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ABSTRACT

The developing importance of Qu¡ntefo hafbour and the extensive land use in
the bay have- prompted the assessment of tsunam¡ risk in order to better

understand the phenomena and risks ¡nvolved and to advise upon mit¡gat¡ng
measures for the area. This feport pfesents the theory and lechnique for the

evaluation of the potential effects of tsunamis strik¡ng the afea, as part of an

extensive research commissioned by the chilean Hydrographic and

Oceanographic Service (SHOA) which is curfently evaluat¡ng tsunami risk h the

Chilean harbours.

To study tsunam¡ hydrodynamics, TUNAMI-N code Yvas usedr. This ¡s a

numericai fac¡l¡ty for the modelling of near-field tsunamis, developed by Dr.

Nuobo shuto in Tohoku un¡versity, Japan (1997). lt ¡s based on a leap ffog linite
difference scheme and includes the genefation, pfopagation and run-up of

tsunami waves by means of the shallow water wave theory. The seismic events
were selected fiom historical records of earthquakes occurred in the area.

Results are presented as a tsunami flooding map, velocity f¡elds and wave

he¡ght time series, within 3-hours simulatíons. TUNAMI-N code in combination
witñ Matlab 5.3 graphical facil¡ties showed an efficient performance concern¡ng
time and memory consumPtion.

Results show that the North-eastern poftion of the bay would be severely

affected by polentially destructive tsunam¡s (Mo 5x102r) with- run-ups of uP.to.I
m and vllócities oJ 8m/s. Downtown Quintero is relatively protected by

Peninsula Los Molles and would not be very damaged by these events. Minor

tsunamis (1021 Sx102l) signify neglig¡ble impacts w¡th run-ups of aboul 2

m and maximum yelocities of 1m/s. lt ¡s concluded that flooded af eas are

strongly dependent on lhe seismic moment of the tr¡ggering eafthquake (Mo)

and, -úntil improved information about seismic fealures in Central Chile is

available, obta¡ned results prov¡de a good approach to evaluate tsunami-
f lood¡ng levels.

A site-spec¡f¡c set of mitigating measufes includes soil stab¡lity improvement'
storage ianks anchoring and the protection, or relocation of cr¡t¡cal lifelines and

buildings in Puerto Ventanas. Terminales Oxiquim require mino.r 
. 
mitigating

measués because of ¡ts safe locat¡on. Providing fr¡ctional character¡stics to the
coastl¡ne, by landscaping w¡th tsunami forests or dfa¡na9e nets, would be an

economic a;d susta¡nable alternative to mitigate inundation risks in res¡dent¡al
areas. lt ¡s recommended to prepare a communical¡on plan in ofdef to
encourage public awareness of the tsunam¡ threat'

¡ ruNAI'lt-N tt the ecru/ry'r. fü Taho'/U lJn¡ven¡ty's Nuñe,tc2l Attzlysis I'ldel fo¡ lnrcstigetott d ¡'lear-

Field Tsundmit.
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CHAPTER 1

INTRODUCTION

1 .1 GENERAL REMARKS

A tsunami is the Japanese name for the gravity wave system formed in the sea

following any large-scar", tÑoit duration 
- distúrbance óf the free surface (Van

Dorn, 1968). The pnenomenon is assoc¡ated pr.imarily with 
- 

s!bmarine

earthquakes, landslides' oi 
'n¿ttn'uter 

volcanic eruptions occurring below or

near the ocean floor ou, t"y be caused by other mechanlsms as well' These

waves may reach extremály lo'nS lengths and- periods and have sufficient energy

to travel acfoss entire oceans. They behave, as ordinary gravity waves w¡th

typical periods ¡n the t"ió"-.i u *ií1""t to 2 hours ' and increase their height

as they approach thi coast Because of the¡r eventual catastrophic

destruct¡veness, ,run.ti, lá"á itpottant impacts on human' social and

economic sectors of .o"tt"l communities' ffr¡s is espec¡ally --relevant 
for a

countfysuchaschilethatholdsa4.500kmcoastlineinthePac¡f¡cR¡ngofF¡re
(a series of mountain .t u¡n', deep ocean trenches and island afcs in the

margins of the Pac¡fic Ocean).

The damage may resu¡t in life losses, floodinq and damage to public ut¡lities

such as transport ,yti"tt, un"rgy networks and water supply installat¡ons'

coastal, marine and p"ti"'¡"rt"titi'iture is also expected-^l:--toll:ite under

tsunami attack. Drift¡ni materials and substances may cause environmental

po'ution and rhe ""¿,;;;'-;;'1piJ"rn¡. 
diseases thát could be cf itic ¡n

populated afeas.

;F
ü

Historicalty, there has been a qu¡te frequent- o-ccurrence of destruct¡ve tsunamls

in the Pacif¡c ocean. *-" 1üt"quenáe of the many earthquakes.lhSl .-"::Y:
áionf tn. Ring of rire. it is estimated that at teast fouf considerable tsunamls

take place within a ,nt." il"ii-'püáá arouno lhe world' 60-70% of which are

located in the Pacif¡c áas¡n 
'(Godoy and Monge' 1975)' Newmark and

Tsunami ¡s a Japanese coupled-word me-aning ttrDorJ Jtrc
i*pi".""üo by the characteis tsr, meaning harbour and t"i'
;;;ti;é *uu"f. ln the past, tsunamis were r-eferred to as tidal

;.*; Éy the public unó " se¡sm¡c sea waves by the scient¡fic

.ottun¡iy. thá term t¡dal {Yave is incorrect since tsunamis are

unrelated to the tide (me.tran¡tm that results from the unbalanced

giávitationat influences of the moon' sun and planets' among

other effects). The term seismic sea wave is also misleading since

i,- rmpij"; an ea rthq u ake-related generation. mechanism' omitting

the f;ct thal tsunam¡s can also be caused by non-seismic events'

such as landslides, a meteorite impact or other'
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Rosenblueth (1971) estimated that 62% of h¡storical tsunamis occurred in the
Pacific Ocean. 20% ¡n the Indian Ocean, 9% ¡n lhe Mediterranean Sea and g% in
the northern Atlantic Ocean.

The deep ocean trenches located in Japan, Alaska, and South America are
known for the¡r seism¡c activity, accounting for more than 500 recorded
tsunam¡s and 50.000 life losses only in the past century. One of the f¡rsl
documented events occurred in June 15TH 1896 along the Japanese coast; the
main waves reached 30 m. resulting in a legacy of 27.Ooo deaths and 10.000
houses deslroyed (Newmark and Rosenblueth, 1971). The Alaskan Earthquake
of March 28rH 1964 registered 8.3 in Richter scale and affected a vast ertens¡on
of North America. The earthquake caused areas to be lifted by as much as 10 m

while many other areas subsided. The tsunami produced 7 m waves from
Crescent City to Monterey and ¡ntensely affected Alaska, Northern Californ¡a
and Hawaii. The 1992 Nicaragua tsunam¡ generated a devastat¡ng effect with
local¡sed damage to coastal commun¡ties. In July 1993, a tsunami generated in
the Sea of Japan killed over 120 people, and caused damage in Korea and
Russia. This episode caused an impact to the reg¡onal area ¡n the proximity of
the earthquake, similar to the tsunamis which took place in Indones¡a (1 992 and
1 994) and the Philippines (1994).

Since 1562, more than 30 near-field tsunamis impacted Chilean coast,
producing, in some cases, the complete devastation of cil¡es such as Arica in
1604 and Concepción in 1751. In both episodes, damage was of such
magn¡tude that was necessary to lelocate both cities (Godoy and Monge, 1975).
On May 22ND 1960, a Pacific-w¡de tsunami was tr¡ggered off rhe Chilean coast
by an earthquake of 8.6' in the Richter scale. The epicentre was located in
39.5'5 and 74.5'W, with a focal depth of 33 km and an estimated rupture length
of 900 km. Local people, fearing the earthquake, took small boats to escape the
shaking. The tsunami arr¡ved around '15 min after the earthquake and, upon the
return of the sea ¡n a thunderous breaker, all boats collapsed. The disaster
claimed 330 lives in Ch¡le, 61 in Hawaii, 20 in Philippines and 180 in Japan, with
an est¡mated material loss of 30 m¡l1¡ons USD. The earthquake is the largest
recorded by instruments in modern times and ¡s cons¡dered as an emblematic
evenl among the scientif¡c community.

The great destrucl¡on caused by both the 1960 Chilean and 1964 Alaskan
Earthquake prompted a number of countr¡es to encourage bilateral co-operation
and tsunami research. fn Chile, the Hydrographic and Oceanographic Service of
the Chilean Navyl (SHOA) has developed the CITSU project ("Processing of
Inundation Maps by Tsunamis for the Chilean Coast) under wh¡ch the present
research ¡s carr¡ed out.

t The olíiciel nzmc of the institution ir 5e.yi6io HidrogrTlico y &eznográfico de lz A¡ma& de Oúle and
wilt be releÍed ¡n the rcpüt under the acronym SHoA"
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1.2 SCOPE OF THE REPORT

The following repon presents the theory and methodology for the assessment of

tsunam¡ r¡sk associated 
"i;' 

" 

- 
pot"ntiaí near-field tsunami (i.e. tsunami from a

nearby source, generally less t'han 200 km away from 
^a -qry.:Pj 

site) in the

coastal area of Quintero Biy,- Chile' The devóopment pressures in 'the 
area

have mot¡vated the inve;tigatíon in order to .propose measures to dimin¡sh the

tsunami risk (i.e. ,r'. 
"tóoluit'io 

loss' or injüry caused by the tsu.nami hazard)

posed to the coastal commun¡ties and port facilities ¡n the harbour' The

ñroo,t "tit 
under which this project is carried out is the following:

,,r,n"" ""rrro, Chile has been impacted by a seríes of large ear'hquakes of

il'rrrr'r;';r fi¡rt"'i"r¡)" historicat times, it is probabte that the tsunarni flooding

areas produced by this types of evenls - may, reach residen'ial' com'nercial and

industrial areas of Quinte'rl hariour within the next few decades' thus posing a
'poten'i:fal 

risk to the lical conmunity and harbour activities in the area'

The evaluation of the flooded area ¡s achieved with TUNAMT-N model' a

numerical code devetop"i'li or. Nuobo shuto ¡n the D¡sastef control Research

center, fohoku unir"rsl['-iapan rne model is thoroughly described in the

loc.s Time pfoject enritíed "ilumerical Method of Tsunami simulation with the

Leap-Frog scheme' 0uéólroC' 1997)' The input earthquakes are selected from

a historical analysis "i;;i;;it "u"nt' 
¡n the area bounded by 30'S to 37's'

along the chile-Peru T;;h. The 3RD March 1985 earthquake is used to

car¡brate the moder *t u.*i the 16TH August 1906 and BrH July 1730 events are

selected for the analysis.

The main objectives of th¡s work are to:

. Desiqn a tsunami flooding maP for
histo;ical near-field tsunami records
of tsunami risk'

. Produce veIoc¡ty fields and wave height time sef¡es, giving a pfedict¡on of

the wave arrival, evoluiion and maximum-values w¡thin a 3 hours simulation.

. Establish a site-spec¡fic risk assessment tor the coastal area' proposing

public evacuat¡on routes and safety areas for a potent¡ally catastroph¡c

tsunami in Quintero BaY.

D¡stant tsunamis, vo|canic tsunamis and othef type of uncommon tsunamis afe

not considefed.

2 Ms is the Se¡smic Momenl of the
l ggq and te\roduced in Section 2-1

a ranqe of possible scenarios based on

,nJ tá define areas with d¡fferent levels

eatthquake. def¡ned by fatand¡e( (1993: cited by SHOA'

ol this repo¡t.
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1 .3 QUINTERO BAY

Quíntero Bay (Figure 1.1) was selected due to ¡ts n¡gh seism¡city, the ¡ntense
port activities of Puerto Ventanas and Terminales Qulmicos Oxiquim, and the
growing development pressures in commercial and res¡dent¡al areas exhibited
dur¡ng the last decade. Quintero has a populat¡on of 16.119 inhabitants; it
ad ministratively belongs ro v Región - ValParalso and is located approximately
33 km North of Viña del Mar. Ventanas has 5029 inhabitants and ¡s placed I km
North of Quintero, belonging to the Puchuncavf Counc¡l (lNE. 1992).

Valuable índustr¡al facilftles are located ¡n relatively flat areas of Quintero bay
(Figure 1.2), thus being affected by a high tsunam¡ risk. The most imporlant are:
Las ventanas thermoelect c station, which generates around 300.000 kw/hr
(1996) satisfying the requirements of V Región 8nd Part of the metroPolitan area
of Sant¡ago; Las Ventanas Refinery, rv¡th an annual capacity of t[00.000 tonnes
of 99.97% pure copper and Oxiguim S.4., comPany which provide the Ch¡lean
and Latin American markets with chem¡ca¡ products and related services.

Climate ¡s conditioned by the Humboldt
Current, which regulates the sea
surface temperature between 10'C and
18"C during the year. Daily and annual
atmospheric temperature osc¡llations
are moderate. with an annual average
of approx¡mately 14'C. Air temperatures
fluctuate between 13"C to 20'C dur¡ng
summer and 9.5'C to 15"C ¡n winter.
The temperature gradient of 6' C/km is
typical of the Ch¡lean coast. The mean
annual relative humidity ¡s 82% and the
precipitation is 462 mm, occurring
betrrreen May and october. Atmospheric
pfessures range from 1025 mb in
October to 1018 mb in May.

FIGU¡E I.I-. CEITT¡L CHII F GOISIIL ZOIE.
(Tufisrel, 19971.
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The bay is oriented to the Nw. being limited to the North by the rocky cliffs of

Pta. ventanilla and by Pen¡nsula Loi Molles to the S (F¡gure 1 '3) ' -T.h-e 
mouth

oi-tt," U.y has a length of appror¡mately 4200 m' whereas the ü'idth of ihe

nay is oí about 250d m. Thb' ocean bóttom presents an est¡mated bottom

tfop" of m=0.03, with maximum depths of 70 m in the entrance of the bay'

itrJ city of Quinrero ¡s located ¡n peninsula Los Molles, a focky format¡on of a

mui¡mu'|l| elevation of g5 m. Between ventanas and downtown Quintero, the

coast encompasses sandy beaches in Playa Herradura and Playa Loncura'

puefto ventanas and tne imall town afe located in a flat area defined by the

basin of Estero Puchuncavf, on the NE limit of the bay'

FtGUtE 1.2-- QUlrrEto BtY- (MINVU, 1996)'
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rrcutc 'l-3.- lEtltt rlEr oF QltllrEro-

Tsunam¡ hislory is not adéquately recorded in Quinlero' However' a

chronolog¡cal list of tsunamis that probably affected the bay can be ertracted
from those events recorded ¡n Valpara¡so (Table 1.1).

ATE LT ZO TSUNAMI
MAGNITUDE3 MAG¡¡ITUDE. HEIGHTs

'l 562, Oct.28

'I 657, Mar.l5

1730, Jul.8

1822, Nov.l9

1835, Feb. 20

1 868, Aug.13

1877, May 9

1906, Ago.16

1943, Apr.5

'1971 , Jul.8

1985, Mar.3

Between 37' and 39"S

Between 36' and 39'S

Between 31' and 3{'S

Similar to 1906

Concepc¡ón (off shore)

Southern Peru

20'1s's

33'S 72'O

33'01',S 71'38',W

32"5',S 7r'2'W

33.13'S 7'r.87'W

M*: I

Mn= 83/r

Mn= 8t /z

M*= 8 - 81/.

Mr= 8r/z

Mn= 8 - 81/z

Mr= 8 6

Mn= 8'3

Mn-

M¡=7'8

3

3

4

2

3

1

1

,|

1

4m

1m

0.91m

1.5m

l.l5m

fA!LE r-l-- rSUttIrS lt QUItTEIO- Compiled from PILASI (1978) and MONGE (1996).

t Nchter Sczlc is .r?¿'tyscó in Sccciut 2-1.2
a lnznwn\ Ttun mi M.gniau& S<al. is det ited in Sectiqt 2.1.9
t Values '€,cr'& ia Y|lpnlso.
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1 .4 LITERATURE REVIEW

1.4.1 HISTORICAL REMARKS

Tsunam¡ research commenced in Japan as a consequence of the devastating

effectsofthephenomenaincoasta|afeas'A|thoughrecords.concern¡ng
tsunamis can be touno s¡nce the l zTH century' Hammack (1972) quotes that the

scientific effofr started in with rhe wofk of iakahasi (1942, 1S45, 1947), lchiye

(1950)andHondaandfrlakamura(1951),whocontributedlotheconcept¡onofa
two d¡mens¡onal tinear 

-it 
eory io dtscribe the wayes resulting f rom bed

defof mations. Takahasi and Hátor¡ ('l 962) first developed expefim.ents on the

mechanismofgeneration-_o|tsunamiswithasmal|.sca|emode|usingbed
def ormatlons for the simulat¡on.

During rhe sixt¡es, the sign¡ficance of. tsunamis ¡nterested an outstand¡ng group

of occidental sc¡entists. W¡lson and Torum (1968) comb¡ned -c€mputational
facil¡ties and theoret¡cat frlnciptes to estimate the wave prof¡le near the

disturbance for the lsOi ÁfaiXan earthquake. Gradualty, numerical. techniques'

suchasf¡nited¡ffefencesandboundaryintegra|methods,wereintroducedfor
both near and far-field itunamis (Hwañg anú oivoky' 197o; Hwang' Butlerand

and Divoky, 1972; Houston and Garcfa, 1974)'

fhe f¡rst field-applicable ftooding predicrions simulated the waves from their

generation up to a ro m ¿eóitt náuiOary and used the computed wave height to

esrimate the inland noooinll-ináie moáert solved relat¡vely simple -equat¡ons 
in

different stages of tne iropagation and provided reasonable simulations of

tsunam¡s for engineer¡ng' pJtpót"t' Outcomes were nevertheless' ¡naccurate'

During 1992-1995, posf" tsunami fietd survevs revealed that these models

someiimes produced oá"iation, of up to loodgt from field observations (Titov

unJ 
- 
synor"iit, 1996)' w¡th the availab¡lity of increas¡ng computer power'

scient¡sts are no\rvadays u¡i" to model with improved accuracy. and 
- 
resolution

tsunam¡ generation, o.uun ptopugat¡on and coastal run-up of tsunamis u/¡th

sophisticaled numerical methods and acceptable accuracy'

Chi|ehasbeeninvo|vedintsunamilesearchs¡nce196¿|,whentheNational
Tsunam¡ Warning Syst; begun its operations ln the academ¡c f¡eld' Monge

(1 975) proposed a methodólogy for tsunami risk assessment' applied in

Antofagasta, Qu¡ntefo, constitucién, Bahta Lafedo and canut¡llar. Pilasi (1 978)

developed the first flooding risk assessme,nt in Quintero harbour with a

fefraction diagfam con stfucti;n -o rth og on al method. since then, the advances in

the subject have ueen significani' SHOA commenced the CITSU project

i;proi"ri¡ng or tnun¿at¡on u-afs ny Tsunamis for the chilean coast") in 1997

and has produced an¿- puut¡ste¿ iáundation maps for various chilean harboufs

based on iulr¡lut-tt¡ software and histor¡cal events (Table 1'2)'
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Arica

Arica

lquique

lquique

Tocopilla

Mejiltones

Antofagasta

Antofagasta

Caldera

Valparalso

Valparalso

r868

1877

1868

1877

1877

1 877

1877

1995

1992

1906

1985

11.0

12.0

7.0

r 8.5

9.0

18.0

7.0

1.8

5.5

N.A,

1.15

5.0

7.0

7.0

7.0

7.0

7.O

5.0

5.0

¡1.5

N.A,

N.A.

