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GENERAL TOPICSGENERAL TOPICS

•• Seismic ActivitySeismic Activity

•• Main failures in Chile earthquakes with Main failures in Chile earthquakes with 
subduction:subduction:

•• February 27, 2010February 27, 2010 :: M=8.8M=8.8
•• March 3, 1985March 3, 1985 :: M=7.8M=7.8

•• Comparison with main types of failures Comparison with main types of failures 
observed in major earthquakes worldwideobserved in major earthquakes worldwide

•• ConclusionsConclusions



SEISMIC ACTIVITYSEISMIC ACTIVITY



CIRCUMPACIFIC SEISMICITYCIRCUMPACIFIC SEISMICITY



CIRCUMPACIFIC SUBDUCTIONCIRCUMPACIFIC SUBDUCTION



SUBDUCTION OF NAZCA PLATE UNDER SUBDUCTION OF NAZCA PLATE UNDER 
SOUTH AMERICA PLATESOUTH AMERICA PLATE

South American
PlateNazca Plate



SUBDUCTION PLATE INTERACTIONSUBDUCTION PLATE INTERACTION

•• High seismicityHigh seismicity
•• Large subduction interplate earthquakesLarge subduction interplate earthquakes
•• Off shore epicentersOff shore epicenters



RUPTURE AREAS OF EARTHQUAKES IN CHILERUPTURE AREAS OF EARTHQUAKES IN CHILE



2011 JAPAN EARTHQUAKE M=9.02011 JAPAN EARTHQUAKE M=9.0

Similar to Chilean EarthquakesSimilar to Chilean Earthquakes
With Subduction and Large TsunamiWith Subduction and Large Tsunami



MAIN FAILURES IN MAJOR EARTHQUAKESMAIN FAILURES IN MAJOR EARTHQUAKES

PREVIOUS STUDIESPREVIOUS STUDIES



Table 1. Observed Tanks Failures on Table 1. Observed Tanks Failures on 
Earthquakes (Pineda (2000))Earthquakes (Pineda (2000))

Rupture of Shell WallRupture of Shell Wall :: RSRS
Buckling of Shell Wall (Foot of Elephant)Buckling of Shell Wall (Foot of Elephant) : : BSBS
Failures in Joints Wall Failures in Joints Wall –– RoofRoof : : WRWR
Failures in Columns and BeamsFailures in Columns and Beams : : CBCB
Rupture in Roof PlatesRupture in Roof Plates : : RPRP
Rupture of Anchorage BoltsRupture of Anchorage Bolts : : ABAB
Horizontal SlidingHorizontal Sliding : : HSHS
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BUCKLING SHELL BUCKLING SHELL –– BS (100%)BS (100%)



HORIZONTAL SLIDING HORIZONTAL SLIDING -- HS (83%)HS (83%)



MOST FREQUENT FAILURESMOST FREQUENT FAILURES

Rupture of PipesRupture of Pipes

Failures in Joints Wall Failures in Joints Wall –– RoofRoof



COMMENTSCOMMENTS

•• Tanks shown above are selfTanks shown above are self--anchoredanchored

•• Mainly designed according to API 650Mainly designed according to API 650--E E 
(1980)(1980)

•• Must be review design criteria for selfMust be review design criteria for self--
anchored tanksanchored tanks



2010 CHILE EARTHQUAKE2010 CHILE EARTHQUAKE



-- Off the Coast of Off the Coast of 
Maule and Bio BioMaule and Bio Bio

-- M=8.8M=8.8
-- PGAPGAhh=0.93g=0.93g
-- PGAPGAvv=0.69g=0.69g
-- Duration: 2Duration: 2’’4545’’’’
-- With Large TsunamiWith Large Tsunami



SANTIAGO INTERNATIONAL AIRPORTSANTIAGO INTERNATIONAL AIRPORT

-- Capacity: 1300mCapacity: 1300m33

-- CollapseCollapse
-- SelfSelf--AnchoredAnchored
-- Full when Full when 
earthquake earthquake 
occurredoccurred
-- We assume We assume 
design problems design problems 
--Undamaged tanks Undamaged tanks 
nearnear
---- Far away from Far away from 
the epicenterthe epicenter



SANTIAGO INTERNATIONAL AIRPORTSANTIAGO INTERNATIONAL AIRPORT



SANTIAGO INTERNATIONAL AIRPORTSANTIAGO INTERNATIONAL AIRPORT
MASONRY DROP FORCE WATERMASONRY DROP FORCE WATER



PORT AT CONCEPTION AREAPORT AT CONCEPTION AREA
TILTED ONE DEGREETILTED ONE DEGREE

Near the EpicenterNear the Epicenter



COMMENTSCOMMENTS

•• Tank performed well due to use mechanical Tank performed well due to use mechanical 
anchor recommended by NCh2369.Of2003 anchor recommended by NCh2369.Of2003 
Chilean StandardChilean Standard

•• Steel tanks were located in industrial and oil Steel tanks were located in industrial and oil 
zones of Chilezones of Chile

