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Abstract- The 2011 off the Pacific coast of Tohoku earthquake pipe breakges, as well aghe pipe materialand diametes in
occurred on March 11, 2011 witha moment magnitude of 9.0. these locations
The water supply was disruptedfor approximately 2.2 million
households because of this event. In this study, the applicability ~ In this study, the damage ratios of water distribution pipes
of empirical fragility functions of water distribution pipelines is  are calculated in the six prefectures using theatgntataset
evaluated using the damage ratiogcalculated for the above compiled by MLHW. The relationship between the damage
earthquake. To achievethis objective, the damage dataset ratios and the ground motion intensisyevaluated, and the
compiled bythe Ministry of Health, Labor and Welfare of Japan applicability of fragility functions developed in previous
is employed to calculatethe damage ratios. The damage ratios studies [36] is discussed. Lastly, a damaggtimation method

are obtained with respect to pipe material and diameter. on a reional scale is proposéd the case ofoccurrence of
Empirical fragility functions are compared with the actual g prop

damage ratios, and the accuracy of estimation is discussed. gigantic earthquake

Keywordsi 2011 off the Pacific Coast of Thoku earthquake,

water distribution pipe, damage ratio, fragility function. IIl. DATASETSEMPLOYED IN THIS STUDY

The damage dataset of water distribution pipes compiled by
MHLW is employed in this study. The locations of damage
incidents were revealed ugirthe Geographical Information

On March 11, 2011,he 2011 off the Pacific coast of : o
' ’ ) . System (GIS). The GIS datasleat identifies thevatersupply
Tohoku earthquakeccurred withamoment magnitude of 9.0. areas in lwate, Miyagi, Fukushima, Tochigi, Ibaraki, and

Lifeline facilities such as electric power supply, water SuPph@hiba Prefecturescompiled by the Ministry of Land
sewage, City gas supply, a_md teIecommuqication systems Wifrastructure, Transport and Tourism (MLJT)s alsa’
affectgd bythe ground mqtlon and ts““?‘m'- The water SuF’pbémployed [7].The National Institute of Advanced Industrial
was disruptedor approximately 2.2 milliorhouseholds [1]. ggjence and Technology (AIST) of Japan developed a system
TheMinistry of Health, Labor and Welfare of Japan (MHLW)named QuiQuake to dramap ofthe distribution of ground
investigated thdncidents ofdamage to water distribution motion intensity justafter an earthquake [8]QuiQuake

pipelines after this event [2]. According to their report, pipﬁrovides wide andetailed strong ground motion maps based
brealages were found in Iwate, Miyagi, Fukushima, Tochigi,Onfthe observed ground motion records.

Ibaraki, and Chiba Prefectures. They recorded the locations 0

|. INTRODUCTION
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Fig. 1 Locationswith incidentsof damage to water distribution pip@sd distribution of the peak ground velocitiestiawatersupply
areasafter the 2011 off the Pacific coast of Tohoku earthquake
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Fig. 2 Composition ratios gbipe length vsdiameter forCIP, DIP, and VP.

Figure 1 shows the locatiotisat hadncidents odamage to
water distribution pipesand the distribution of the mean of the
peak ground velocity RGV) for each watesupply area.
Symbols assigned tahe damage incidents were classified Figure 3 shows the distribution of damage ratios for DIP
based orthe pipe material: ductile cast iron pipe (DIP), vinywith diametes in the range of 50-80, 100150, 206250,
pipe (VP), cast iron pipe (CIP), asbestos cement pipe (ACBR0-450, and 50800 mm.The damage ratios were larger in
polyethylene pipe (PEP), steel pipe (SP), and otherall,in the areas where intense ground shaking and extensive
5,656pipe breakges are considered in this study. liquefaction were observed.