TtrtE r-2-- rsÜtlIl toDEr.S rl cHrlEAl Htl¡OUls- sHoA(1s17-2(m)'
N-A. : Not available ¡nformalion.

These maps show tfte flooded areas associated to one speciñc historical event

and are not intended to prov¡de a site-sPecif¡c assessment of tsunami risk for

each coasiat community. The contf¡bution of the present study is therefore to
produce a tsunam¡ flooáing map considef¡ng a range of possible scenar¡os and

adv¡se upon m¡tigat¡ng measures for urban plann¡ng purposos.

' kcotúing ao the tPcci.tisfd bru¡gü¿tz,Phr, tñc t rtD tf,,lof:¡tl v
(vúth no ürÉ,rt¡ r) d tha cu|futts gencrated V z ttuntm¡'

bc us.d to ctE,tzctsis. the r'¡gnitude

¿
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1.4,2 SEISMICITY IN THE CHILE-PERU TRENCH

The numerical simularion adopted in th¡s project requires an ertensive study of

the se¡smologicat teatuie!- Jr 
-tt," afea of interest, essentially because the

selection of the chafa"tur¡tt¡. set of modelling carthquakes wíll define the

inundat¡on areas and tsunami risk in the coastal zone of Quintero bay'

AccordingtotheP|ateTecton¡csTheofytheEafth,scrust(¿il¡osphcte|consists
of a system of viscous pütes in contiñuous. motion over a molten rock substrate

(lstct',sg,,crc) as a-aonr"qu"nce of _the convect¡on cufrents pfoduced by

temperature ano pressure differántials ¡n the upPer layers of the Earth's mantle'

Theboundar¡esbetweenplates,knownasBenioffzones'showheterogeneous
formations where a progrlrii; accumulation of elast¡c stfess shape up the

seismic activity. The energy discharge .may turn out ¡n the form of low

magnitude earthquakes, 
'grJi 

"u"ntr 
"and/or- non-seismic episodes, depending

on the mechanism in wniün aojacent plates sl¡de against_each other and on the

way in which accumutareJ pot"'nt¡uf energy built up over long periods of time is

released.

lnChile,theNazcaPlatesubductstheSouthAmericanPlateatarelativemot¡on
of 10 cmlyear (Figure 1 .4).

r.ri,¡i ri -,: ¡ a

FtGUIE l.a-- rEcrotlG
spreading data in cm/Year
are shown in black spots.

PLAIES rl SoürH lIEtlCt'ltEE
is depicted in red. Act¡ve volcanoes
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As a result of thas progressive strain accumulat¡on,
great eafthquakes of considefable extens¡on have
historically shocked the region. In recent geolog¡cal
ages, the subduct¡on mechanism (Figure 1.5) has
created the Andes Mountains and incidentally, the
u plift of coastal areas by as much as a few meters
as a result of seismic events.

5¡OW rñiFt

F¡GUIE r-5-- Sull¡ltcr¡('t lI ÍllE cllll-E-PEtü rlftcll.

The need for a stat¡stical approach to est¡mate the frequency of earthquakes an

Central Chile has resulted in the applicat¡on of lhe recurrence interval conceptT
and empirical relat¡ons obta¡ned from near-lield eafthquake activity. For
example, Kausel (1986) stated that the area l¡mited by 33"S and 33.5'S has
histor¡cally been affected to a 82*6 years recurrence interval of MR>7.8
earthquakes, as obtained by cons¡dering the great-recorded events of 1575,
1647, 1730, 1822, 1906 and 1985. Alternatively, Pardo, Comte and E¡semberg
(1 989) proposed the following relation to evaluate occurrence probabiliry for the
area limited by 30.5'5-36.0"5 to 71.0'W-73.0'w, as obta¡ned from a data set of
578 events of M R> 4 in the area:

LogN:4.756 0.82EM

Ayen9 occuÍence of eyents with Richter's Magn¡aude
MR>H in a year's per¡od
Richter's Magn¡tude

' The tecunance intqvzt i, ¡he c5,tim.td ai¡ns betw¡c,| trtc
chzr-úeristict at 2 tiven tite.

orrutrenaa of ewntt gl Frticular

I
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ThequestiontobeanswerediswhethefthetYpeandfrequencyoftsunamis
expected ¡n Qu¡ntero o"V'"1"i0 .q:-l:iñ:t-"-O-tottówing 

the seismic history in ihe

area. Adam and Furumoto (1 970) recognised that the relation between

earthquakes uno trun"*¡' is not direct ' and " e¡ther very large tsunamis ate

generated ot none n tii:. ú;té; tlgzsl e.mphasised that tsunaml amPl¡tude is

not necessarily proporrronal to"the magn¡tude. of the earthquake or' in other

words, there is no recipio"i,ii"t"""n-üoin. fneretore, seismic records do not

provide a reliable esl¡mation of tsunam¡ occurrence'

rf tsunam¡ records are taken ¡nto account, the probrem deals with the reliability

on the estimat¡on of tnJ'ott"iánte probability of a phenomela l^hl--i,s 
not on

the human time scale. li ¡s nof trustwónhy to make statement about probab¡lities

by extrapolat¡ng, even 
'"ith 

itpñitticateá methods' sparse data' Extrapolation

basedontwoofthreepoints(whichafenotnecessarilyavai|ab|einQuintero)is
fraught w¡th dangers.

From the engineering point of view however' the question of whether a tsunami

of particular ct,aracterisi¡c i n i¡t utt".t a specific site during the design l¡fe of a

structure still fequires un- "ni""r 
and the disaster predict¡on must be anyway

evaluated in important prij""tt' itt" est¡mation of the expected damage'

determined as the prod'ci of the economic losses times the occurrence

probability of a part¡cular event is not a rationale approach since slight

differences in the estimation of the occurrence probability may 
. 
result ¡n

dramatic var¡ar¡ons "t ii"-"ip""i"d áamage.-This approach' commonly used in

well-documented phenomena, is not trustlvo hy for tsunamls'

Thea|ternat¡veappfoachistousethebestavailab|etechno|ogytomit¡gate
tsunami risk and to rüte important facilities and infrastructure ¡n high areas

when possible' to, "rrñiii,;tf;thum¡-¡lstorically 
used in chile ¡s that the

mainbuildingb|ocksof,thermoe|ectr¡cpowerstationshavebeenp|aced¡nthe
,ánt" or e to "1o m above.NRS to avoid tsunami impact (Vásquez' 2001)'

Basedontheabove-ment¡onedfacts'apurelyprobabi|islicaparo.a-ch.haSbeen
excluded ffom rhis i";;.i¡;-;ñ;.'lrtur"ioiu, tlie'merhodology herein adopted is

to analyse a range or possible scenarios based on rhe se¡smic chafactefistics of

great earthquakes in 'd;;;;i éÑlu t¡'"' the se¡s.mic q"t"^1' 
-"-r-,"ach 

event

modelled) and ro ur"- t¡á. as the inirial condition for tsunam¡ numerical

;;;iii";, w¡thout assigning any occurrence probability to each event'

GreateventsoccurredinCentfalChi|ewhichareusedinthepreliminary
analysis are generally described in Table 1'3'
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ffirH MEAN MAGNITUDE sElsMlc
LENGHT (km) (km) DISLoCATION

(m)

t57S - 7-7.5

16¡t7 365 8.5

1730 3s0-s50 100-150 5-8 8.75

1822 2oo - 330 100-150 3-6 8.5

1906 365- 330 100- 150 3-6 8.2- 8.3 29-50

1985 170 10o 1.23 - 1.60 7.8 l0 - rl.s

MOMENT
1 02? (d¡nas -cm)

rt¡LE t -r_- cREtr EI¡THQUTLES lt QUllrEto- compiled from many authofs. Fufther

¡nformation of the 1730, l906 and 1985 events may be found ¡n Tables 3.3 and 3.4 (Chapter 3)

The select¡on of the modelling earthquakes (1 730, 1906 and 1985) was based

on the following arguments:

¡ Tho seismlc lnfofmatlon of tne 1575 and '1647 evenls was lnsufflc¡ent and

thus disfegafded. The 1822 earthquake showed no tsunam¡genic features

and only general information concerning a possible tsunami is found in the
bibliography.

o The 1730 earthquake pfoduced the largef tsunam¡ ¡n the fegion dufing
historical time. The main waves devastatéd a large Frt of El Almendral, in

valpafafso, and damaged other coastal communities in centfal chile,
Because of its considef a ble magn¡tude, it was used as an extreme case in
the range of scenarios modelled.

. The ch a racter¡sat¡on of the 173O rupture mechanism, thoroughly described in

sect¡on 3.4.3, was a demanding task during this reseafch due to the scarcity

and ambiguity of the h¡storical information available. This effoft was a

contributioñ tó the CTTSU pf oject, tthich h¡storically used the 1985 and 1906

earthquake for the production of lnundat¡on Maps in Central Ch¡le'

e The 16fH August 1906 earthquake was already characterised (sHoA, 1999).

As a consequence of the displacement the coasl was uplifted about 0.5 m in

Quintero; inrormation, which was useful in the éfinit¡on of the ruptufe, zone

d¡stribution (Tables 3.1 and 3.6).
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Aspacetimediagfamofse¡srflichistof'¡ncentfa|chi|ecoasta|zone¡s
presented as follows:

SGIfE

-------l

l(x¡ 200km

The 1985 earthquake was thoroughly character¡sed with the actual

i.¡smoláóical netrüork and therefore -¡ was used for cal¡bration purposes

iStióÁ. igSg). Ca¡iUr"tion was achieved considering that the mar¡mum.upl¡ft

of the ocean crust YÍas estimated ¡n o'5 m (Barrientos' 1987) and only

isunami amp¡irudes of 1 .l m were recorded ¡n Valpara¡so (SHOA' 2001 ) '

.l

IET¡¿)íLr€ rs?6 

-

I

l183á l

i

I'
l

¡?it
i#

1906

!¡¡ ¡

ri30

I 19rt.r-

l

I

, l6+tr----i-*--
II I rrr;I I --r--'ü-¡.il
il.l i

t¡ 1¡ 3l

F|GU:E r-¡-- StIGE-rlrE Dlt€lll oF GElrllL GI|¡LE Elr¡l|QÜllES' pÚDetc'ls'
Solid hor¡zotrtal lines teprese,rt estimated ruPture lengths'
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1.4.3 TSUNAMI MODELS

An overall v¡evu of the numer¡cal techniques and currently ava¡lable models for
tsunami generation, propagation and run-up is presented as follows. The
numerical code used in this project, TUNAMI-N, is introduced in this section and
thoroughly described in Section 3.

Generally speaking. F¡n¡le Elcrtcnt Tecftn¡qses provide a suitable representation
of solid mechanics and structural engineering, allotrv¡ng a considerable freedom
in modelling ¡rregular geometries. For tsunami modelling, finite elements
represent the doma¡n of integrat¡on with d¡fferent resolut¡on accord¡ng to the
degree of accuracy required. thus allowing the representation of small-scale
topographic features, wh¡ch are difficult to represent with orthogonal 9rids.
Unluck¡ly, this technigue is based in relat¡vely complex algorithms resulting in
longer computation times. The ADCIRC model, for example, has been
extensively utilised by Myers, Baptista and Pr¡est (1999), of the Oregon
Graduate lnstitute, in the development of inundation maps in Oregon and
Washington. F¡.¡te D¡ffcre[cG feclriqücs provide a s¡mple and efficient
alternative in the d¡screte representat¡on of continuum rnediums, especially in
fluid mechanics. Equations in tsunami models are relat¡vely simple and
algorithms eff¡cient. However, they are ¡mplemented vv¡th orthogonal grids which
require finer grids in the area of inlerest to obta¡n better precision in the results.
The most popular models currently ¡n use are the following:

TUNAMI-N

The TUNAMI-N code, developed in the Disaster Control Research Center of
Tohoku Un¡vers¡ty (Japan), simulates tsunam¡ waves occurring over a model
basin cons¡sting of four nested grids, with coarse space increments ¡n deep'
ocean and finer ones ¡n the shallou, sea. The model uses an orthogonal
staggered grid allowing a 3-D¡mensional representation of the ocean bottom.
The mathematical and numerical model is ertensively presented in Chapter 3.

TUNAMI-N has been used in important Japanese harbours as part of the Japan
Meteorological Agency's tsunami forecast¡ng system. Examples are the | 983
Nihonka¡-Chubu (Shuto, 1983) and the 1990 Mar¡ana s¡mulat¡ons (lmamura and
Shuto, 1991). The model was also used to simulate the 1964 Alaskan
earthquake in Kodiak, Washington and Californ¡a (Preuss, 1988), the 1 985

Mer¡can earthquake (Preuss, 1988) and various scenarios ¡n Colomb¡a (OSSO,

1999), Costa R¡ca, Perú (DHN, 1999) and Hawaii. lt is currently being tested by
Koshimura of JSPS/PMEL for Puget Sound, Wash¡ngton. In Chile, SHOA has
published a series of inundat¡on maps for Chilean harbours based on the
correspond¡ng software (Table 1 .2).
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MOST (METHOD OF SPLITTING TSUNAMI)

The model is a su¡te of numerical simulat¡on codes capable of -simulating
tsunami generation by a iource near Alaska' ¡ts propagat¡on ac-ross the Pac¡fic

ocean and its subsequeni *n-up onto the Hawaiian shóreline. lt was developed

bv ¡n the Pacific Mar¡ne Environmental Laboratory' Seanle (uSA) as.part of the

Eá,ü' 'ü",".iü;- ;;; ";;;.si' i.un"r¡ (EDFr)- project.. (ritov and 
. 
Gonzalez,

1997). The model uses a f¡nite ¿¡fference metño¿ to divide its computational

domain and uses diffefent codes to simulate the genefat¡on by an eafthquake'

transoceanic propagation and coastal inundation'

fhefau|tp|anemodeluti|isesaformulafofstaticsea.floordeformationto
calculate the initial 

"onO¡t¡ánt 
required. The propagation includes,-th€ Earth's

curvature, accounts for 
'¿itplrsiv" 

áffects and perñrits the use of non-dispersive

l¡near or non-l¡near "q"áiünt' 
The dispersíon scheme and the non-linear

shallow water wave uquJtion, in spherical co-ordinates were proposed by Murty

(1 984; cited by Titov and Gonzalez, 1997):

(uñ).(vácosf)o

' Rcosó

,,- ru^ *rat * ght - 9dt *p-' Rcosó R Rcoso Rcos@ -

u * uu^ *tur *4t=4t- p'''Rcosó R R R

Long¡tude
Latitude
Amolitucte
Undistubed uaaer dePlh
Depth averaged Yetoc¡aies in the longitude and

latitude di¡ections
GnvitY accetention
Ea¡th's tadius
Coriotis Parame¡ers

The equat¡ons are solved numerically using a sptitt¡ng melhod described by

Titov (1997). untortunatety, the MosT-domañl fof simulation is festficted to the

Norrh Pacific, from f s"Ñ to 65'N and from 180'w to 'l 20"W' with a global

Uathymetry data of 4 minutes does not considers Chilean coasts'

Thiscapabilityisnowadaysusedtofunmultip|esensitivitystudiesbasedonthe
offshore wave dependuntu on distant earthquake magnitude and. pos¡t¡on, to

evaluate site-specif¡c inundat¡on dependence .on offshóre wave charactef¡stics

and to oroduce inundatíon charts ¡n calilorn¡a and Hawai¡'

h+ =0

?¿

q
h:
d:

g:
R:
f:
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MIKE 21

The Danish Hydraulic lnstitute has developed the numer¡cal model MIKE 21 NHD
(Nested HydroDynamic Module) for applicat¡ons on esluar¡es, coastal waters
and seas, which was later adapted for tsunami s¡mulation (DHl, 2000). lt
íncludes a graphical package for visual data checking, graphs and animations
of figures and a variety of fac¡lit¡es.

MIKE 21 NHD uses a finite difference model in a user-defined number of
dynamically nested grids (dynamically means that there is feedback from the
fine resolution grid to the enclosing coatser grid during the calculations). The
model can work w¡th up to n¡ne bathymetries of different resolut¡on, allowing
more than one grid at each level of equal spatial resolution. This is a great
advantage compared with TUNAMI-N model since it eventually allows a

simultaneous s¡mulation of relatively close harbours. Besides, the digitation can
be done on a d¡gitising tablet compatible with the model and using the
Bathymetry Editor

The modet solves unsteady two-dimensional flow in a vertically homogeneous
flu¡d layer on a 3-Dimensional bathymetry.

x, y, r Horizontal co-ordinates and time
M, N: Discharye ftuxes in r and I ares
S;, Syr Source magn¡tude and comPonents
q Vettical displacement, rclercnced to the still water level
c: ChezI ¡es¡stance numbe¡
g: GraYitf accele¡aaion
D: fohl deplh
-fi Wind ft¡clion factar
Y, Yx: Wind Yelocily and components
p": BarometÍ¡c pÍessuÍe

N: Density ot water
o: Cotiolis coetf¡cient
E: Eddl v¡scosiry coefÍ¡cient

The conservation of momentum ¡ncorporates turbulence effects, subgrid scale
fluctuat¡ons and effect¡ve shear stresses due to vertical integration of the Saint
Venant equat¡ons in a veloc¡ty based formulation.