•• Seismic recorders were located near the Seismic recorders were located near the 
epicenterepicenter



1985 CHILE EARTHQUAKE1985 CHILE EARTHQUAKE



-- Epicenter off city of Epicenter off city of 
AlgarroboAlgarrobo

-- M=7.8M=7.8
-- PGAPGAhh=0.67g=0.67g
-- PGAPGAvv=0.81g=0.81g
-- Duration: 1Duration: 1’’3535’’’’
-- Without TsunamiWithout Tsunami



Table 2. Tank Fails in 1985 Chilean Table 2. Tank Fails in 1985 Chilean 
Earthquake (Vera (1992)), Con Con RPCEarthquake (Vera (1992)), Con Con RPC

(1) Tank more damaged only with break in joint bottom shell, wit(1) Tank more damaged only with break in joint bottom shell, with loss of stored liquidh loss of stored liquid

(3)(3)
ConicalConicalKeroseneKerosene4800480022.422.412.212.2TT--422A422A

WithoutWithoutConicalConicalGasolineGasoline4800480022.422.412.212.2TT--402402(2)(2)

(3)(3)
ConicalConicalKeroseneKerosene2285228515.915.911.611.6TT--420A420A

(3)(3)
ConicalConicalKeroseneKerosene1760176015.215.29.89.8TT--301A301A

BSBSConicalConicalFuel OilFuel Oil1200120011.211.212.212.2TT--320A320A
BSBSConicalConicalFuel OilFuel Oil1792179213.713.712.212.2TT--407A407A

BSBSConicalConicalAsphaltAsphalt3200320018.318.312.212.2TT--405A405A
BSBSConicalConicalSlopSlop1200120011.211.212.212.2TT--4001A4001A

(2) No damage tank(2) No damage tank

BSBSFloatingFloatingNaftaNafta3200320018.318.312.212.2TT--418A418A
BSBSFloatingFloatingSolventSolvent1200120011.211.212.212.2TT--552552(1)(1)

(3) Slight deformation(3) Slight deformation
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H(m)H(m) R(m)R(m)TankTank
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COMMENTSCOMMENTS

•• All tanks were selfAll tanks were self--anchored, increment in anchored, increment in 
stress on shell for uplift of wallstress on shell for uplift of wall

•• Most of selfMost of self--anchoring tanks failed were anchoring tanks failed were 
designed according to API 650designed according to API 650--E (1980)E (1980)

•• SelfSelf--anchored tanks presented primarily anchored tanks presented primarily 
fails type BS and HSfails type BS and HS

•• Before 1985 in Chile were not available Before 1985 in Chile were not available 
design codes, was created in 1986design codes, was created in 1986

•• Incorporate anchor in tanksIncorporate anchor in tanks



COMPARATIVE ANALYSESCOMPARATIVE ANALYSES

FreeboardFreeboard Allowable StressAllowable Stress

Large DispersionLarge Dispersion Imperfections in ShellImperfections in Shell



CONCLUSIONSCONCLUSIONS

•• In 1985 the API Standard In 1985 the API Standard diddid notnot specifyspecify
anchoredanchored tanks, tanks, thisthis waswas correctedcorrected in thein the
2010 Edition of the 2010 Edition of the codecode

•• Use Use ofof mechanicalmechanical anchoringanchoring, has , has beenbeen
discusseddiscussed amongamong ChileanChilean designersdesigners forfor
yearsyears

•• In 2010, no In 2010, no majormajor observedobserved failuresfailures, , duedue toto
tankstanks beingbeing mechanicallymechanically anchoredanchored

•• In 1985, repeated failures selfIn 1985, repeated failures self-- anchored anchored 
tankstanks



CONCLUSIONSCONCLUSIONS

•• Make Make necessary to use mechanical necessary to use mechanical 
anchoring for anchoring for reduce the risk of reduce the risk of collpasecollpase

•• Mechanical anchoring seems to increase Mechanical anchoring seems to increase 
convective stressconvective stress

•• DuringDuring subductionsubduction ChileanChilean earthquakesearthquakes
recordedrecorded highhigh vertical vertical seismicseismic
componentscomponents oror accelerationsaccelerations

•• NCh2369.Of2003:NCh2369.Of2003:
•• Factors R and Factors R and  for vibrations modesfor vibrations modes
•• IncludeInclude anchorageanchorage ofof TanksTanks



RECOMMENDATIONSRECOMMENDATIONS

•• In Official Chilean Standard In Official Chilean Standard 
NCh2369.Of2003, NCh2369.Of2003, RRcc=4 =4 mustmust be be correctedcorrected
for for RRcc=1 (=1 (ConvectiveConvective ModeMode))

•• Investigate methods for calculating Investigate methods for calculating 
freeboard with reasonable values due to freeboard with reasonable values due to 
large dispersionlarge dispersion

•• MustMust considerconsider imperfectionsimperfections in formula in formula forfor
bucklingbuckling stressstress

•• InstrumentationInstrumentation isis stronglystrongly recommendedrecommended
forfor tankstanks
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