a map of
PGV contours for the 1994 Northridge earthquake
were obtained from the following web site: http://
earthquake.usgs.gov/eqcenter/shakemap/sc/shake/
Northridge/#Peak_Ground_Velocity.

With GIS, the number of particular pipeline
repairs and the length of pipelines are determined
in each grid cell. The resulting pipe repair num-
bers and lengths are then grouped in such a way to
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Figure 2. Probability of failures for pipelines obtained
from2x2km, 1x1km,0.5%0.5km, and 0.25x0.25 km
grids.

correspond to 100 mm/s PGV intervals. In essence,
corresponding values of the ground motion
parameter based on the average ground motion to
have occurred over the selected interval. The inter-
vals are used in the following regression analysis.
In order to obtain the probabilities of pipe fail-
ure, number of pipelines which failed and did not
fail should be determined. For this purpose, it is
assumed that the pipe length is about 6 m and the
total number of pipes in each PGV category is cal-
culated by dividing the length of pipelines by 6.
The number of pipes in each PGV category that
failed is determined by assuming that each repair
corresponds to one damaged pipe. This assumption
is substantiated by checking the distances between
the repairs are greater than 6 m by using GIS. The
probability of failure is taken simply as the ratio of
the number of damaged pipes to the total number
of pipes in the same PGV category zone.

3.3 The damage probability curves

Figures 2a, b, c and d show the probability of
pipe failures with respect to PGV for 2 x 2 km,
1 x1km, 0.5x%x0.5km, and 0.25 x 0.25 km grids.
A simple regression analysis on the data is used
to develop seismic vulnerability functions. Vari-
ous regression models such as linear, logarithmic,
and power were used in the regression analysis.
As compared by r? values, the best results were
obtained by the logarithmic model with the fol-
lowing expressions:

P=a+bln(PGV) 3)

where P is the probability of pipe failure, PGV is
the peak ground velocity, “a’ and “b’’ are unknown
regression coefficients. The coefficient of multiple
determination r? is a measure of the fraction of
total variation that can be explained by a regression
model. If a regression model can explain all of the
variation, r? is equal to 1. Conversely, an extremely
poor model would result in r? value near zero.

The damage probability curves are shown in Fig-
ures 2a, b, c and d for the respective grid sizes. The
highest 12 is obtained from 1x1 km grid. The equa-
tions for each case are also given on the figures.

4 COMPARISON OF THE CURVES
AND CONCLUSIONS

Data from four different grid sizes are shown in
Figure 3. Also shown in the figure are the prob-
ability of failure curve obtained from all data and
the equation for the curve. The effect of grid size
on the curves are not so significant compared the
results reported by Toprak et al. (1999). This may
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Figure 3. Comparison of probability of failures for
pipelines obtained from different grids.

be the result of evaluating the probability of pipe
failures over the PGV intervals of 100 mm/s.

The seismic probability of failure curves for
pipeline damage presented herein can be useful
for risk studies of segmented water utility sys-
tems. For example, water distribution engineers of
water utility companies may combine them with
risks from other hazards in estimating the opti-
mum time to replace water mains. Because of the
screening of data (PGYV values greater than 0.8 m/s
are not included in the analysis) similar to Toprak
(1998), the curves should be applicable primarily
to ground shaking hazard.

ACKNOWLEDGMENT

The research reported in this paper was supported
by Scientific and Technological Research Council
of Turkey (TUBITAK) under Project No. 106M252
and Pamukkale University Research Fund under
Project Nos. 2010FBE0O31 and 2010FBEO17. Par-
tial Grant by PAU BAP to attend the conference is
acknowledged.

REFERENCES

American Lifelines Alliance (ALA) (2001). Seismic Fra-
gility Formulations for Water Systems, Part 1—Guide-
line, www.americanlifelinesalliance.org. 2001.

Baker, J.W., Schubert, M., and Faber, M.H. (2008). On
the Assessment of Robustness, Structural Safety 30
253-267.

Chen, W.W,, Shiha, B., Chen, Y., Hung, J., and Hwang,
H.H. (2002). Seismic Response of Natural Gas and
Water Pipelines in the Ji-Ji Earthquake, Soil Dynam-
ics and Earthquake Engineering 22, 1209-1214.

Hwang, H., Chiu, Y.H., Chen, W.Y., Shih, B.J. (2004)
Analysis of Damage to Steel Gas Pipelines Caused by
Ground Shaking Effects during the Chi-Chi, Taiwan,
Earthquake, Earthquake Spectra, Volume 20, No. 4,
pages 1095-1110, November 2004.

O’Rourke, M.J., Mitton, P. and Schiff, A. (1999). Pipeline
Damage due to Fault Offsets in the Landers Earthquake,
Optimizing Post-Earthquake Lifeline System Reliability,
Proceedings, Fifth U.S. Conference on Lifeline Earth-
quake Engineering, Elliott, WM and McDonough, P,
Eds., Seattle, WA, August, ASCE, 120-129.

O’Rourke, T.D., Toprak, S. and Sano, Y. (1998), “Fac-
tors Affecting Water Supply Damage Caused by the
Northridge Earthquake,” Proceedings of the 6th US
National Conference on Earthquake Engineering,
Seattle, WA, USA, 1-12, 1998.

O’Rourke, T.D. and Toprak, S. (1997). GIS assessment
of water supply damage from the Northridge earth-
quake, Frost, JD, Editor, Geotechnical special publi-
cation. New York, NY: ASCE, 117-131.

Scawthorn, C., Miyajima, M., Ono, Y., Kiyono, J. and
Hamada, M. (2006), “Lifeline Aspects of the 2004 Nii-
gata Ken Chuetsu, Japan, Earthquake,” Earthquake
Spectra, EERI, 22, Issue S1, S89-S110, 2006.

Toprak, S. (1998) Earthquake effects on buried lifeline
systems. PhD Dissertation, Cornell University; 1998.

Toprak, S., Koc, A.C., Cetin, O.A., and Nacaroglu, E.
(2008). Assessment of Buried Pipeline Response to
Earthquake Loading by Using GIS. The 14th World
Conference on Earthquake Engineering, Paper 06-0077.

Toprak, S., O'Rourke, T.D., and Tutuncu, I. (1999), GIS
Characterization of Spatially Distributed Lifeline
Damage”, Optimizing Post-Earthquake Lifeline Sys-
tem Reliability, Proceedings, Fifth U.S. Conference on
Lifeline Earthquake Engineering, W.M. Elliott and
P. McDonough, Eds., Seattle, WA, August, ASCE,
pp. 110-119.

Vrouwenvelder, T. (2009). Probabilistic modelling of
exposure conditions, Joint Workshop of COST
Actions TU0601 and ESS, September 21-22 2009,
Ljubljana, Slovenia.

Wald, D.J., Worden, B.C., Quitoriano, V.and Pankow, K.L.
(2005). ShakeMap Manual: Technical Manual, User’s
Guide, and Software Guide, USGS Publication,
TM12-Al, http://pubs.usgs.gov/tm/2005/12 A01/.

Yifan, Y., Baitao, S., Shanyou, L., Mingyu, Z., Dezhang,
S., Guixin, Z., Hongfu, C., Peilei, Y., Xianghua, C.,
Peng, Z., Zairong, W., Zhihong, W. (2008). General
Introduction of Engineering Damage of Wenchuan
Ms8.0 Earthquake, Journal of Earthquake Engineer-
ing and Engineering Vibration, Vol. 28 Supplement,
Oct. 2008.

2203



	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Page up
	Page down
	First page
	Last page
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