#.#.#=o
+ . *(+). *(t#). r'#. # E - *' - **-'* -{#. #)= *

#.*[#).*[+). - 
" #. *W - *, - *+ -'* - \#.#)='
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MIKEzlal|orvsthe¡ncofpofationofwindfrict¡onfactofs,wavefadiat¡on
srresses and two ways oi a?iciibing the bed-resistance, e¡thef as a chezy or

Manning number, on "rJ lrio poini separately' The boundary cond¡t¡on inputs

,lí"fl""p"iit¡.¿., ',l'waíer 
teyets and'direction ot the ftow or b) tota' flow and

direction on each po¡nt oi the boundary, c) sinusoidal var¡ations (specially for

tidal models) or dl usei delined boundary condit¡ons. Mov¡ng boundaf¡es' an

essent¡al feature ¡n tsui"r'i-'áoJen¡né, ca'n a¡so be included to simulate the

possibility of tsunami flooding and drying of areas'

M|KE2lcanworkwithcoufantnumbefsuptoabout5withoutPresent¡ng
stability problems (Sect¡on 3.5). A soft itart (warming) is achieved by

¡ntroducing the hydrodynamic forcing .parameters 
in a gentle way (l¡near

variation), thus avoiding' numer¡cal ttr'-oci at the beg¡nning . 
o.f 

. 
the .simulation '

ii"t ir,á engineering "ü*ioint, 
it may include the effóct on bridge piers' rivers

or outlets from poyver 
-st;fion; on ihe hydrodynamic calculation by using a

subgrid scaling technique.
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CHAPTER 2

TSUNAMI HYDRODYNAMICS

This chapter introduces the reader to the complex phenomena of tsunamis by

pr"t""ii"-g ine general features associated to tsunami wave generat¡on (sect¡on

2.1), propagation in open ocean (Sectlon 2'2) and coastal amplif¡cation and run-

;;i!;¿,¡;;i.¡). Tsunami parameters are also introduced (section 2'4)

2.1 TSUNAMI WAVE GENERATION

2,1.1 SOURCE MECHANISMS

Seastatespresentaspeclrumofsurfaceoscillationscausedbyavarietyof
geophysical mechanisms' mentioned as follows:

o SUBIARIXE EARIHQUAÍES

Tectonic d¡slocations along subduction areas produce veftical var¡ations (uplift

or depression) of the Elt,f,;t ttutt and iniringe potent¡al energy into the

overlying water mass, ,aOiateO away from the source region in the form of long

period waves. Tsunamigenic earthiuakes. are characteiised by shallow focusl

(< 60km) generared on 
-Jif 

-stip fauits and are mainly activated by the vertical

component of the crust dislocat¡on'

The generation ¡s a complex Phenomenon,. that depends upon the earthquake's

,"!riitr¿", d¡stf¡but¡on an¿ or¡'entat¡on of the fupture zone; f uptuf e. dimensions,

epicentre location ano vert¡car áiiplacement' fhé rupture zone is character¡sed

by an approrimately parabolic area with the major aris running. parallel to the

iJutt t¡ne.'rf¡e velocity of the dislocation in which energy is transferred to ocean

water ¡s ¡mportant in the generat¡on and waveform of the tsunami'

Intermsoftheenergyre|ationbetweeneafthquakesandtsunamis'onlyabout
0.5% to 10% of the s;¡smic energy is converted into tsunami enefgy. van Dorn

(1968) esr¡mared rhat 
""ii'-o.osx"'of 

the se_ismic energy is transm¡tted to the

overlying mass ot waierl whereas lida (1970) gave a significantly higher

est¡mat¡on of 10%'

| I:|,e lqus cottespan& to thc 6ti"Eted pcint where

this int,Estigetiaa, aa/thqu.kes w¡tl b ch''zctsised bf
p¿ritÍteters-as shorlll, in Tzble 1-2 (Sect¡ott t'1'3)'

thc ezrahqttzke is iaitietcd. Fu- the purpacs of-

ti" "nt¡Á 
ruPtune zoae' delined by z sa¡ies of

o
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. YOLCATIC ACÍIYITY

Volcan¡c tsunamis are characterised by a small origin. with divergent waves that
rapidly decrease in height due to the spreading of energy. A clear example is
the August 1883 eruption of the island of Krakatoa, in the Sunda Stra¡t,
Indonesia. The explosion destroyed approximately I km3 of the island and
caused large shoreline subsidence. Tsunam¡ waves were up to 30 m, destroyed
295 villages and killed about 36.000 people on the coasts of Java and Sumatra
(Murty, 1977).

r SUBIARIilE AYILTXCHES AtD LAXIISLIDES

Submarines avalanches are often a consequence of earthquakes but can be
activated by other mechanisms as well. Waves spread from the po¡nt source,
with considerable heights near the origin and decay gradually as they advance
¡n the open ocean. A dramatic example of water waves generated by rock falls is
found ¡n the gH July 1958 Alaskan Tsunami, where waves reached an estimated
maximum surge elevation of about 518 m in Lituya Bay and 61 m rvaves seaward
¡n the bay (Murty, 1977).

o TUGLEAR EXPLOSIOTS

Nuclear explosions represent an impulsive-generating mechan¡sm from a point
source. lt has been observed that the wave height is dependent on the dePth of
the explos¡on and is inversely proportional to the distance from the origin. Van
Dorn (1 961) stud¡ed tsunami propagation caused by underground nuclear
explosions at Eniwetok Atoll. Wake lsland, and measured the decay with
distance. He observed that the linear wave theory was adequate for the
descript¡on of the phenomenon ¡n open ocean.

OTHER SOURGES

Tsunamis can be produced by the resonance of trench water, generated when
the dom¡nant frequency of se¡smic ¡vaves coincides \iith the natural frequency
of a particular trench. Long-per¡od surface earthquake waves (so called
Rayleigh waves) have a vertical component responsible for lhe transmiss¡on
earthquake energy to the overly¡ng waler mass.

Atmospheric tsunam¡s are tsunami-like waves generated by a rapidly moving
atmospheric pressure front over a shallow sea at about the same speed as the
waves, allowing them to couple.



2.1 ,? OTHER TYPE OF SURFACE WAVES

A number of mechanisms for tsunami wave generat¡on were briefly analysed in

ir," Ji"niou, section. lt should be stated hówever' that sea states present a

;;;;t;; ;;;"gement of a variety of other.tyPes of surface waves' Among them'

wind_generated waves, 
-rtái.--"uig", tidel, . hurricanes and other cyclonic

meteofological events sñoul¿ be cons¡dered when evaluating the possible

consequences ol tsunaii att".i utny authors have stud¡ed other types of

waves (tppen, 1966; sái""*n, 1g78; sñote Prctection Manual' 1984' among

"Ú'"iil 
i,ii", the sake ot uieuity, ih"it tt'oy is excluded from thls research'

TSUIAi{I nIs( ASSESSIIEIIT rx QulltTERO BAY', CHILE

A summary of different type of waves and cause-mechanisms are depicted in

F¡gure 2.1.
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FtGÚ¡E 2.|-- EIEIGY DEls|rY sPEGt¡|'I oF IiUIFAGE llrEs- (|¡|r¡rr|r; c¡ted by [,uny' l97z)

lo'103t02100. t



TSUIIA¡'lI RISI ASSESStIEI{T Ifl QUIfITERO BAY, Ct ILE

2.2 PROPAGATION IN OPEN OCEAN

2.2.1 GENERAL REMARKS

To determine tsunami wave elevations and current speeds in Qu¡ntero bay, it is
necessary to propagate tsunamis across the ocean by means of the numerical
code herein used. The initial mound of water generated by the earthquake in the
Chile-Peru Trench w¡ll evolve into a wave train as approaching the bay and ¡vill
be modified by refraction, diffract¡on, scattering, energy losses and reflection
caused by offshore and coastal features, resulting in variat¡ons of the celer¡ty of
the wave group, wave height and approach¡ng direction.

Tsunamis generally present a vyide spectrum of periods in the immediate rupture
zone and, as the wave front propagates, short per¡ods tend to attenuale,
prevailing longer ones lnon-l¡near wave to wave transÍet; Sorensen, 1978). The
propagat¡on impulse is generally stronger in one d¡rection because of
orientat¡on of the rupture zone, mechan¡sm which results in waves travelling
from the source in all direct¡ons, with the main energy propagation generally
being orthogonal to the direction of the main axis of the fracture zone.

Wavefronts propagate in deep oceans w¡th 30 to 60 cm in height and neither
can be felt aboard ships nor can be eas¡ly detected from air' Wavelength may
be as long as 650 km, with a period ranging from 5 min to 2 h as they travel
across the ocean. Far-field tsunamis can take up to 22 h to arrive at coastal
areas within the Pac¡fic Basin, depending on the distance to the source,
whereas near-field tsunamis can take few minutes to reach the coast.

The ceferity of the wave group (Cü represents the rate at which wave energy ¡s

propagated. The equation for the wave group provided by the small amplitude
wave theory (A¡ry, 1815) ¡s the follow¡ng.

Cs=nC

Ce:
C:
n:

celerity of the waYe group
phase celeity
Íatio of wave group to phase celeriÍy 'z

acceleration of graY¡tl
wave length
depth

? fhe term n ranges frcm O.5 in deep water h/L>1/2) to 1 in shallow warer i/L<1/25).
means anat a

*=*",4+)

g:
L:
h:
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rtbobservedthatindeepandtrans¡tionarwaters(i.e.1tzs<h/L),.the.celerityof
the wave group is g"n.iufly lower- to the ph-ase celerity of ¡ndividual waves

rv¡thin the group. ,,An obserrrer that fottows a gtoup of wavás at group.celerity will

see waves that originate at the rcat of the gtoup move Íorward through the group

travelling at the phase ieletity and disappear- at the ftont of the wave group"

(Shore Protection Manual, 19ó4)' This is a ryp¡cal behaviour occurring in the

propagation of wino'gene,.i"i'ít""ti' wnere 'siigtrtty longer waves travel faster

than smaller ones. Tsunam¡s howevef, do not snów itris behaviour since celerity

is determined bY the relat¡on:

cs: (gh)tn

The celer¡ty ¡s dependent only on the depth 
-and 

is not condit¡oned by the

wavelength (or Period). As a consequence' group and phase velocities are

equal and each comPonent of the wave front travels'at the same sPeed' show¡ng

no dispersion effects.

2.2.2 ENERGY LOSSES AND SPREADING

Tsunami energy is d¡ss¡pated by. friction forces on the sea bottom' internal

shear stresse, (rir.or¡ii'-unJ ruí¡'lencel' interaction with the air above and

other secondary effects. The wave bottom boundary layer is- often. the^dominant

d¡ss¡pative mechan¡sm of'"n"igy loss during propágation' A9991din9-,T Tsuruta

t.iüá-uv Godoy, rszsl, the n"á¿. tott caused by bottom friction presents an

inu"rr" droportionality to ocean depth'

I
tU u7n

Based on th¡s f¡nding' energy dissipat¡on is expected to be important in shallow

waters but minor ln the deep ocean' fact that could explain the ab¡l¡ty of

tsunamis generated in iñe Cft¡i"-peru Trench to reach the Japanese coast with

sionilicanr he¡ghts un¿"'á"rriuirive potentiat. The present,-",t9u1:1 expl¡c¡tly

;;';;;;;; ¡ouám rr¡ctio" *ii ¡" the vicinity or duintero bay and neglects

dissipation ¡n the offshore computation3'

The|atera|Spfeadingofenergyisanotherimportanteffectinthepfopagationof
far-fierd tsunamis, extended o-ler a wide geographicar area -due 

to th€-sphericity

of the earth. rnis ereli hár"u"r, is nágti!iOie in near-field tsunamis as the

propagation area it !"nátáiiy ii"urr (laieiat spreading is not included in

TUNAMI-N code).

t The bottotn lricaiq, tefln it included as a no'.'linear te¡.n in the equ'tiotrt of múnentum for G¡id D and

x'r"gtá.d n G¡i& A' I ¿od C Fq &t'ite¿ inlümlt¡cr¡ tee Scctiotr 3't'
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2.2.3 REFRACTION

Tsunami waves undergo changes due to feffact¡on duf¡ng Pfopagation as

though they were shailow tvaler wayes'. According to convent¡onal theor¡es,

wavd celerity is proportional to the ocean depth; hence the front moves fasteÍ in

deep waterC and changes ¡ts direct¡on gradually as ¡t approaches_ the., coast. "ff
the wayes are long ctésted and are moving obliquely towa(ds a shorcline, those
portians of the waTe ftont which gftduallt feel bottoñ first arc retarded first, so
'that 

the wave becomes subiect to d progressive curving ol reÍraction which' ¡n its
overa efrect, tends to atign the wave íront to the depth contoufs"
(Bretschneider c¡ted by lppen, '1966). As the ocean waves enter shallow waters,
the different frequencies are sorted, and the result¡ng spectrum undergoes a

transformation.

In general terms, bays produce a divergence in the wave rays. resulting In a

redúction of the eneigy density and wave he¡ghf. ln peninsulas, the ¡ncreas¡ng

of distance between orthogonals in the direction of wave travél denotes an area

affected by a concentfat¡on of energy and a considerable amPl¡f¡cation (Figure

Z.Z)_ Therófore, refraction has relevánt influence in wave height, d¡rection and

energy distr¡but¡on along the coast.

FtGUnE 2-t-- rEr¡tcrrot ol lllEGuLrl Golsrs-

a fsunamis ate un¡que in thaa the waveform extends through-.the entire ,water c,ot-umn from
sea surface to the ocean bottom. Íhe//. smatt rclative dePah (ocean deP|,hlwarelength) is
responsibte for refraction ¡n the open o.ean. Orctinary Wind waYes, in contrasl, a¡e nol
affecrcd by reftaclion in deeP saaers



2.3 COAST AMPLIFICATION AND RUN-UP

2,3.1 GENERAL REMARKS

When tsunami waves propagate into coastal areas they ¡nt-eracl with.the, coastal

;;;;gt.phi" features 
'in'a "variety of ways' including reflection' shoaling and

feffact¡on, and under certa¡n coá¿¡tions 
-may locally be feflected, tr.apped, or

focused. Tsunamis enrer¡ng iai iould ue t'L;"tt"d to resonant condit¡ons and

wave energy may become" táipeO, resulting ln a substantial increase of wave

heights at particular coastal po¡nts'

With regards to the t¡me history, the-.arrival of a tsunami ¡s sometimes preceded

by short-period, tow-ampliruáJ osc¡ltations' known as forerunners' These may

be somet¡mes follorved ii'-"n-¡nir¡u¡ withdrawal caused by the tfough Pfeceding

the first wave cfesr, o, áá ái"""t¡on fesembl¡ng a stfong sufge, wh¡ch increases

thesea|evel-Takaha't'i(lgol)statedthatthefuptufezone.ma.ypresenta
simultaneous uplift and downfall of the ocean flooi in opposite limits of the

fault,thusproducinganinitiale|evationa|ongthecoastadjacenttotheup|¡fted
."r" ,n¿ a bepressidn in ttre zone localed near ihe downfall of the ocean floor'

2.3.2 SHOALING EFFECT

Whenatsunam¡feachesthecoast|¡ne,decreasesincelef¡tyandwave|ength
and increases in freigni as'" 

"on="q'"nce 
of the effect of the ocean bottom'

This effect, knoyvn as ,r,ouring is exilained in he follour¡ng terms: the energy of

a wave system is the sum of its [inetic ánd potenrial energy' defined as:

E=pgH'L/8

Total enetgy of a wave per unit of width

Density
WaYelength
Acceteration ol gravitY
Wave he¡ght

Accord¡ngtothesmallamp|itudewavetheory,¡nsha|lowvfaters(¡.e.tsunamis)
the wavelength is:

L=TC=T(sh)t"

C: Phase celeritY
T: WaYe Pe od
h : DeP¡h
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The above equation shows that as the wave advances towards shallow waters, it
decreases ¡ts wavelength, with a constant period. Then, if energy reflect¡on,
genefation and diss¡pat¡on ale cons¡dered negligible along a shoft path, the
total energy per unit crest lt) ¡s appforimalely constant and consequently wave

height lHl increases on approach¡ng the coast. This is known as shoaling.

H-
Ho

Jvare height (Ho means oÍÍsho¡e vaYe height)
D¡stance between two üaYe rays.
Depth

With supplementary algebraic work ¡t can be shown that the final wave_ height

ír,l wif l 
'depen¿ on ttre wave height offshore (Ho), the shoaling effect I ' d"/d )

and refraction ( b "/b ) and may be computed by the following equation (shore

Protection Manual,l 984):

,W
'\ld

H:
b:
d:

It follows that, as the wave appfoaches shallow waters (¡.e. decreas¡ng h/Lo),
wavelength md celerity gradually decrease. wave height increases as a.result of
shoal¡ng and wave steepness (H/L) increases considefably. lpPen (1956) plotted
these results in a log-log paper, as shown in Figure 2.3.

0.1

h/Lo

FtcurE 2-r-- rHEOnErtct|- ttYC TTAISF|'III¡|Oi. (tppefr, 1966). D€ri"ed h chanfl€ls of

reaular sect¡on based on the Small Ampl¡tude Wave Theory, assuming no generatlon.
rliisiparion and reflection of energy, and refetred to offshore cond¡tions (Lo. Co, Ho and
Ho/Lo).
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2.3.3 THE EFFECT OF BATHYMETRY

Bathymetry ¡s signif¡cant in controll¡ng diffraction' refraction' resonance'

reflection and interferen"á,- "ff""t. 
that dei-ermine the f¡nal height and celerily of

the incident wave. wñ; regards to the effects of the ocean bottom

conf¡gurat¡on. it ls accepted tha"t in large ¡h.a]lo.w bays' the 9n9rgy m-1Y-,become

trapped and, as tne waíJinclJ"tá. in'n"ight, it caá break before reach¡ng the

coast.