I1l. EVALUATION OF DAMAGE RATIOS OFWATER
DISTRIBUTION PIPES

The damage ratio afwater distribution pipéne is defined To estimate the damage ratios of water pipes, the following
as the number of pipe bremdes dividedby the pipe length formula is commonly used in Japan [3].
(km). The length of pipegrouped based amateria) in each _
watersupply area is availablfrom the 2011 census data Rn(v)_CPCngC' R(v) @
compiled by Japan Water Works Associati_on (JWM)bUt whereR, is the damage rati&, Cq, Cy, andC; are correction
the "?I”g”_‘ ?:1 PIPS, grogp?d Hbased omilamtgter ']:Q' ot coefficients for the pipe material, diameter, geological
compried in the census data. Hence, p)hapor. lors OF PIPE -y ndition, and liquefaction occurrence, respectively, aisd
lengthsfor differentdiametes are estimated using the detaile he PGV of ground motioiR(v) is theestimatefor the damage
Pitio of CIP with diametein the rangef 100' 150 mm thisis

Yokosuka City(Kanagawa PrefectureSendai City(Miyagi also proposed in other studids6).

Prefecturg, and Kashiwazaki City(Niigata Prefecture
Figure 2 shows the composition ratios of pipadthswith Figure 4 shows the relationship between PGV and the
respect tadiameter for CIP, DIP, and VP. The mean of thelamage ratios of water distribution pipes with the diamiater
ratios were multipliedby the total length of pipe®f a therange of 100150 mm. Inthis figure, the estimationdone
particular material to calculate the damagatio for that by previous studies {8] based on Eq. (1) are alsuwlicated
material for differentliametes. The correction coefficient for the pipe materigh)(is set to be

0.3 for DIP, 1.0 for VP, and 1.0 for CIRq4 is set to be 1.0

based onthe study bylsoyamaet al. [3]. The effects of
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Fig. 3 Distribution of the damage ratios for DIP with the diamed@geof 50-80, 100150, 206250, 306450, and 50000 mm.
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Fig. 4 Comparisorof the damage ratios of water distributidpgs and the damage ratestimatedy previous studief8-6].

geological conditios are not considered in this stu@@;, = On the othehand, as observed in Fig. 1, wasepply areas
1.0), because the distribution dPGV reflectsthose of without pipe breaiges werealsofound even though the PGV
geological conditioa [10]. The correction coefficient for is large enough to cause damage to water pigence,in
liquefaction isalso not consideed in this study @ = 1.0). order to perform damageestimation on a regional scale
According to the results, the damage ratios during the 20ihimediately after the occurrence ofan earthquake, it is
earthquakeare in complete agreement with the empiricaéssential to identify the areas where pipe bagakmay occur.

fragility functions A logistic regression model is considered to evaluate the

probability of occurrence of pipe bresdes as shown irthe
equation below

o, +hx b, +bx +b) (2)
The Headquarters for Earthquake Research Promotion of 1+exp(, +bx +b,X, +bx, +b,x,)
Japan evaluated the national seismic hazard, and provided the
Probabilistic Seismic Hazard Maps [11]. According to theiwherebi is the regression coefficient is the PGV x; is the
assessment, the probability of occurrencaroarthquake in 1ength of the water distribution pipes; is the vulnerability
the Tokyo Metropotan Areais approximately 70% within 30 factorfor pipe material [12]andxs is the vulnerability factor
years. It is also anticipated that an earthquake with for ground condition which is the mean of the correction
magnitude of @ may occur in the Nankai Trough, whichfactor Gy [3] in the watersupply areap is the probability of
forms the plate interface between the subducting Philippi€currence of pipe breages in the watesupply area. If pipe
Sea Plate and the overriding Amurian Plate.chse these brealages were found in a specific watsupply area, 1.0 was
gigantic earthquakgsccuc estimation Obossib]edamage to substitutedor the random viaableY. Y was assumed to be 0.0

various facilities on a regional scalél be required in order for the area without pipe breakges. Hence,p can be

IV. DAMAGE ESTIMATION METHOD ON AREGIONAL
SCALE IN CASE OFGIGANTIC EARTHQUAKE

to have gorompt disaster response at an early stage. expresseads

In the previous section, the applicability of the empirical p =Pr{Y =1.Qxl,x2,x3,x4) (3)
fragility functions for water distribution pipesasdiscussed.
They provide reasonable estimation for the wateply areas 1- p=Pr{Y = O.QXP Xy, Xg5 %,) (4)

where pipe breages were found after the 2011 earthquake.
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Fig. 5 Receiver operating characteristics (ROC) curve and definitions of the different fractions to draw ROC curve.
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Fig. 6. Logistic regression model and the resultisicrimination of the watesupply areas with/without pipe bresjes.