In steep coastal slopes, the flood¡ng advances as non-breaking waves ¡Yithout

exceeding a few merres.-wuu" "neigy 
m"y be feflected offshore in the coast

andonman.madestfuctures(breakwatersandcoastaIinsta||ations)butmay
also come up as a h;;;-;;;-;f water when reaching the coastline The

presence of coral ,eef,'"n.tgy d¡s.sipating breakwaters and other obstacles

ieduce the effect of the wave reaching the coast'

In some cases, relatively protected bays are subjected to -severe 
tsunam¡ effects

because of the conslr¡cíeá morphology of the coistline' The presence of islands

in the mouth of a bay áo", not necéisarily mean that the tsunam¡ effecr will be

minor in the coast. tn fact, flow could evéntually be conducted through narrow

inlels that tend to increase the wave celer¡ty aná th" hydrodynamic energy may

become trapped ¡n the bay due to reflect¡on effects'

2,3.4 RESONANCE

The ma¡n tsunami waves are followed by secondary undulations.that can be a

consequence of resonanle in p",t¡"ffy cíosed bays' lt.is recogn is e d- 
-that 

when

an erternal fofce acrs ouer á lonr¡neo uooy of watef, it osc¡llates according to

its natufal period. lf the tsunami period ¡s cíose to the natural period of the bay,

it is expected that as ttre seionO tsunam¡ wavefront reaches the bay' the

reflectedleadingwavewillbesummedwiththelatter'producinga
superposition with tignlf¡.ánt amplitudes' -Consequently' 

when the natural

ó"ii",í "i the bay co¡nc-¡áes with rhe main per¡od of rhe tsunami wave spectrum,

i"ron"n"" may relult in a considerable higher run-up than expected '

This may resull ¡n an íncrease of energy

dissipatión is insignificant and may often be

ctif fráclion. This elfect may become significant
confined characteristic of the bay.

in harbours and in baYs where

as important as refract¡on and

in Quiniero because of the semi-

o
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From many authors, the following classif¡cation of tsunam¡ waveforms

approaching the coast is ProPosed:

2.3,5 DIFFRACTION

Diffraction ¡s the dfect by which the energy is transm¡tted along the wave ffont.
It is not¡ceable where regular waves are interrupted by natural obstacles
(peninsulas, islands, submarine mounta¡ns, etc.) of man-made stf uctures
(breakwaters, ports, erc.) and occurs s¡multaneously w¡th refraction. For a

complex wave spectrum, each component is d¡fffacted according to ¡ts

wavelength in a continuous Process.

2.3,6 BREAKTNG MECHANISM

The level of damage caused by a tsunami varies notably with the wave bfeaking
mechanism. Breaking limits lhe he¡ghr of surface waves, dissipates surface

wave energy, transfLrs momentum flux from waves to currents, and makes

energy available for miring the water column. In shallow walers, where tsunami

heigñis are sim¡lar ¡n magnitude to the still water depth, the peak of the wave

will propagated inward faster than the trough because of the greater depth at
high' wátei. Then, breaking may eveniually occur if the peak overtakes the

trdugh, with the high-u/ater crest finally falling forward as the tsunami continues
to advance.

BREIKI G ttvEs, which collapse violently neaf the shofeline with uneven

height. Damage is enormous, basically because of the h¡gh flow velocities
invólved. Major stfuctufes afe destroyed and rolled ovef and the vegetat¡on
is damaged. Inland flat areas are largely flooded.

ilox-BREAÍ.ttG IAUES, which behave as faP¡dly rising t¡des. The etfect
inland is similar to a flooding; the vegetat¡on cover is not disturbed by the

flow but may have a secondary impact due to the h¡gh sal¡n¡ty of rhe

intrusion. L¡ght structures may be flooded and damaged'

BORE-TYPE GEtEnrrED |AUES in estuaries, rivefs and coastal lagoons

that show a very rapid rise ¡n which the advancing water presents an abrupt

fronl ot consid;rabte height. They show an intermed¡ate damage compared

to the above-mentioned mechan¡sms.
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2.3.-T RUN-UP VELOCITY

Duringtsunamifun-up,thekineticenefgy¡stransformedeithertopotential
energy or reduced oy Oiispation. having-great eros¡on ability due to the flour

;;¡o."¡iy. Several authors have estimatód maximum velocities due to great

rsunamis. Accofding to coooy and Monte ('1975)' the inland flow may reach up

to 10 m/s. Titov and sinor"ii, ti g96) and Tsutsumi et al- (2000) estimated a

u"r*ity oi up to 18 mll át ofuinir¡, Japan, for the July 12rH 1993 southwest

HoffaíOo eaithquake tsunami. Table 1.á shows a summary of heights and

maximum yelocities of numerical simulations in Chile-

overland flow is usually considered as supefcfitical with bore-l¡ke dynamics and

capable of femoving sani beaches and coastal vegetation. that. may.h_ave taken

vears to qrow. In ,"f.tiuéfy iiui areas, the flooding may largely extend inland'

áovering eitens¡ons of land Yvith water and debr¡s'

The development of tsunami waves inland and its ¡mpact in coa stal 
. 
structu res is

difficult to s¡mulate due complelity of the overland flow. some authors suggest

that the flooding ¡, ror"- iot'i"tated w¡ttr velocities rather than wave heights' but

the majoriry observe that damage is a. combination of flow velocity' the

iou"ncing áirect¡on and the heighi of the incoming tsunami As Shimamoto et

al. stated (1995; cited by Tsútsumi et al" 2o0o) ¡f these vaf¡ables wefe

predicted quant¡tatively befórehand, this analysis would be a powerful tool for

ih" frrut" assessment of tsunami disastels in other areas'

o

o
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2.4 TSUNAMI AND RELATED PARAMETERS

2.4.1 GENERAL REMARKS

The def¡n¡tion of wave parameters is presented as follows. Some empirical
formulas have been included in the section to g¡Ye an order of magn¡tude of

each variable. Howevef, it must be emphasised that these formulas are

restficted to the set of hypothesis, physical constra¡ns and geogfaph¡cal

locat¡on considered in their der¡Yation. q

2.4.2 WAVE HEIGHT

Wave height (I4 is the vertical diffe¡ence between two consecutive peaks and

troughs, córrected for the change of tide of both measurements (F¡gure 2.4)'

F|GU¡E 2-a-- rsutrll PITTIETE¡S

Empirical formulas correlat¡ng
have been, for erample, derived

yvave height with seismic and tsunami parameters
by lmamura and Wilson (cited by P¡las¡, 1978).

Wave heighf, ¡n metres
Imamura's lsunañi magnitude (Table 2.1)
Richtet's Magnitude

log,o ^lll = 0.375n (tmamura) log,,o H =0.75M -5.O1 (Wilson)

H:
,t:
M:

These relat¡ons are obsolete because R¡chter's Magn¡tude underest¡mates the

tsunam¡genic potential of large earthquakes and lmamura's magn¡tude does not

consideis the local variability of maximum heights (Farreras, 1995)'

o
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2.4.3 RUN-UP

Run-up (iR, is the vertical level difference between the maximum tsunami

penetration, or flood¡ng line' reached by seawatel at the time of the tsunami

attack and a reference datum, ideally measured at a, point that is a local

maximum of the horazontal flood¡ng. (tie mean sea leveF is here adopted as the

reference datum). In practical terñls, run-up is only m9qsure.d..Yr.l.tere there is a

clear evidence of the rrooJing t¡r¡t on thá shore and its definition requires a

rigorous protocol extensively erplained in IOC (1 S98) '

Thefo||ow¡ngempiricalre|ationswereobtainedfromtherefefences.Un|ucki|y'
;;iy b;;i; iu"tr' on the lim¡tations and methodologles by. which .they Yvere

obtainedisc¡ted,sothe¡rapplicationdoesnotprovide.areliable,est¡malionof
run-up on a paft¡culaf sire.'wilson and Torum (1968) proposed an equation

based on the Richter,s 
-r.gniir¿", 

obtained from field measufements of the

1964 A|askan Earthquake, whic-h seems lo be consefvative for Chi|ean tsunamis:

log.,o rR = O.75M - t1.82

Run-up, ¡n metÍes
Richter's Magnitude

According to Godoy and Monge (1975)'.run-uP may

wave heidht and wavelength of the tsunam¡:

n.'
U:

R=o.2ú H'* Lo 
* (slope of 1 :60)

X-' Run uP, in metres
H: Wave heigh¿ ¡n meues
L: WaÍetength' in metÍes

This relation g¡ves no detail of where the height and.

"onti¿"t"¿. 
Añernatively, Wiegel (cited by Godoy' 1975)

based on the bottom slope and wave he¡ght:

be estimated based on the

R -- 0.381H"' L"* (slOpe of 1:30)

wavelength should be
proposed an equat¡on

R=a.sHo",lú-a

rR.' Run uP, ln metes
Ho: Wave height, in me es
tt: SloPe angle

s The mean sea levet is detined as the
obseyat¡on of tide height on the oPen coast
sea, o|et a nineaeen-lear Pe¡¡od-

avercae heiqht oÍ the sea surÍace' based upon

iiin'aaiu."í¡ vates which have tuee access ¡o the



As stated above, these equat¡ons are not cons¡dered as
tsunami flooding prediction in Qu¡ntero bay because
amb¡gu¡ty of their empir¡cal methods.

TSUrAirr Rrsr assEssr{EtT ¡i QuttlTERo ¡AY, CHILE

good estimate for
the scarcity and

a
of

When empirical formulas are not appropr¡ate. it is possible to obta¡n ¡mportant
dala from h¡storical records, Marimum run-ups versus distance to the epicentre
for major Ch¡lean tsunamis are shown in Figure 2.5. With particular except¡ons,
run-up attenuat¡on with the distance to the ep¡centre can be observed'

25{F 3üO

TXSTANGETOTHE EPICET{TRE (km)

FtGUtE 2-¡-- rul-ut Ürs EPtcErlrtr- DlsTtlcE FoR GlElr c ll-Etr tlD PElllü¡lI
rSUttllS - (Lizana, 2000)
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2.4.4 CELERITY

Tsunam¡ celeritY (C) ¡s the rate
according to the sma¡l amPl¡tude
deprh and independenr on the
determ¡ned bY the relation:

of orooaqation of a surface wave' which'

wave' thóor-y, is dependent only on th.e water

wavetengtír and period (Table 2'1)' lt is

c=Jsh

Accetention ol gravitY
Deplh

8:
h:

ltshouldbenotedthatce|er¡tydemotestherateofpfopagat¡olo.fasufface
wave and does not ,"pr"r"n, íhe orbital veloc¡ty of each individua.l paft¡cle of

fluid. Howevef, in deep "ái"rt 
the cfest pafticle veloc¡ty is. proportional to the

wave height fof a g¡ven wave perio<|, being. typically much lower. than 
-lhe 

wave

celer¡ty. As approaching iñu io'.rt, wave tréigñis inciease and orbital velocity of

p"rti"fát will ev'entually óqual rhe wave celerity (Sorensen' 1 97 8) '

2.4.5 WAVE LENGTH

The wavelength (¿/ ¡s the hor¡zontal distance between

óltit¡ónt on-suciessive waves' According to the small

wavelength is defined by the relation:

Based on this, ¡t should
code within Quintero bay
Section 2.3.7 .

h:

For shallow water waves (i'e'
L=T(gh)t/2 and the wavelength
2.1\.

be noted that Yelocity fields obta¡ned with TUNAMI-N

tápi"t"nt individual particle velocities' as referred in

any two corresponding
amplitude wave theory'

,=rE;{ry\
12t¿ lL )

accelention of gav¡t!
stope angle
depth

tsunamis) the above
¡s dePendent on the

eouat¡on is s¡mPlified to
depth and Period (Table
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2.4.6 PERIOD

The per¡od is the amount of time that a tsunam¡ wave takes to complete a cycle.
The period rema¡ns constant and independent of depth for oscillatory waves
(Shore Protection Manual, 198,1).

Ceter¡ty and wavelength as a function of the depth and per¡od are computed
with the above eguations are shown ¡n Table 2.1.

(m) únD (rm)

¡|(xn
am
m
1(I)

5
5

5
5

59
42

21

9

713
50¡l

252
113

4m0
2W
5m
1m

4(m
2m
500
r00

60

60
60

60

120

18
1n
't20

713
f),r
252

113

713

504
25?'

lt3

713

504

252
1't3

5JO

252

126

56

713

5(X
?5?

113

1426

1m8

50t
225

30
30

a)
30

4m0

2m0
5(x)

Iq)

rArLE t-r-- rsutal¡ cElEltrY, lltE|-EtcrH rID ?ElloD-

2.4,7 ESTIMATED ARRIVAL TIME

The estimated arrival t¡me is the time the first tsunami waves reach a fixed
locat¡on, as est¡mated from modelaing propagation and run-up. Monge (1975)

and Pilasi (1978) predicted that near-field tsunam¡ would take about 1¡l to 20

m¡n to reach Quintero. depending on the location of the source mechanism'



2-17
TSUfiAtlI Rts( ASSESSTfEnT rI QÚtÑTERO B ]]:jttll:

2.4.A TSUNAMI MAGNITUDE

Desp¡re their many limitations, magn¡tude sc-ales are essential in areas were no

mareographs have been ;;;i;li"; ;;¡ they afford the only means .for -interpret¡ng
historical data. Many .riñoii- tt""" proiosed tsunam¡ magnitude scales (lida

and lmamura, 1g5O; f iaa,'-isiO; Abe,' 1és1). which have become obsolete w¡th

the devetopment of nrÁ"iüui' *oJálr anb sophisticated method.s. l¡da and

tmamura, for example iáiiiáit"o from Lizana. 2O0o) proposed the following

magnitude scale:

-l

'I - 1.5

2-3

4-6

8-12

16-21

0.003

0.025

0.1

0.4

M¡nor tsunami.

No damage.

House damage along coast; shiPs

washed a shore.
Some destruction of houses;
considetable loss of life.

Damaged area along coast about ¿l00km

Damaged area along coast about 50okm'

1.6

5.¡t

TtrlE 2-t-- rsulArl GltrDE scALE OF l¡n^ arlt ¡rtlu3r- Dependifg m üE

rür*t*i. l¡t scale has u""n 
"ii"no"O 

occas¡onally from -3 to 5 (Lizana' 2000)'

2.4,9 SEISMTC MOMENT

Since Richter's Magn¡tude tends to underest¡mate the source dimensions and

ir'"-"prirt of earthqúakei-t¡o"t Mn:7'5 in the.scale (Lorca' 2001)' ¡t is not a

very reliable p"rut",á, 
--a chiracterise the tsunamigenic Potent¡al of

eafthquakes.rneapproachhereinadoptedistochafaclef¡seearthquakesby
their deismic Moment (MJ. defined in MKS metric system' as:

W:
p

-LDt

Mo=¡tLW LD

Length of the ruptuÍe zone
Width of the ruqture zone
Stittness ol the ctustat strata

Mean dislocat¡on
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This parameter better defines the amount of energy feleased an-d the potential
for tsunami generation of earthquakes above Mn= 7'5 (Mo>1022 Nm), for the
reason that the volume of seawater in motion ¡s directly proportional to the fault
dislocat¡on and rupture area, therefore ¡s pfoportional to the Seismic Moment.
Its determination is done through the analysis of long period seismic waves;

fact that implies that h¡gh frequencies that do not have influence on tsunam¡
wave generalion are removed and only the macrose¡smic features of the rupture
mechanism are conside¡ed.

Many authors have suggested that the Seism¡c Moment is the best parameter to
characterise the tsunamigen¡c potential of earthquakes (Abe' 1973; 4be,1975;
Okal, 1988; Talandier y Okal, 1989; Reymond, Hyvernaud y Talandier' 1993;

c¡ted by SHOA, 1999). According to Taland¡er (1993; cited by SHOA, 1999) the
relatiof between the Seismic Moment and the tsunamigenic potential is given in
Table 2.3:

SEISMIC MOMENT DESCRIPTION
(Nm)

Mo < 1021 No tsunami generaled

1021 < Mo < Sx1021 Minor tsunami

Sxl 021 s Mo . 2x1022 Potenlially destructive tsunami

Mo > 2x1g22 Greal and destructive tsunaml

raBr-E 2.r-- Tsllltrl PorElT¡t|. AS t fUlCr¡(Dt OF THE SElSrlC l('tElr

on the succeeding anaÍysis, tsunami f¡sk assessment in Quintero bay w¡tl be

based on the above-mentioned classification.
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CHAPTER 3

METHODOLOGY
This chaPter presents rhe mathematical and numer¡cal pr¡nc¡ples of f UNAMI'N

code, providing some "ott"nt' 
of the lim¡tat¡ons' extent and poss¡bilities of ¡ts

;;;i;"'t¡;" for- tsunami risk assessment in Quintero bay A summary of the

bathymetric and topographic information .usgd on the grids. generation process

and the seismologic á!t. for the seismic events 
-used ¡n the numerical

simulation is also Presented.

3.1 GENERAL REMARKS

In recent years, a significant effort has been done to quantitat¡vely evaluate

tsunamirisk¡ncoasta|afeas.Th¡s¡sgenera||yachieved.thfoughintef.
disciplinary studies in 

-seiimology. 
geology and bceanography' as well as

¡r.i"'Ci.g i]," revision of the histoical sources. Tsunam¡ modelling is then used

to d¡scr¡m¡nate among tñ" J¡f.tent possible scenarios (i'e' source locations

and rupture mechanismsj 
'it.i' 

"án 
affbct a paft¡culaf site. Above all, rumerical

simu|at¡onhasbecomethebestavailabletechniqueforrisk.assessment¡n
areaswhereh¡stofica|recordsareinsufficient.Themode|hefeinapp|iec|'
TUNAM|.N,isbasedonthe|oc,ST¡mePfojectentit|ed',NumericalMethodof
Tsunami simutation wnn tii tiap-rrog scheme', developed by Dr. Nuobo shuto

¡n the Disaster Control ñ"r".r.i, Ce-nter, Tohoku Un¡versity' Japan (IUGG/lOC'

19s7).

TUNAMT-N simulates the generation, propagation and run-up of tsunami waves

occurr¡ng over a model 
Jbasin 

consistiág 
-of four nested spat¡al grids' with

coarse space increments in-á""p-o."rn ind finer ones in the shallow sea. The

model uses a set of ¿is.iát" pi¡nts arranged in an ofthogonal staggefed grid

represent¡ng a 3D image of the ocean bottom where wave mechanics equations

arL solved. ihe f ollowing assumptions are implicit ¡n the modelr

rTheveft¡ca|d¡splacementoftheseabottomisca|culatedrviththeMansinha
and Smylie method (1971).

Tsunam¡ propagation is modelled w¡th the Gor9..y Ogawa (198?)^m.ethod'

consisting of the nu merlcai in-tógration of the.shaliow water wave equatíons

;; ;;;"'. of a leap trog rinite" difference scheme with upw¡nd conveclion

tef ms.

Coastal flooding is determined using the moving boundary condition

proposed by lwasaki and Mano (1 979)'
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The model ryas developed in Fortran and compiled with the Microsoft Developer
Stud¡o. Fortran Power S|3t¡on 1.0 (Coryt¡ght@ 1994-95). Graphical outputs and
some algorithms used ¡n the digitisat¡on of the bathymetry n,ere implemented
wirh Matlab 5. 3 (Copytight@ 1 984-99).