A logistic regression analysis was performeging Egs. the lggistic regression model (Eq. (3)). Then, the empirical
(2)-(4). The threshold value of to discriminate the fragility functions are applied to estimate the damage ratios of
watersupply area with/without pipe breades properly is  water distribution pipes. Lastly, the number of pipe bagak
evaluated based on the receiver operating characterisie®btained as the product of damage ratios and the kofgth
(ROC) curve(Fig. 5). In the ROC curve, the true positive rate thewaterpipes

(sensitivity) is plottedas afunction of the false positive rate . .

(1-specifiy) by changing thehresholcvalue ofp [13] The 1 P'c2 | SORERrER 1 Jmas o BOE B e

definitions of different fractions are also shown in FigTbe o qu : 9 . P
.Erﬁ\glllty functions [6]. The estimaed values are slightly

area under the curve (AUC) was calculated as 0.86, whi ;
: N ' Smaller than the actual number of pipe bezpk for VP and
correspondgo a model with good discriminationThe best CIP. The actuahumber of pipe breages for DIP is three

threshold op wasfoundto be 0.42with true positive rate of times larger than thestimated valueThe locations of pipe

0.75 and true negative rate of 0.88. .
brealages arevery much concentrated in the wawrpply
Based orthe resuls, thethreshotl value ofpto discriminate areas in Chiba and Ibaraki Prefectures where extensive
the watersupply areas with/without pipe bremies was liquefaction was observed after the eqrihke[14]. They
assumed to be 0.4. [f is larger than 0.4, the wateupply were also concentrated ithe developed hilly areador
areas are considered to hdle possibility ofpipe breakges. residential purposesuch as Sendai City, Miyagi Prefecture
Figure 6 shows the logistic regression model and the result[@b]. The estimated values ithis study are calculated using
discrimination. Irthisfigure, the watesupply areas with pipe Eg. (1) however the correction coefficients for liqguefaction
brealages after the 2011 earthquake are also illustraib@. (C) and geological conditiorCg) were assumed to be 1.0 in
watersupply areas with pipe breadies could be identified the calculation. This study underestinthiee number of pipe
readnably well based on the logistic regression modebrealages because the effects of larger strain due to
constructed by this study. liquefaction and landslide ithe developed hilly areawsere
not considered. d obtain more accurate results, the correction
coefficients for liquefaction and developed hilly areas should
be properly considered in the estimation method.

This study trié to estimate the number of pipe bragks
for water supply systesnon a regional scale. First, the
watersupply areas with pipe breadfes areidentified using
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Fig. 7. Comparisorof the number of pipe breages for the pipes with diameteaingeof 100150 mmafter the 2011 earthquake and thc
estimated by this study.

V. CONCLUSION

This study evaluated the damage ratios of water distribution
pipes after the 201dff the Pacific coast of Tohoku earthquakg1]
based on the damage dataset compiled by MLHW. In order to
obtain the damage ratios of water pipes, thgtle of pipedor
different diameter rangesis estimated for different pipe
materia$, based on the detailédventory data and the census[2]
data compiled by JWWAThe damage ratios were evaluated
with respect to PGV, and the relationships were compared
with the emjrical fragility functions developed bythe
previous studiesThe estimated value®btained from the
fragility functionswere reasonabland compared wellith
theactualdamage ratios after this event.

[3]

To estimate the number of pipe bragks for water supply 4]
system after a gigaict earthquake, a damagestimation
method on a regional scale is propadg€dst, the watesupply
areaswith the possibility ofpipe breakges areidentified
based on the logistic regression modéle model constructed
by this study has a good discriminatiagility based on the [5]
assessment of ROC curveurther the number of pipe
brealages was estimated using the empirical fragility[6]
functionsfor the identifiel watersupply areasThe number of
pipe breakges for VP and CIP show good agreement, but the
number of breakagesfor DIP was underestimatedlhe
correction coefficients for liquefaction and geologicah]
condition should be properly considered to obtaimore
accurate estimation.
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