The numerical code is based upon the shallow water wave theory, oblained by
vertically integrat¡ng the equat¡ons of cont¡nu¡ty and conservation of momentum
along the water column in an orthogonal co-ordinate system-
Some comments concern¡ng the equat¡ons of conservation of momentum are
reviewed in this section to show the advantages and limilations of TUNAMI-N
code (wave mechanics equations will be then deduced ¡n Sect¡on 3.2), The
equation of consefvat¡on of momentum, ¡ntegfated along the water column ¡s
(DH1,2000):

+. ¿141. +fry).* o!* I u J u + ¡t' - r*. - 2+ - * - Á *.{9 l='dt ar[D/ ay[ o.J " ar D" pv& (dx' ü')
o

#. *(# ). *[*). " " # 
* ffr u r a' * n' - *, - ** -'* - "(#.# )= "

r' !, ll
M, N:

ry
n:
8:
D:
t
l/, fx:

lr':
fl:
E'.

Ho zonlat co-otdinates and t¡me
Discharge tlures in x and f aris respectively
vertical disolacemen,- ¡eferenced to the st¡ll vatet |evel
Manning's fac¡ar
Accelention ol gtav¡tl
Total depth. (D-h+4 vhe¡e ñ is üre stil, water depth)
Wind ftiction tactor
Wind velocitl and components
Ba(omefi¡c DÍessufe
Densitl ot rate(
Coriolis coefticient
Eddl Yiscosit! coetl¡cient

TUNAMI-N code considers the following simplification:

The effect¡ve shear slress due to v¡scos¡ty and turbulence ¡s cons¡dered as a
sub-grid scale effect in the model and is therefore neglected (84). Ihe
contribut¡on to the shear force, caused by the temporal variat¡on of flow
veloc¡ties ¡n lhe direct¡on of the flow Streeter (1962), ¡s also d¡sregarded.
The wind force ¡s considered irrelevant also (f4).

The Coriol¡s torce 6l-4), barometric d¡fferentials (d p" /d x-4 and d p, tdy-4)
and wave dispersion are considered large-scale phenomena and therefore
are excluded from the simulat¡on.
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Basedontheabovementioneds¡mp|ifications,theconsefvat¡onofmomentum
ior a two-d¡mensional dominion cons¡dering inertial forces' pressure'

grav¡tational and bottom friction forces ¡s the following:

#. *6). $(#)." DY * c4:Mruz *Ñz = o

t-----
FRICIION IERM

PRESSURE DIFERREI{IIAL

COI¡VECTIVE INE RIIA

r, y, l'.
M, NI

4
n:
8:
D:

IOCAI INERTII

Hor¡tontal co-ordinales and t¡me
Discharge Íluxes in x and I aris respectivetl
liiicat'oisptacement, ¡efá¡enced to r,he stilt wa¡e¡ level
,tanning's lacaol
Acceleration of gtaYit!
total depth (D=í+4 vherc h is the st¡tt zatet dePlh)

These equat¡ons provide a simplification of the wave mechanics' based on the

fact that áisregarded tefms are negligible in the near-field tsunami phenomena.

Other comments concerning the l¡mitat¡ons of the programme are:

. Bed resistance is modelled through rhe Manning': coelficiejtl- defined' f or

the purposes or tne 
'p-riiánl ,"iJ"rÉt', consrant in-time and space in Grid D

(Section3.5).Sensit¡vityana|yseswerecarrledouttoest¡matethevafiab¡l¡ty
oi .orprt"o heighti 'under' u ,ung" of possible cond¡tions (n:0.02-o.03;

Lorca 2bOl ) showing minor diffefences of tl .5% ¡n the final wave run-ups.

Therefore,areaswit'hdifferentIanduse,soilstructufeandvegetation'or
thosewheresmatrsca|eropographicfeaturesorcoastalstruclufesarefound
rvere represented with a s¡ngle value of n=0'025'

. Surface tension, eYaporation and other surface effects are neglected'

. No altefations to the seabed are caused by sediment tfanspoft (eros¡on or

s¡ltat¡on) and the ocean botom ¡s considered imPermeable during the

simulation.

M2+N?
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The astronomical tide does not vary with respect to t¡me during the
s¡mufation and is set equal to lhe mean sea levelt (MSL); selected as the
reference level for the evaluat¡on of the flooding line in the model. Accord¡ng
to SHOA (2001), the maximum high tide recorded in Qu¡ntero is 1.66 m

above the lowest asüonomical tidez (tAT), and the difference between MSL
and LAT is of 0.90 m (F¡gure 3.'l).

MAXIMUM HIGH TIDE

FIGÜRE I.T -- ALTIIETIIC IEFEIETGE 1EIEL

Since the depth on the hydrograph¡c
the LAT and were digitised relative to
bathymetfy dala to have the same
information (Appendi¡ ¿).

charts (Table 3.1) is given relative to
this datum. 0.90 m yvere added to the

reference datum than the topograph¡c

Since probable marimum tsunami flooding ¡s a result of a combination of
hydrometeorolog¡cal and geophys¡cal factors considered reasonably
possible for the area, tidal effect could be roughly accounted as the
difference between the exist¡ng water level at the time of tsunam¡ attack,
which, in the worst case is of O.76 m (i.e. the d¡fference between the
marimum high tide and the mean sea level, as shoryn in Figure 3.1). This is
however, a gÍoss estimation since tide interacts non-linearly w¡th the
tsunami, thus making a simple superposit¡on of waves invalid.

I fhe mean sea level (MSL) is defined as the average height oÍ the sea surface. based upon
obseÍyat¡on of tide height on the open coast over a nineteen-year pe od.
2lhe lowesl asaronomical level (Ul) coffesponds ,o the datum ptane (ar chat, datum) above
which tidal levels are given in Ch¡tean t¡de tables and below which ocean depths are
rcferred.

MEAN SEA LEVEL

(Refererrce lerd for ttre simuliation)

LOWEST ASTRONOMICAT TIDE



TSUXAIIt ¡rsf AssEssllEir ¡r QUrlrElo ¡Av' cÉ¡LE

The model does not include the loss of
in t¡e coast. Breaking conditions and

neglected and only non-break¡ng waves are

An orthogonal co-ordinate system is
equations 

-because of the local scale of
th'e polar co-ordinate system is used

imDortant.

enerqY and momentum bY breaking
Uore--type tsunami development are

m odelled.

suitable to solve the ProPosed
the simulation. ln far-field tsunamis,
since the transoceanic effects are

At th¡s point it must be said that at the atual state of the art' no model can

.-pii.iUf l"lude all the physical -processes 
governing. tsunamis' 

-Jhe 
above

restrictions provide . .itpl"'model' keeping píecision in an acceptable level'

Accordingly wirh previou; limutations, rhó ñodel is not accurate enough so as

to s¡mulate the wave prJnü"'üüt'pioiué"t satisfactory results for the max¡mum

fun_up heights ano ¡nunáai"o- ur"lr. The final error in the fun-uP, as estimated

from calibrarion pro"rrJ"l-- i" 
-láp"n is usually yy¡th¡n 15% (A¡da and Hator¡'

isói' Hut"g"ta, isao; shuto et a1., 1987; cited by shuto' 1991)'
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3.2 MATHEMATICAL MODEL

The numerical simulat¡on is compr¡sed by a mathematícal model and the
corresponding numerical model (Secrion 3.3) to give a suff¡ciently accurate
solution to tsunami generation, propagat¡on and run-up. lt should be noted that
the numer¡cal s¡mulation is, at best, as good as the mathemat¡cal model
adopted. For near-field tsunam¡s, TUNAMI-N uses the linear shallow water wave
theory in deep-ocean and incorporates non-l¡near terms (bottom friction and
convection) ¡n coastal areas, accord¡ng to the relative importance of these
effects in the phenomena. The basic assumpt¡ons that support this theory are:

. Horizontal velocity of part¡cles is uniform along the rvater column.

. Vertical acceleration is negligible compared to grav¡tational acceleration.

. Curvature of the trajector¡es of yvater particles is sufficiently small.

. Physical properties (clensity, temperature, salinity, etc.) are constant along
the depth.

Based upon these approx¡mations, ¡t ¡s assumed that the vertical motion of
water particles has no effect on pressure distribut¡on, considered as
hydrostatic. Set (3.1) represenls the govern¡ng equations ¡n the shallow water
wave theory.

(s.ra) *.*.*=ortx ov ctz

(s.ra) P*, -4*,9**P*a=odtúdyüp

lr.rr) 9*,9*,3* *!*2=o0r ar dy "ay p

fF
h:

t,

y' ti

FIGUIC !.2.- GO-(,IDIIATE LEI EL

Hotizontal co-ord¡nates and ¡ime
Water pa icte velocities in x .nd y aris
Vettical tl¡splacement, refercnced to ¡he stilt vater level
Water deplh, ¡eterenced to ahe still waaer level
Accele¡ation ot gnYit!
Densit l
Bo,tom l clions in, and y axis-

Equation (3.1.a) represents the vertically ¡ntegrated version of the principle of
conservation of mass.
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from the formal statement ot the principle .of
i-ánO y directions respectively, considering

profiles and convection terñs'

The unknown quant¡ties are the vert¡cal d¡splacement of the water surface 17'

and the water particle ,"'io""¡t¡"r f- ino "t. T'he water dePth js obtained for each

grid point from hydrogáór'if 
- 

"rtlni "ná 
it thut considered constant in the

calculat¡on.Bottomfrictiontetms(t.,tr)areerplicitlydefinedintermsof(r¡'u
and v), in analogy to the un¡form flow, as follows:

Equations (3.1 .ó) and (3.1.c) result
conservation of momentum in the
bottom friction, hydrostatic pressure

Í:
u, v:

8:
D:

Equations (3.2,c) and
roughness coefficient:

Combining (3.2) and
formulas:

(:.za)

(r.zr) 7=+t'
Friction coetficient
¡iirci pa¡t¡cte ,elocities in r and y aris
AcceleÍation ol g¡av¡a!

rit"t iepm @=l*nihe¡e h is the stitl sa'et depth)

(3.2.á) can be defined in te¡ms of the Manning's

(¡.¡) n =

(3.3), the bottom friction terms are exPressed bY the

t- 1f
-== 

-:-UP ZsD

(r.r.,) 7=#"
(r+.a) i=#

ft shoufd be noted that because of their relat¡ve deplh (tlh)' tsunamis Present a

channel-type flow in wni; wránn¡ng's coefficient becomes a suitable parameter

io i"p*tÉit the interaction of the watér flow and the ocean surface'

Theassumpt¡onsthatthehofizonta|ve|ocityofparticles-isuniform.a|ongthe
depth and thar the ""rti".i- 

ii""leration- is negligible allow the vertical

i.i;gi.r¡*- ot set (3.1) ió outa¡n a 2D modet. The- domain of computation

D(t,y,z,t) ¡s therefore ,e¿uc"J 1o an integral version D(t'y't)' thus reducing the

computar¡on time 
"no 

- titltifyi"g rhe equat¡ons to simple terms w¡thout

incoiporating a significant error in the resulls'

o

2 +"2
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The integration ¡s not tr¡vial and is thereÍore erpla¡ned in Appendix 3. The
integral version accepts the introduction of new target variables, the average
discharge fluxes along the depth (M) and (fl) which together ür¡th the vert¡cal
d¡splacement of the water surface (n) deline the problem w¡th suff¡c¡ent
precision.

(r.sa) M=u(h+n)=u o

(r.sl) N =v(h+t)=v o

The shallow vvater wave theory with quadratic friction and convection of
momentum is composed by the equat¡on of continuity (3.6.a) and the equations
of motion (3.6"ó) and (3.6.c). This set is used in the near-shore computat¡on of
tsunami propagat¡on and run-up (Grid D, Section 3.4).

l¡.0¿) d4* dtr * oil 
= oAaxdy

(r oa) #.*¿[+).*[#)."" !.4u'tu' . *' = o

(ro.c) #.*(#).$[*)."" l.a**^n+ *, = o

In Grids A. B and C (Sect¡on 3.4), the relat¡vely smooth bathymetry and the
absence of important topographic formations in deep oceans produce minor
effects. Therefore, convect¡on and bottom friction terms are neglected and set
equations (3.6) become the linear long wave theory.

(3.7-a)

(3.1h)

(3.7t)

dn.AM.ü'r
dtarü

{.ro!=o
!**o!=odt-dy

Linearity allows the reduction of the computational t¡me. H¡storical records show
that the depth-to-length ratio ¡s on the order of 10-2 and the wave steepness ¡s

of order 10-r for a tsunami wave. values that suggest that the linear long wave
theory gives satisfactory results ¡n seas deeper than 50 m (Shuto, 1991).
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The|eap.ffogschemew¡thatfuncationerrolofsecondofdefinastaggefed
giid it ir"t""nted in the following section. To obtain the discrete wave mechanic

Équations, rhe classical numerical-iheofy proposed by Taylor ('1715) is used.

A funct¡on Fl¡) can be represented by a power ser¡es in an open interval

containing ft:c) as follows:

3.3 NUMERICAL MODEL

Cons¡dering consecut¡ve
values of F'(t are:

c

(s.e) ¡¿ = r(.)* #6 -,, *ry (';ir *...* a 

#(') 
("-)r *...

values in the ¡-aris, with a sPatial interval (h), lhe

(s.sa) Fu, = Fn, -*a'*p-f; *ob")

(r.sr) Fr*¡ = 4o -*-.* **o6,')

The difference between these sefies not cons¡der¡ng highef ofdef lerms y¡elds

the central difference expression (3.10). tt is evideni that a set of equations of

higher-order would provide bettei results, espec¡ally if used .wnh fine spatial

gr-ids, but this provides a sufficiently precise apptoximation to this phenomenon'

(r.ro) *=*tt", -4,,0)+ro(a'')
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a finite diflerence algorithm to
a step-by-step methodologY.

From expression (3.10) it is Possible to establish
solve the tinear long wave equat¡ons (3.7) with
Each term in equat¡on (3.7.¿) is represented asr:

(r.rra) f=f{'*i-+,,)

(a.r r a)

(r.r rr)

lt is conven¡ent to define the unknown variables (M), (N) and (t, in separate
grids. Substituting (3.1 1) in (3.7.¿) yields a discrete version for the conservation
of mass.

(3.12) 4';r=4rl -";4,,.l
l'nJ)

Discharge lluxes are computed according to equat¡ons (3.13) and (3.14):

#=,i["¡l,r-"ri,l)

#=i'["ü;r "t-l)
I

-

o

- !( úi.,-.'::, larf"j4.,a'¡ t+,,) larr)J ar( 1'*;,¡

6.r sl,'rfl¡ = o{,in) - 
" "(,r,,¡ *("f-", 

- 4,,)

'G4 =^(,t 
J* t+4 

= 
^t+)- l(4*' *4'')

(¡.r¿) 
G,= G,- cDi,,.;)#ftü,.n -"t,)

"ó*i) 
= tt4J *1,+l = 

t,+ l. J(ri*n 
* 4")

3 Equat¡on (3.1O) has been modified to allow an improved calculation with a.temPoral
¡nb;vat (8/2) and spatiat interYats (e/2) and (4'/2) resPecaivelt' tndices (ü, (i) and (h)

Íep¡esent the stept of compuaation in the ,-atis. y-aús and lime.

I
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The arrangement of grid points on the
scheme is presented in F¡gure 3.3. The

long wave theory is presented in Figure 3.4 '

staqqered qrid used in rhe leap frog

seq,iince oi computation for the l¡near

rrtl

qt.lt

o
r*1

M,.1 ¡
['?',-('tr) ' nin

o

x

k+1

¡-1 i

FIGUTE 3.'.- G¡¡D POITTS ¡N¡AIGEIET¡

k-1

i+1

IT IHE LEIP FIOG-SGEEIE
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CONSERVATION OF MASS

SGllElE: LltEll LOIG ttüE rüEOrY

CONSERVATION Of MOMENTUM

k'l

,
E

M: FLOW lt{ X üRECTIOñ¡

N: FLOW lN Y DIRECTION

Or TOTAL WATER O€FrH

H: WAVE HETGHT

DIRECTIOIT OF THE CALCULATIOÍ{. UÍIEAR TERMS

TSU AIt¡ ttSr ASSESS E T lll QUIIITERO lAY, CHILE

i¿ l,'.

..r
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3,3.2 NON LINEAR SHALLO\/V WATER THEORY

The model requ¡res the d¡scretizat¡on of convection and ft¡ction

álir"ii'"t-ts.6il an¿ (3.6.c)- rhe conservat¡on of mass remains as

(3.1 2).

3-3.2.f APPRorlrtTlor oF GOXrECrlot fEltrs'

The approrimation of convection terms ¡n equat¡on (3'6'á) and

oresented in (3.15) to (3.18).

terms ín
equation

(3.6.c) is

(3.15)

(3.17)

(3.18)

*tf) '['H."H.'H

+t#)=+[*

+t*) ;|."H*H.-H

q#1..W...,qP^, 
l
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The values for \¡ and v¡¡ are selected to give better accuracy to the calculat¡on
according to the direction of the florv at a particular time:

¡,rli ,>q
t?J

uli,,.o.
l'-rt )

uii,,>0,
[ "?J

ali,,.,.o,
ti "rJ

'¡V,: '>qlÉ''t l

rJ..0.
[*"'J
r-til' t 

','>0't''i J

¡vF,.'.0,
f"'¡J

4.'=Q 4.'=1 4'=-1

1u=\ 4,:-\ i.,=0

&.=Q U=\ L_=-'l

Xcr=\ L, --\ L,=O

ur.,=Q 0¡=tr ü¡'=-1

e,=tr 0r,=-1 u.'=o

Ur, =O tt =tr Qz=-1

e¿=tr U?=-1 üu=0

rlé
The vafues for 1,, vu, Di.!,,, ano 4.',¡ are presented as follows:[r,l l"\]

3-t-2-2 APPROX|rtflol oF FRIGTIOI IEnIS.

Frict¡on terms in equation (3.6.ó) and (3.6.c) are discretised vtith an ¡mPlic¡t
scheme to ayoid ¡nstab¡lities (to solve the square root terms), as follows:

Ttl = itU"u +Di;1., + Df, , + a$)= 
ft ,a ¡* 1(4*o 

*niio +'ri.¡ + nü,'r)

"ór.'e¡

(3,eá) ffi Nrw;n=r;fu;{*,."i;'+i
lut 1\ |\ t"5Jl

The computat¡on sequence for the non-linear long wave
Figure 3.5.

"ii 4 
= i bt,, + 4f,1,, + {,, + a;l )= 

t-¡1 
*i(nrl.,,, +d;1.,, +nü., + ni;l )

theory is presented in

I

(3.1e¿) ffiaJn'T;V=aftr;
["t'.ilJ

J*ii.
\ ["-i

- -.1Mr'r¡
lrt+tl
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FTGU¡E 
'.5.- 
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CONSERVATION OF MASS

tot LlrEtr LOIG ltüE rl|EonY

CONSERVATION OF MOMENTUM
onaY lr ¡'DlRECflo¡'

o

I ¡r.1I ..rit
k1

k. 1/?

l ¡ sIP
t(

t lt Flolrv l¡l x otREcrloN
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3.3.3 TNITIAL CONDITIONS

The init¡al water level is assumed constant and equal to the MSL. HorÍzontal

water velocit¡es and the Yert¡cal displacement of the sea surface are set to zefo.

These assumpt¡ons are erpressed in set (3.20).

(32o.a) tf; = 0
.l

(320"b) vil I=o
U-1'J
¡J(320r) fi,',r=0
I'r'i I

The ¡n¡t¡al bed deformat¡on (sect¡on 3.4.3) will detefmine the wave pfof¡le

¡mmediately after the initiation of the model. Abe (1973) stated that the vert¡cal

displacemónt of the ocean crust ¡s aPproximately equal to the ¡n¡t¡al tsunami

height throughout the boundary of the rupture zone. Shuto (1991) considered

thai this is á good approx¡mat¡on yyhen the source is large compared to the

water depth and án imputsive mechanism governs the earthquake '

3.3.4 BOUNDARY CONDITIONS

3.3-f-t oFFSHORE toutDtnt corDlftox

It is assumed that tsunam¡ energy is transm¡tted outYtard ¡n the deeP sea with

m¡nimal reflect¡on in the open boundary. This is achieved with the use of the

mefhod of characteristics at the boundary, extended from the linear long wave

in a channel of constant depth. Ser of equations 3'6 are reduced to:

*ffi")."43='

Addition and subtraction of these equat¡ons y¡eld:

F21al P.Y=o.üCÍ

(zz'rr\ {.tr{=o

ttrI lD
l1
ID

(t.zza)

(t.zztl #.@*[,F")='

(*-"*r["tft")=t, which impries ut[4=co*t on #=*au

Assume a wave train advanc¡ng towards the offshofe boundary, in negative r
direction (F¡gure 3.6).
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(r.z:.c)

(e.zs¡)

FTGUIE l-a-- off$|orE lolrD,r¡Y
GOlDlrtots

€
tso 'nr

po is out of the dofnein of comPutar¡on. thus Io = o and fb = o' Addition

equations 3.23 yield the erpress¡on of the receding wave train:

(r:r) ,,=i[,,-#n)

Integrating along the depth derives the erPression for the d¡scharge flux:

IP.

ln the z-Dimensional
characteristic surface.
resultant of M (I,i,L+ I /2)

(¡:s) ulin =1fu,-.I,'n)

model the merhod of characteristics ¡s g¡ven on a

The direct¡on of the posit¡ve characteristic ¡s given by the

and N(I,i,k+ I/2).
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3-3.r.2 RUI-UP BOUIDInY GOf,Dlrlof,

Coastal flooding is determined with the lwasaki and Mano (1979) boundary
conditiona. The model compafes the water level, as computed in the previous
step, with the bottom height of the nert landward cell (Figure 3.7). Water flow,
will be allowed into that cell ¡f the ryater level is h¡gher than the bottom height.
The condition assumes a straight line connecting the water level and the bottom
height of the ¡mmed¡ate dry cell. Run-up is taken into account only in the non-
linear computation of gr¡d D.

In grids A, B and C, the computation ís carried oul for rYater depths deeper than
O.1cm, and vertical walls are set ¡nstead of the actual slope in the continent.
Bes¡des, it should be noted beforehand that the offshore computation in Grids
A, B and C assumes perfect reflection from the shoreline, the shape of which is
therefore rough¡y approximated. The computed results in these 9r¡ds are then
reliable only in deep waters, where the effects of run-up and small-scale
topography become unimportant.

Consequently, this research omits the use and ¡nterpretat¡on of comPuted
results in Grids A, B and C and is only focused in Grid D.

l.l, r

h -, F-=jf
rl,,:

(F

D-h+ll>o
Submerged gr¡d

D=h+rl<o
Exposed grid

AX
H

FIGü8E ¡.r-- tUI-UP ¡OUI¡lAll COID¡I lOtS {wasakiand ¡i¡larp, 1979;

cited by SHOA, 1999). Computation during run-up and rundown is dependent
on whether the bottom cond¡tion is submerged or exposed.

1 Shuto stated (1990) lhat the run-uP height comPuted with this melhod agrees with the
theofetical solul¡on with a 5 range of eÍfor it lhe condil¡on 

^kg( 
<1r1o1 is salisl¡ed (ax is

the spaüal grid tength, .z the angle of the slope, g the acce¡eratian ol gravitl and I the
tsunami perlod). ln all the cases of analysis, th¡s was largely accomptished.
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H

3.4 SOURCES OF DATA

This section presents the ropo-bathymetric information required for the gr¡ds

qeneration process and the s'eismotogic data used to characterise the seism¡c

évents used in the simulat¡on.

Thenumericatmodel|ingfeg¡onwasselectedconsideringthemostconservative
;;ir;ii;; i;, in. s'"" July 1730 rupture zone (lable 3 3)' rop+bathvmetr¡c

information was restricted io ih" ut"" dertned by 30'-37"s and 71"-7¿l'W'

3.4.1 BATHYMETRY

The following hydrographic charts were provided by SHOA:

MAP N'/ AREA LEFT BOTTOM C nrcHt rop coRNEE
L_o,ls..-!v_ - -L-C!, 9.

N'424
Quinlero BaY

N'42s0
Quintero to Valparaiso

N'400
Coquimbo to ValParaiso

N'500
Valparaiso to Arauco Gulf

71'3 3' 32"{7'15"

71'50' 33'03'¡10"

7¡t"00' 33'20'

74'50' 3t'20'

71"28'3¡t" 32'{3'40"

71'?6' 32'¡t0'00"

71'oo' 29'/to'

71"20' 32"40',

1:10.0O0

1:50.0ü)

1:500.0O0

1:500.000

rl!tE t_t__ HvlDtocrtplllc cüttrs- Technical specificat¡ons are detailed ¡n Appendix 7'

chaftswerefeferencedtotheLAr.Formodel|ingpufposes'soundingswere
defined as Positive'

3.4.2 TOPOGRAPHY

The geographic chaft of the area was available in Autocad version and was

ploued at a scale l,sóoo tiorn which the land information was d¡gitised. The

map is attached in eppendix 11.' .The .sup.erposir¡on 
of the topography and

bathymetry requ¡red a sálbct¡ve work in order to match both sources of data ¡n a

smoáth 3 -bimensional surf ace (Appendix 4) '

o
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3.4.3 SEISMOLOGIC DATA

The seismic parameters required to character¡se the rupture zone and the initial
wave profile in the Mansinha and smylie method wefe the follorving (Figure 3.8):

PARAMETER DEFINITION

Locat¡on

Length (L)

widrh (w)

Dislocation (u)

Depth (H)

Slrike Angle (e)

Direction of dislocation (I)

D¡p angle (5)

eiojection of the southwestern corner of the rupture
zone on the sufface (co-ordinates in Grid A)

Dimension of the mayor axis of the fault plane

Dimension of the minor aris of the fault plane

Mean relat¡ye displacement between Plates

Vertical distance between the origin of the rupture zone
and the ocean botlom

Direction of the pr¡ncipat axis ot the fault measured
clockwise ffom the ñ¡onh

Direction of the relative displacement referred to the
strike angle along the fault Plane

lnclination of lhe fault plane with respect to the
hofizontal surface

rlllE 3-2-- DEFrt¡rror oF rüE tÜ?rutE zolE PlltrErEts

FIGURE 
'.t.- 

RUPTUNE PITTIEICN S.
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The seismological chafactefist¡cs fof the 1730 earthquake were _obtained Írom

Lomnitz(1970).Comteeta|.(1986),Nishenko(1985),Kausel(1986).Pardo'
Comte, and Eisemberg (1 989), and SHOA (1999)' The 1906 and 1985

earthquakes ware repráduced from the numerical s¡mulat¡on of Valpara¡so

asHoÁ, 1g99). The 
"itim"ted 

bed deformation for the 1z3o Earthquake is not

inown with the conf idence of the events of 1 906 afid '1985. A summary of the

relevant information used in the s¡mulation ¡s shown in Tables 3.3 and 3.4'

Crustal rigidity (p) was selected
The sens¡b¡lity of the model to
analysis of results (being the
produced m¡nor divergences.

as 4x10rrdin/cm2 (Plafker, 1985; Lorca, 2001 )'
th¡s factor was assessed with a preliminary

rest of the var¡ables ceteris par¡bus), which

Sorjth-rYestef n corner
ruoture zone

Length (L)

w¡dlh (w)

Dislocation (u)

Depth (H)

Strike Angle (e)

Direction of dislocation (l')

Dip angle (6)

the 36'5 73'W A (23

Paño, Comte and Eisembe¡q, 1989

3¡['S Grid A (67,112)
tJ¡shenko, 1985

350 - ¡t50 km
Kausel, 1985

550km
Comte et al., 1986
Patdo, Comte and Eisemberg, 1989

10O-150km
N¡shenko, 1985

6-8m
Nishenko, 1985

15 - ¡t0 km
Lotcd, 2(n1

N1O'E
sHoA, 1999

90"
sHoA, 1999

l8'
sHoA, 1999

ftllE 3.t-- PtttrETEtS OF TtlE tfr luLY rz3o EATTHQÜIIE
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PARAMETER ESTIMATION ESTIMATION
tstr Aucusr r906 3¡t rtv ttt5

south-western corner of the 34.9'5 72',W 34.4"5 72'1,1'

ruotur€ zone Grid A (67,72) Grid A (67.94)

Length (L) 330 km 200 km

W¡dth (W) 130 km 90 km

D¡slocation (u) 3.3 m 2.8 m

Deprh (H) 15 km 15 km

Strike Angle (o) N10"E N10'E

Direction of dislocation (l) 90' 105"

Dip angle (6) 1 8' 18'

TIILE 3-f -- PtltrcrEns oF TtlE tloe trD I tlls Et¡rHQütrEs

The vert¡cal displacement ol the sea bottom was calculated for the presented
parameters with the Mansinha and Smyl¡e method (1971), as an ¡mage of the
ocean botlom displacement. For a dip-slip fault:

(32' *=.I[[?i g]""- [# #)- 'u),a,e,

ó: Oip angle
y: Lame constant

u,t i-st component of the displacement in lr.,,xr,x"l caused by

a un¡tary iorce in (í,8?e), act¡ng in the j -st direction

The distribution of uplift and subsidence in the source region is character¡sed
by two approximately ellipticat lobes, positive in the Western portion and
negative towards the East, oriented with a longef axis in a Nofth-south
d¡rection. The pos¡tive lobe presents b¡gger amplitudes than the negative one.
Crustal deformations for all the cases of analysis are dep¡cted in Append¡x 6.

Case 1730-10 is shown as a representat¡ve model in Figure 3.9. The Mansinha
and Smylie method provides an estimat¡on of the d¡splacement of the ocean
bottom, which might differs substantially f rom the real phenomena. Time
dependency (i.e. the temporal propagation of the rupture) is not fairly
reproduced in rhe in¡tial slip d¡splacement, assumption that may be
representative of impulsive earthquakes but not pfecise ¡n othef cases.

a
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8.4.4 CASES ANALYSED

Nume¡ical tests were performed to evaluate a range of
representing the 8TH July 1730 earthquake. This process
product, the assessment the sensitivity of the model to
required ¡n the Mansinha and Smyl¡é method.

possible scenarios
perm¡tted as a by-
the input var¡ables

The cases of analyses range ffom ertreme scenaríos to conservatiye ones,
including the best estimat¡on (1 730-10). Cases 1906-1 and 1985-1 are also
¡ncluded ¡n Table 3.5.

CASE LENGTH WIDTH DISLOC. DEPTH STRIKE A. DISL. AN, DIP AN.
(km) (km) (ml (km) (des) (des) (desl

r 730- 1

1730-2

1730-3

1730-4

1 730- 5

1730-6

'| 730-7

1 730- I

1730-9

1 730- 10

1905- r

r 98s- r

550

550

550

550

550

550

550

3s0

350

450

330

2W

l5

15

15

15

40

t5

l5

15

¡10

't5

l5

17

18'

20'

18'

18"

18"

18'

18"

18"

18'

18"

'| 50 8

150 I

150 8

150 8

150 I

150 6

100 8

150 I

150 6

't2s 1

130 3.3

90 2.8

Nro"E 90"

Nro'E 90'

N10'E 80'

Ns'E 90'

Nro"E 90'

N10'E 90'

Nro'E 90'

N10'E 90'

N10"E 90'

N10"E 90'

NlO'E

N1O"E

90' 18"

105" 18'

TTELE t-5-- GISEIS OF tllLVSlS-

For the above-ment¡oned cases.
the sea bottom. calculated w¡th
¡n Table 3.6.

maximum values
the Mans¡nha and

of the vertical displacement of
Smyl¡e method, afe presented
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MRxurlu¡¿t uPllrt

(m)

MAXIMUM UPLIFT
tN RUPTURE ZONE

CASE
IN QUINTERO

(c m)

r 730- l

1730-2

r730-3

1730-4

1730-5

1730-6

1730-7

1730-8

1730-9

1730-10

1 906- 1

'1985-1

3.7

3.7

3.6

l. tt

5.¿

2.1

3.5

3.7

2.2

3.2

1.5

t.¡

80

87

80

12

s8

60

105

250

176

r26

o¿

79

rtrLE t-3-- tlrlrÜt uPl-lFT Or Elcll c¡sE-
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3.5 GRIDS GENERATION

The regional model was divided ¡nto 4 sub-regions, Grids A, B, C and D, with a

constant time step of 1(s) and spatial ¡ncrements of 81" (2498 mr, 27' (833 m),
s" (27I m) and 3'(93 m) respect¡vely. Applying a nested scheme is an eff¡cient
technique to reduce CPU time and to have satisfactory spat¡al resolut¡on in

Qu interos.

The procedure used the computed results of the coarser grids in the inner ones
by l¡near interpolation to compute the ¡npul values to the finer gr¡ds. The lim¡ts
of the grids were proposed using the following criteria:

Grid A was selected in order to embody the mosl conservat¡ve scenario for
the rupture zone of the 8rH July 173O earthquake (Pardo, Comte and
Eisemberg, 1989), defined by 30"S to 37'S and 71"'l,v to 7¡l'W. This grid was
set with an open boundary ¡n the deeP sea where boundaty cond¡tions were
given.

Grid D circumscr¡bed Quintero Bay and all the topographical features below
25 metres MSL, including the southern Península Los Molles and Pta. Lunes
at the north of the bay (Chart 424, Appendix 7). Based on the prev¡ous study
of tsunam¡ risk ¡n Quintero (P¡lasi, 1978), 25 m above MSL is a conservat¡ve
elevat¡on to evaluate the flooding line within Quintero Bay.

o Grids B and C were def¡ned following a similar pattern of the 16rH August
1906 simulation in valparaíso (SHOA, 1999) which showed successful
results.

The model gr¡ds were oriented in the North-East direction. This or¡entation,
selected because of the limitations of the digitation software available in SHOA
(Appendix 4), does not co¡ncides with the principal aris of the rupture zone,
est¡mated in N5'E to N1O"E. Although ¡t is generally recommended to locate the
grid parallel to the approaching wavefront on each grid, only slight numerical
d¡sturbances should be expected with this 5" to 1O' discrepancy.

t fhe use ol z finc gid ia thc r/tholc r€,gioo.l
compatat¡oa.t grid Fintt (thus cunputer tin'E .nd
lxaaed in ztcas aa l¡ntted inacrett.

ÍEd€l (Grid A) vla¡nld d.arretic2lty inctg¡te thc
me¡rro,y). 8€r¡der trrr', mzny ol thee points are
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The space increment in Gr¡d

wavelength bY more than 20

front (Shuto, 1991). The üme
nu mber:

A (81 ") was selected in order to cover one tsunaml

orid ooints and at least 50 grid points at the run-up
-riáp ol 1 s was selected according to the courant

E:
h:
cl
8:

Ca=c!

fime sleq
Space inc¡ement

23!i[i!J, 
",, 
* ar s n v ¡ t rl

fhe Courant number erpresses horv many grid

every time step (as the informat¡on travels at

ceteí¡ty). A conservative condition to guarantee the

Do¡nts the ¡nformation moves In

a speed corresponding to the
stabil¡ty of the algorithm is:

Time steP
Space indement
Acceteration o¡ grariaY
Haximum dePth-in d iarticulat grid

The stab¡lity cond¡t¡on is achieved for each grid, as shown in Table 3'7 '

8:
b'.
8l

N
(s)

A¡
(m)

A

B

c

D

1

1

I

1

2198

833

278

93

76t00

730

121

119

1<6.5tl

1<7.0'

1< 3.1 tt

l<1.9tt

f t¡tE r-t-- GOÜl¡l¡'s sTtlll-lrt colDlrlol'

A partia¡ view of gr¡ds A, B, C and the entire grid D is shorn in Figure 3'10'

A¡
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Grids limits were the following:

A

B

c

D

-73.5133"

-71.7058'

-71.6508'

- 71.5500'

-36.5133'

.32.9058'

-32.8508'

-32.8fl)O'

-71.2183'

-71.3008'

-71.3508'

-71 .17 25'

-29.9658'

-32.5908'

-32.6483'

-32.7150'

rt¡LE ¡-r-- DIIEISIOTS FOI raE GllDs, lr GEocttPtllclr. G(}üIIES'

Thespaceincfementandpointsofcomputationofeachgrid¡ssummafised¡n
Table 3.9.

A

B

c

D

81" (2498 m)

27" (833 m)

9" (278 m)

3" (93 m)

103

55

121

9{

29?

43

82

103

The digitisecl informat¡on
could produce errors in the

Tt¡lE t-l-- sPrcE ltclElElfs ttD Gl¡D ?o¡trs-

was smoothed to avoid art¡f¡c¡a¡ singularities that

simulation.

ITUDE



TSUIIAMI RIS( ASSESSI¡IEI¡T II qUI TERO BAY, CHILE 3.30

d ata, used in the
Valparaiso (SHOA,
N'400 and N'500

3. s.1 DIGITATION OF GRID A

Grid A was bu¡lt as an assemblage of already d¡gitised
numerical simulation of the 16rH August 1906 tsunam¡ in
1999) and informat¡on obtained from hydrographic charts
(Deta¡ls of the procedure are found in Appendix 4).

FrGünE 3.rr-- GtrD A-
The scale is deformed.

tlt a

Frq.{

'::-t.ri

"u;

tf.4
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3,5.? D]GITATION OF GRIDS B

The dig¡risation of gr¡ds B and C was basecl

assuméd constant (100 m MSL) in both cases'

AND C

on Chart N"4250. The alt¡tudes were

FIGUIE 3-12.- GllIf c- The horizonlal scale is deformed'

t

,r
,,t

FIGUtE 3-lt-- GtlfD B- fhe horizontal scale ls deformed.

trr".''
II

-,ttr'1

,:
: -i> .1

r.,.
I

I
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3.s.3 DIGITATION OF GRID D

The dig¡tisation of Quintero Bay was based on topograph¡c ¡nformation and
Chart N'424, us¡ng special softvvare and equ¡pment (Appendix 4). The
superpos¡tion of topography and bathymetry required lhe removal of overlapped
points along the coastline, caused by the d¡fferent surveying techn¡ques. chart
datum, geographic references and data processes used ¡n their production.

FIGU¡E I- T 
'-- 

GTII' D-
(The scale is deformed)

veñlAHAS

v

'l¡Y

flr,

_a:i

'ri tJ 'tr 11 ' !,¡ ,!

I.rar

Eil.-- i
::

:l

-.:11

!G?

{'ll
I

r{l
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3.6 CALIBRATION

The val¡dat¡on of the hydrodynamic model was preceded
procedure using tide-gauge iniormation from the 3m March

considered as a well-dócumented h¡storical event' Ar

calibration process is riot possible wlttr in situ informatiofl in

there are no records ¡n the baY.

by a cal¡brat¡on
1985 earthquake'

the moment, the
Quintero because

As a consequence, the calibrat¡on was

the closer stat¡on, Valparalso, using data
the 1985 earthquake (Figure 3.15). Th¡s

earthquake with regards to its seismic
near-f¡eld lsunam¡ registered in valparafso.

achieved w¡th information collected in

obtained in the local mareograph for
event is in fact a thoroughly studied
oafametefs and is the only ¡mportant

FIGUtE r-l!¡-- orlGlrAL tll5 rsullrl tEcolD rt lALPlnAtso '

Thefecofdshowsthatthemaximumpeakcoinc¡dedUvithhightide
af prorimatety 2 h after the earthquake shock and secondary undulations'

pidu.uty caúsed by resonance were experimented for about 24 h. The marimum

ñ"u" treigtrts (¡.e. difference between two consecutive peaks and troughs)

computed'with TUNAMI-N in a hypothetical station located outside valparalso

Oáy 
'*u, of about 115 cm. Ihis váiue, compared yu¡th the 14o cm reg¡stered in

thó original record offshore, showed a relative decrease ol 17%'
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This is a good quality result which allows an estimat¡on of the accumulated
numerical error in tsunam¡ run-ups of üe model ¡n Qu¡ntero. Results are similar
to previous simu¡at¡ons where final error in the run-up of well-documented
tsunam¡gen¡c earthquakes was usually about 1 5% (Shuto, 199'l ).

Tsunami run-up will consequentl)r be strongly conditioned by rhe initial bed
d¡splacement, est¡mated according to the current knowledge on the se¡smic
features of the Chile-Peru Trench. Lafger errors would eventually be cond¡tioned
by an inadequate est¡mation of the seismic features of the seismic eyent used
on each particular simulation but would not fully rely of the numer¡cal code.
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CHAPTER 4
RES U LTS

4,1 GENERAL REMARKS

This chapter presents the analysis and discussion of the modelling results for

various scenafios in the torm of z-D¡mensional pred¡ctions of the wave

evolution, d¡splaying elevations and velocity fields during a 180-m¡n simulation'

Graphic-ai<led' tí¿"ó an¡mations were produced in Matlab 5 3 to present the

oynámic evolution of r) wave amplitudes in gfids A and D and D) velocity fields

in Grid D1.

Numefical tests wefe performed to investigate the effects of the vafiables

reluired by the Mansinira and smytie method _in the final wave amplitudes ¡n

euintero, ánalysis that permitted thó election of the most probable scenario for

thelz30event(Section¿1.2).Timehistorywasthenfepresentedby2.D
diagrams for grids A (Section 4.3-'l) and D (Section 4'3'21 and through

nyp-otnetical maiigrams piedicting wave evolution for the 1730 event within the

iiá'y. itt" erpecteá floodíng, esti;ated as the_marimum horizontal penetration of

the wave, was calculated for the 1730, 1906 and 1985 events (Section 44)'

Theseresu|tspefmittedtheelaborationoftsunam¡f|oodingmapsfor.thethfee
events and a qualitative class¡f¡cat¡on of ftooding risk in terms. of the seismic

moment (sectión 4.5). A site-specific set of recommendations sras then

proposed, including evacuation routes and safety areas were people should be

evacuated under tsunami threat.

The computation time fof a 3-h s¡mulation -wíth a time step of lsecond and

graphical displays every 5 m¡n- was of 20 min, as computed with a AMD Duron

[rot"ttor ZSbUfuz and 120Mb of RAM. The whole package of ereculable and

butput files for a single case spent 25Mb of ROM. Video animations were

pro'duced with an enha-nced resolition which required 3OgMb of ROM. In total,

i 6 .ur". were performed in the simulation process, accounting 740 Mb of

ROM,.

t The ed¡tiao oÍ thc Efephi.el o¡rtpu.F .nd animaaiot s éguifr ó¡tic knuledge in 
. .l4atlzb s'f, gnph¡c

fzcilities thet, fq t¡me benefia, .iJ "i "nil.¡".¿ 
¡n thts ;trtiect. Exe<utable itas ¡'.n¡ uc included in

the CD ROI'í.

, only 12 cata' we¡e tr'|ent¡q,cd in o,.P.cf 3. ojher mdcls *¡¿ cnPloFd to a3'6J naÍtÉ,.i.czl 'tlb¡tit|
in ling terl.n siñul.tions (t71'O_tt), íhe sensibitity ao HanDinds roughness coElt¡ci€]nt (171O-12 and

t 730- f t) end to Prdu<e id.o ¿oirl'aa.iqts (,7t0' 11)'
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4.2 SENSITIVITY ANALYSIS
Numerical tests were performed to assess the sens¡tiv¡ty of the model to the
¡nput variables required in the Mansinha and Smyl¡e method. The near shore
propagation and run-up of the wave front was calculated for each case during a

3-h per¡od w¡th a time ¡ncrement of 1s. Sensitivity analys¡s was executed
through hypothetical marigrams obtained ¡n S'l, co-ord¡nate (5.98), at a depth
appror¡mately 100 m in the entrance of the bay so as to avoid the influence of
coastal reflection (Figure 4.1).

Table 1.1 illustrates the maximum
wave height of the sea level
throughout the computation, H"o,
calculated for cases 173o-1 to 1730-
83. The parame¡er LHux, defined as:

lu -rr \
LHyrx =l " w-c'19t " ttnt*1 

81ú
\ u x-rrrzror )

rvas adopted fof the assessment of
the sensitivity of the final wave
elevations to each tested parameter. FIGÜIE I.I LOGITKIT OF Tt|E IAIIGNAI-

il:
:

CASE Hnu
(m)

TESTED REFERENCE
PARAMETER VALUE (1'

TEST
VALUE

LrI x4

1730-1

17 30-2
1730-3
| 730-4
1730-5
1730-6
1 730-7

1730-8

3.81
3.98
3.54
4.63
4.22
2.80
4.53

3.16

(11

Dlp Angle
Disl. Angle
Strike Angle
Depth
Dislocation
wiclth

Length

18"

90'
Nl O'E

1 st<m

8m
1sokm
550km

20'
80"

N5'E
lOkm

6m
lOAkm
35Okm

+4%
-8%

+ 21%
-¡20%
- 27%
+18%
- t7%

ra¡LE f-r-- sEtslr¡ttrv oF ltuE $ElG||r tEsulrs ro lr?ur ülllAll-Es-
l1: Reference values For case l730-t are found ¡n Table 3.5.

t Mod¿l l73O- I ws arblcrzrlly ¡¡¡umcd ¡s atE tcznú?d casc. ,t ,t
judge,nant ol thc res.rlting nE zmptitudcs znd vetÉities s¡nce it
sentitiitl oÍ ttte fin"t *ye heithtt to each panmcter.

nü intandad ao pwddc a final
¡t oricnted aall to astcss the

\
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F¡gure ¡1.2 depicts the
case afe compared with
1 0 (which election will be

above-mentioned results. Mar¡mum eleYations for each

the reference model 1730-1 and the adopted one 1730-
erptained at the end of this section).

I IaL He¡ght

-AdroÉcd 

tleiJn (t 73G10)

--- Rel€tE ce Vslue (173G1)

CASE STUDY

FrGürE a.2-- ltrlrur clEttrrots tr GtlD Pollr (s.ttl, Gtll, lD-

A specific analysis for each PararÍeter is discussed as follows:

DrP Af,GLE (rz¡O-2)

The maximum water surface he¡ght ¡s not very sens¡tive to variations in the dip
angle. As seen in Table 4.1, an lnc¡ease from 18'to 20'¡mplies a growth of only

0.14 m ¡n the mar¡mum height L'H*=+19tol' This rise is expected since a

steeper fault plane is associated to ¡arger magn¡tudes of the vertical component
of itte bed displacemenl, which actually produce tsunami waves. The

quant¡tative effect of this variat¡on is nevertheless, very low'

DtsrocATlot trGLE (ltl0-ll
A variat¡on of 10'in the d¡slocation angle generates a minor reduction of O.30 m

in the maximum height (al/-, --35¡' The considerable similarity in time history

between cases 1730-1 , '17 3O-2 and 1730-3 ¡ndicates that the flood¡ng is not
sensit¡ve to the dip and d¡slocat¡on angles (Figure 4'3).
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FtcunE a-3-- rtntGRAls For cAsEs lt30-1, rtlc-t trD ltto-¡- sr^llor st,

sTRfrE Af,GLE (173o-r)

Wave elevat¡ons are highly dependent to variations on the str¡ke angle: a

change from NlO'E to N5'E ¡n the or¡entat¡on of lhe principal aris of the rupture
zone produces a considerable ampl¡fication of 0.79 m in the marimum height
compared to the standard case (LH o,, = +21Vo). The first peak gets retarded
approximately 3 m¡n w¡th respect to the standard case because of the lerger
extension that the leading wave has to travel before reaching the coastl¡ne
(Figure 4.5). This scenario however, ¡s unl¡kely to occur because of the
orientat¡on of the Ben¡off plane in central Chile, est¡mated as N1O"E.

At this point ¡t should be stated that hypothetical rupture zones were located so
that the¡r princ¡pal axis was almost parallel to the coast, allow¡ng slight
variat¡ons by as much as 15" (Appendir 6). The advance direction of the
wavefronts was therefore almost perpendicular to the coast.

DEPTH (17r0-s)

It ¡s genefally accepted that shallow earthquakes have a tendency to inffinge a

larger portíon of the seismlc energy to the overlaying body of rYater than deep
earthquakes, thus resulting ¡n higher waves (Lorca, personal commun¡cation,
2001). This effect is not well pred¡cted by the model. Figure 4.4 shows that as
the depth increases from 1O to 40 km, maximum elevations tend to increase
whereas for deeper focus, wave elevations decrease. This seems to be
contradictory to the general conviction that deep-focus earthquakes (¡.e. depth
> 60 km) would have negl¡gible tsunam¡gen¡c potent¡al, and should be rev¡ewed
in the future.

g
-I
t¡¡t
tu

s

- 
1730-t

- - - 1730-2
'-- 1730-3

- 
MSL
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T¡me history for cases 1730-¿l and 1730-5 is shown in F¡gure ¿1.5'

- 
t73o-l

- - - '1730.4

-..-. 171F5

20 ¿l{¡ d) E0 1q) 1m 140 ld) 180

T¡rE (ln)

rt¡¡Gr^ls For GtsEs rt¡a-i, rtta-a tlD rtlo-¡- sTtrlor sr'

t0
I

c'6
;4
f;ziio
f;-'
¿.3¡

€
-10

o

FIGUIE I. ¡.

I



TSU¡Ar'tI tISf ASSESS¡tEf{T tft QUntTERO SAY, CHrLE

Drs|-ocAT¡or (1730-5)

Dislocation ¡s a critical parameter ¡n final tsunami ¡yave elevations. As noticed in
Table 4.1, a reduction fiom 8m to 6m in the average dislocation of the rupture
zone ¡nduces a cons¡derable 1.O¿lm reduction in the wave height (A-fI,,, :-27%).
Special concern was thus taken during the 1730 tsunami simulation before
adopt¡ng the final value (Table 1.2',, b,l assuming a range of possible scenarios
for the mean d¡slocation.

RUPTURE rrDTH (rr3O-71

Variations ¡n the rupture width are moderately decisive ¡n the linal tsunam¡
features. A reduction from 1 50km to 100km implies an increase of 0.69m ¡n the
maximum surface elevalion ( AIlo,,, : + 18%) probably caused by the
concentration of energy in steeper wave profiles. Time h¡story shows a similar
behaviour in the occurrence of long period waves but a s¡gn¡ficant difference in
short period osc¡llations. Cases 1730-6 and 1730-7 are shown in Figure 4.6.

c'6fr
Sz
l¡l o-^
ltt '¿

l-,3¡

- 
1730-1

- -- 1730-0
- -- 1730-7

- 
MSL

0 20 40 60 80 100 120 t¡n 160 180

Tl*lE (m)

FrGU¡E t.a-- r^¡rGr^rs Fol GtsEs rTta-r. ttta-a ¡rD rrSa-r. sTArtot sr.

nuPTunE LETGTH (rzsC-¡l

Alterations in the rupture length are assoc¡ated with modelate d¡fferences in
computed wave elevations. In fact, a considerable 2OO km decrease in the
length induces the reduction of about 1.03 m in the maximum elevat¡ons
(LH"u= +17%). As seen in Figure 4.7, length reduction results in a temporal
relocation of the wave peaks and in a modefate atlenuation of tsunam¡ wave
amplitudes but ma¡ntains the characteristics of short period waves.
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FIGU¡E a-r-- lAnrGnAts Fot clsEs trta-l tf,xt I r30-!- srtTlol st.

Based on the previous analysis, case 173O-'10 was adopted as the most

representative model fof the d* July 173O tsunam¡. The parametefs are shown

in Table 4.2 and yvere selected based on the foltowing criteria derived from

Sect¡on 3.4.3:

The rupture length was chosen as a compromise between the estimatfons
provideb by felleher (1 972), Kausel (1985) and Pardo, Comte and

Eisemberg (1989).

The dislocat¡on and fuptufe width were selected according to the values

sug gested by Nishenko (1985).

Adepthofl5Kmwasse|ectedasrepfesentat|vefofsha|]o|Yeanhquakesin
the Ch¡le-Peru Trench (Lorca, personal communication' 2001).

The d¡p, dislocation and strike angles were chosen from the current
knowledge from the seismotectonic fea-tures of the ch¡le-Peru Trench (sHoA,
1999) a;d cons¡dering the low sens¡t¡vity the model shows úYith these
parametefs.

(krñ) (km) (m) (km) (deg) (deg) (deg)

1730- 10 150 125 15 NlO'E 90" 78"

TATLE I-2-- PITTIETEIS FO¡ THE I'TO EATTHQüTIE.
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4.3 TIME HISTORY

4.3.1 GRID A

The generation and offshore propagation of the wave front in deep waters was
calculated during a 3 h per¡od tvith a time increment of 'l s. For the sake of
brevity, results are depicted in Grid A every 5 min during the f¡rst 55 m¡n of
computat¡on, time in which the wave front is shatply defined. Descriptive notes
are attached to the figures, giving a brief erplanation of the phenomena at each
t¡me interval.

Propagation followed a s¡m¡lar pattern with regards to the pos¡tion in t¡me and
space of the wave front ¡n all the cases ¡n analysis for the 1730 tsunami. lt was
therefore decided to present model 1730-10 as representat¡ve of the
phenomenar. 2-dimensional diagrams of the vert¡cal displacement of the water
surface in Grid A are dep¡cted in ligures 4.8 rhrough 4.19.

A graphic aided z-dimens¡onal animat¡on for Grid A was produced in Matlab 5.3
with a 1-m¡n time increment during 75 min and is included ¡n the CD-Rom
(file:Tuna mis/Tuna m¡-N/l 730- t 1/Aanimacion. m) .

a Fú c¡nlp b$efit, ctré sat d üa¿rans Ít the l?0ó znd l9E5 siÍwlatig',s an includd otrly ln ügitzl
re ncr ,n D.lTunamilllode/sll9O6- I and t\lTunarilüdétrll90ó-, , .crryctivCt
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FtGU¡E a.l rlrE Hlsrotf lt GllD
T¡me =0 min
S urface elevation in m.

The ¡nitial wave profile resembles the
aclual cfustal defofmation, denned by
the Mansinha and Smyl¡e method. w¡th a

maximum wave height of about 3.5 m
above MSL. The rupture is oriented
almost oarallel to the coast ¡n the N'10E
strike angle (lhe image is distorted), as
exoected From the seismotectonic
features of the region.

F¡GU¡E I-' Ú¡IE IIISTOTY TT GIID A.
fime -5 m¡n
Surface elevalion in m'

Two primary wavefronts are evident: one
moving seaward with a celerity of
approximately oookph, and the leading
wavefront propagating coastward with
decreasing celerity as it enters shallow
waters. Two secondary waves propagate
to the Northwest and South, wh¡ch
gradualty refracts towafds lhe coast.

A-

t

I
FTGUTE a-r c rlrE lllsrotr

T¡me = l0 min
Surface elevalion

!r Gtllt t-
in m.

o
A large refract¡on Pattern occurs as the
wavefront approaches the coast. The

leading wave inilially ttavels
perpendicular to the pfincipal rupture
axis but gradually refracls towards the
shore. Secondary wavefronts initially
travel parallel lo shoreline and become
clearly deflected at this stage. n

I
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FtGü¡E t-tr rlIE lllsTolt lt GtllD t.
Time - 15 m¡n
Surface elevalion ¡n m.

The height of the leading wave irrcreases
as approach¡ng the coast whíle the
seawafd propagating wave;ront
becomes dispersed offshore. The extent
of shoreline flooding is somewñat
greater than the ptimary wayeftonts as a
consequence of the disPersion and
refraction effects.

FtGUrE a-t2 ftrc Hlsrort ll GllD t-
Time -20 m¡n
Surface elevation in m-

The leading wave reaches Quintero,
increásing the water level to about 3 m
above MSL in the entrance of the bay.
Small-scale topograph¡c features d¡stort
the uniform pattern along the coast, The
init¡ation of the first trough is manifested
¡n Los Vilos wh¡le the f¡rst peak is still in
progress ¡n the southern cit¡es of San
Anton¡o, Pichilemu and Consütuc¡6n.

F¡GUIE t-rt rllE $lsrolv lI GllD t.
Time :25 min
Surface elevat¡on in m.

After max¡mum peaks of ¡l m above MSL,
a rapid downfall of the uater level ¡s
experienced in the vicinity of Quintero
bay. To the North, the waler level
drastically d€creases 2 m belolv MSL.
Southern areas erperience the
withdrawal of the first wave.

'¡ J: i ' qr :t. lri
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FtGUnE f-ra rtrE ||tsrolr ll GrlD t-
Time -30 min
Surlace elevation ¡n m.

The first trough begins to afrect
Quinlero with m¡nlmum height of 2m
be¡oü MSL and ¡s already in progress in
the majority of the southern cltles.

FtGUtE r-r5 TlrE H¡STOtl lt clllt l-
Time -35 m¡n
Surface elcYation ln m.

The downfall of the water surface keeps
progresslng In the central and southern
cities wtrereas Los Vllos and nonhern
areas become affect€d by the second
wave.

FIGUIE a.r3 rlrE ülsrotl l¡ GllD t-
Titñé :aO min
Sürface elevation in m-

The first trough rcacl|es the m¡nlmum
elevations of 3m beloü MSL in the
entrance of Quintero bay. The second
oeak reaches Los Vllos. Multiple
ieflections along the coast result In a

compler waterffont pattem.

;'
: .r

o
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FTGUIE a.t? rtIE Htsrorv rt GlllD l-
Time -a5 m¡n
Surface elevat¡on in m.

Small-scale topographic fealufes
become a soufce of high frequency
secondafy osc¡llations ln coastal afeas
wh¡ch are gradually attenuated offshore.

FTGURC a-tt rtrE Btsrotv tl GR|D t-
Time =50 m¡n
Surface elevat¡on ¡n m.

The effecl of the second tsunami wave
accompanied by short per¡od secondafy
undulations begln to rise water leyels in
the vicinity of Quintero bay. Southern
areas are still affected by negative
levels whereas positiye leye¡s attack Los
Vilos southern afea,

F|6U¡E a-tt rtlE tfisÍolY lr €nlD a-
Time =55 min
Suf face eleYat¡on ¡n m.

The second peak attacks Quhtero r¡th
maximum ampl¡tude of 4m aboye MSL in
the entrance of the bay. The marimum
trough affects San Antonio. A general
patlern of the wavefront along thé coast
is vanished because of the local
topographic effects and reflections
along the coast,



1.t-2.r HEIGHÍ DlsTnlBuflot tLoIG THE COASÍ

HvDOthetical stations uyefe used to evaluate the sPace distribution of wave

"É"'áii""t 
-"¡tttin ttt" bay. station s1 (5'98). was selected to show wave

piogression ¡n the entranie of the bay -approximately 100 m .belot MSL- while

srat¡ons s2 (40.30), S3 (65.3s) an¿ sc iz!.zo) atlor" observing the amplitude

áfong ttre coastline (Figure ¡t'20). Marigrams- presented ¡n Figure. ¡t'21 show the

watei level througlroui the com putaiion for case 1 730-1 0 (marigrams are

depicted with l min resolution dur¡ng 3 h).

4.3.2 GRID D

f r is observed from Figure 4 -21 '
that the leading wave resembles
the actual bed deformation,
showing an ¡n¡t¡al positive elevation
of about 1.2m above MSL that
coincides with the in¡tial rise of the
ocean bottom calculated ¡n section
3.4.4.

The est¡mated arr¡val time ¡n the
coastline is recorded with the f¡rst
peak approximately 18 m¡n after
the occurrence of the earthquake.
This result shows an excellent
agreement with the est¡mat¡ons by

TSUltAl,lI X.tsl AssEssltEfiT Ill QUI TEn'O 8AY' CHILE f-1t

FtGUlE a-20 Loctrlot of rHE r^llcltrs

Monge (1975), tvho Pred¡cted that a

tsunámi w¡th similar characteristics (location and orientation of the fupture

zone) would take between 18 to 20 min to reach the coast of valparalso'

iirif .tfy, Pilasi (1 978) estimated an arrival time of 1¿t to 19 min for a tsunami

g"n"tuú; offshore Quintero, using refraction analysis' -Th¡s.. 
indicates an

áu".g" celer¡ty of about 330 kmlh (calculated considering the distance of 1 1o

km beiween the principal aris of the rupture zone and the coast'

Run.upisc|earlyobservedthroughaconsiderab|egforYthof-tsunami..e|evations
as the waves advances from tñe entrance (5,98) of the bay to the station

located ¡n the coastline. Waves rang¡ng from 2 m to 4 m offshore are amplified

toabout5mtoSmasapproach-ingttrecoast.Th¡samp|¡f¡cationbecomes
,igniri.unt *it¡, tn" arrival of' rhe leaá¡ng wave, appforimately 25 min after the

sh-ock and becomes negligíble 145 min after the shock'
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lmportant peaks are reg¡stered 18, 46, 100 and 132 min after the shock -with
marimum elevations ranging from 6 m to I m above MSL- whereas the major
troughs are sharply defined 28, 76 and 120 min after the beg¡nning of the
simulation, w¡th maximum values of 7m below MSL. An ¡mportant attenuation ¡s
observed ¡n the last 30 min, where short-period low-ampl¡tude osc¡llations
remain trapped in the bay.

Coastal stat¡ons (S2, 53 and 54) followed a similar pattern $rith regards to the
temporal occurrence of the wavefront and showed only slight differences related
more to the peak enhancement rather than the vert¡cal displacement of the
water surface. suggesting a regular profile along the coastline.

:-/-(5,s)
(40,30)

- - - (6s,35)

- 
15,70)

0 20 ¡10 60 80 lm 1m 1¿rc 1O0

TltE (m)

FtGU¡E a-2r HYPOTHET¡CAL l¡¡lctArS ALOIG Ql¡ltrEto ¡tY-

1-t-2-2 RELEÜATT ISPEGTS IT TIIE HISTOR' FOR THE I73O EUEXT

A set of Z-dimensional diagrams showing an aerial view of the relevant features
of the tsunam¡ evolution ¡n Grid D (i.e. the occurrence of peaks, troughs, and
sign¡ficant veloc¡ties) ¡s dep¡cted through Figures 1.22 lo 4.36. The deta¡led
sequence of wave elevat¡ons above MSL and velocity vectors (computed as
v = uí + Njl w¡th a time step of 5 m¡n ¡s presented in Appendir 7 s.

5 lt should be said |,hat the diag¡ams 1.22 to 4.33 reptesena the
deslruclive tsunami accord¡ng to the classil¡cal¡on given b! Taland¡el
1999) and ¡s not intended ro characaetise minor tsunam¡s.

effect of a potentially
(1993: cited bt SHOA.
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At the moment
verlical uPlifl of
registered in the
small cuÍfenls
affect¡ng the area.

of the earthquake, a
the water surface is

bay that is renected in
coastward - oriented

FIGUTE I.'2 YELOGITY fIELI'S
Time=0 m¡n
Values in m/s

TSUltAl'lI RrsK AssEssüE1{T t QUILTERO 8AY' CtIILE a.l 5

TE¡TTIAS

F¡GUTE 
'.2 

3 SUIFICE EIEYITIOI:
T¡me= 20 min
Values in m

The leading wave arr¡ves l8 min after
the shock as a consequence o[ the
initial bed deformation. Playa Loncura
(see Figure 1.2) is moderately flooded
by wave elevations of about 3 m above
MS L.

FIGUNE'-2'YELOCITY F¡ELI'S
Time= 25 min
Va lues rn m/s.

The couDted effects of refraction and
diffract¡on become sign¡ficant in the
coastal boundary of Penlnsula Los
Molles, Velocity vectors adopt the shape
of the coasl, reaching uP to 7 m/s ¡n

Punta ventanilla.

I

ÜEITTIAS
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FIGUNE 
'.2 

J SUIF¡GE ELEUITIOf,
T¡me= 40 m¡n
Values in m

The f¡rst trough is recorded wilh a
regular height distr¡bution w¡lñin lhe
bay, approx¡mately 38 m¡n after the
earthquake. A withdrawal of 200 m is
observed in the relatively flat bottom of
Playa de la Herradura.

FtGUrE a.2¡ üEIOClrv FIELDS
T¡me:¡15 min
Values in m/s

The second wave enters the bay,
showing considerable hydrodynamic
stress in Punla Ventanilla and Penlnsula
Los Molles. Velocity vectors reach 6m/s.

FIGÜRE 
'.27 

SUTFICE ELEUTTIOI
T¡me= 50 min
Values ¡n m

The second oeak imoacts the shorel¡ne,
flooding an ertensive portion of Playa
Loncura and impacting Ventanas with a

considerable run-up of about 7 m above
MSL.

tErrltls
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t:¡
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FIGUIE I.2¡ IELOGITY FIEII' S
T¡me= 75 m¡n
Values ¡n m/s

The second wave begins to leaYe the
bay with speeds of as much as 3 m/s.

F¡GUIE 
'-2I 

SUIFAGE ELYTTIOTs
Time-80 min
Values in m

Wavefronts are somewhat d¡storted as
the second trough atfects the bay. The
withdrawal of the water level reaches
almost 300m off the coastl¡ne in lhe
no hern portion of the bay.

F¡GÜTE 
'.tO 

üELOGI'Y FIE l DS
T¡me=100 m¡n
values in m/s tEtrltls ;:

vetocity vectofs afe ofiented coastwafd
with moderate velocit¡es as the thhd
peak enters the bay.

I

o

tErrt¡as
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FIGU¡E 
'.3 

T SÜIFACE ELEYATIOT!
Time = 105m¡n
Values in m

The th¡rd pos¡tlve ¡vave enters the bay
108 min after the shock (highest waves
are nol captufed in this snapshot). Playa
Loncura ¡s attacked For the third t¡me
whereas ventanas, and specially Estero
campiche are affected by $/ave
elevations of 7 m above MSL.

FI6UTE 
'-32 

YElOGITY FIELDS
Time -115 m¡n
Values ¡n m/s

Penlnsula Los Molles is detected to be
an imporlant topographic feature in the
deRnilion of small-scale flow anomalies.
Large-scale turbulent patterns are
observed in front of Playa Loncura, with
maximum soeeds of 6 m/s.

FIGUNE 
'-3' 

SURFIGE EI-EYITIOT !
Time = 125 m¡n
Values ¡n m

The third trough generates a

considerable withdrawal of about 250 m
in the flat bottom areas of Playa de la
Herradura. The signal becomes d¡slorted
in the last stage of the simulation.

I
fE¡rttas

;

T
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FTGUTE I." UEI-OGITY FIETIDS
T¡me = 130m¡n
Values in m

Deformation of the wavefront due to
small scale topographic fealufes afe
observed, show¡ng a ser¡es of low
amplitude oscillations and eddies
where velocity reaches uP to 6m/s.

FIGUIE '.'5 
SUIFACE ELEVAT I O 

'T¡me = l35min
Values ¡n m

The fourth Peak enters the bay
appfoximately 135 min aftef the shock,
shówing the highest elevat¡ons of
about 9m above MSL in ven¡anas.
Playa Loncura is drastically flooded
inland with significanlly lesser
elevations of 5m above MSL.

FTGUTE'.'EUEIOGIT' F¡ELI'S
T¡me = I ¡lom¡n
Values in m/s

The signat to noise ratio becomes
weak, mainly because the low
amplitude oscillations ol 5-f0 min
period. Subsequent diagrams ate
vague at this scale.

TSUTaA|,|r n rsr assEsstlEt{T ¡ll Qu¡xTERO 8AY, CH¡LE f .l9
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f-3.2-l TSUIAII TAUE ELEUATIOilS Y,s IAGüTUDE OFUELOGITÍUEGTORS

Grid point (10,30) was chosen to analyse the correlation between u/ave
elevat¡ons and veloc¡ties6. Results a¡e shown in Figure ¿t.37. In the f¡rst 25 min,
an increasing velocity is assocaated with the arr¡val of the leading wave,
show¡ng a ma¡imum of 5.4 m/s as the waye begins to retr¡eve. A low-speed
plateau of about 5 min precedes the attack of the second wave, which is
subsequently proceeded by about 50 m¡n where there is no clear correlation
between elevat¡ons and speed. This behaviour is manifested ¡n small-period
osc¡llations caused by diffraction, refract¡on and reflect¡on ¡n the surrounding
area of Penfnsula Los Molles. The maximum height of the third wave,
approx¡mately 100 min after the shock, is escorted by negligible speeds,
followed by a rapid ¡ncrement uP to 6m/s as the wave leaves the bay. lmportant
speeds, rang¡ng from 4 m/s to I m/s are thereafter recorded for about 35 min,
coinciding with the maximum and m¡nimum elevations dur¡ng the simulation.

o2040
nfE(mhubs)

l¡O 160

VELOCITY 
-HEIGHT

FtcutE a.tr-- lttE ElGllT trs uEl-oclrl lr Gllll D (ao,lol.

It should be noted that the resolution of the velocity record (5 m¡n) is not
enough to establ¡sh a robust correlation with úyave elevations (1 min). Bes¡des,
it ¡s acceDted that TUNAMI model is accurate as far as tsunami elevations are
concerned but shows significant deyiations with regafds to yvave veloc¡ties
(Shuto, 19Sl). Therefore, future efforts should be or¡ented to the study of this
topic.

6 Since yeloc¡tl represents añe fircl aemporal derirative oÍ the particle position, wave
veloc¡ties a¡e erpected to be delafed w¡th respect to wave neightt in f/1, so lorm a Purelt
analtt¡c apprcach, ma mum he¡ghts should be associaled to tow speeds and vice-versa.

2g
:fi!4

€
-10



A Sdimensional animation was produced with 1 m¡n increment for a time Pefiod
of 90 min. lt ¡s ¡ncluded ¡n lhe atrached CD-ROM and requires Matlab 5-3 to be

executed (file:Tunamis/Tunami-N/1730-11/Danimac¡on 'm) ' As an example three

snapshots of the an¡mation are shown as follows.

Figure 4,38 f epresenls the beg¡nning of the simulation, v¡ewed f rom an aef¡al

No"rthwestern location, where the undisturbed water surface is represented.

TSUITAxI RISf ASSESSI'l€l{T rü QuIl{TEtrO 8AY, C¡IILE

1-3-2-1 3.D AI¡IATIOT OF fHE 173O TSUXATI

FIGUnE .-!l-- ¡D YlEt oF rt¡o rsu¡tr¡ lt QurrrElo llY-
Case 1730-lO. T¡me=0 min. Initiation of the ruPture zone-

f /¡f lglrt¡At¡l rli }J ]tÍEF! BAY . a+D ¡

-?t,il

lf9

) :18

4cat

lc.:)

tltlL ¿ ñr¡l

Figufe4.3gshorYstheinstant¡mmediatelybefofethe|eadingwaveimpactsthe
coistline, at the instant when Playa LonCura begins to be f looded- F¡gure 4.40

illustrates the ma¡¡mum withdfawa¡ aPpforimately 30 min after the shock.
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4.4 MAXIMUM ELEVATIONS AND VELOCITY

A summary of the maximum elevat¡ons and sPeeds computed in Grid D- ¡s shown

in this section. Results are gíven ¡n deta¡l foi the coastal stat¡ons 52, 53 and 54

in Tables 4.3 to 4.5 whereai the ma¡¡mum flooding lines for the 'l730,._1906 and

1985 tsunamis are depicted is Figures 4''11 to ¿l il3' A sile-specif¡c set of

recommendations ¡s proposed for ihe purpose of disasler preparedness and

future planning for the trea. Tsunami iist ¡s evaluated as a function of the

natufe of the tsunami hazards (i.e. wave elevations. velocit¡es and ertend of the

fiáo¿¡ngl, the vulnerab¡l¡ty of coastal structures and the local commun¡ty to

Aamagé, and the amouní of development and people to the. hazard' Risk is

lr"titáti""ty evaluated cons¡ders land use, bu¡lding types and occupancy' but

exclucle thó possible tsunami effects on individual buildings'

Station 52 is intended to represent the small tovvn of Ventanas' Estero

Puchuncav¡, the thermoelectric stat¡on, the copper refinery and the coastal

installations of Terminales Qulmicos Oxiquim S'A' and Puerto Ventanas S A" the

latter described in Append¡r 8. lt ¡s clear from Table 4'3' that the 1730 event

generates ¡mportant wave elevations of 7 m above MSL and speeds uP to 8 m/s'

ionsiderably gfeater than those of 1906 and 1985 tsunamis, cases that shoyv

ryave elevalions and currents speeds of the ofder of normal lYind-type genefated

waves. The rapid drawdown of tsunami waves creates strong currents that can

severely damage due to erosive scour around p¡ers and pilings'

. lnl (m{el IN-r!)

TIrLE a-3-- IttlIUI llElGll ArD SPEEL lt sfaTlo¡ s2, GnrD PotIT l|a.¡al'

The industfial afea of ventanas ¡s subject to a higher fisk than residential and

commercial zones of the town. A low level of risk should be mandatory fof fire or

hazardous material stored in the thermoelectr¡c station whíle higher levels

should be acceptable for areas with low replacement value'

r 730- 10

1 906
't 985

7.1

2.1

1.3

8.0
1.2
0.7

1 .7 r. '1022

5.6 x 10u 1

2.0 x 102'
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Storage tanks in the surroundings of the power station are located in relatively
risky area, where hydrodynam¡c forces associated to a potent¡ally destructive
eventT could eventually cause ground failure or structural damage. Electrical
vaults are not protected from wave and debr¡s ¡mpact and would also be
affected by the flooding. S¡nce fire hazard is dependent on the ¡gnition sources
and the availabil¡ty of fuel reservoirs, it is recommended to locate such facilit¡es
above flooding levels or to provide soil stability, trotect with walls and anchor
the tanks in order to avoid explosions and/or leaching of tox¡c chemical and
hazardous substances to the env¡ronment.

It ¡s clear that the industr¡al block of the power stat¡on would be severely
affected by a potent¡ally destruct¡ve event unless effective m¡tigating measures
are implemented. lnstallat¡ons of Terminales Quim¡cos Oxiquim S.A. are in a
relatively safe pos¡t¡on but could eventually be affected by secondary effects
such as the ground erosion in the storage area. I is thus recommended also to
undertake minor mitigat¡ng measures such as the provision of a stable
revetment to guafanlee the stability of lhe platform area under tsunam¡ attack.

Large vessels are cont¡nuously berthed or wa¡ting for bulk cargo transfer
procedures in Puerto Ventanas and Terminales Qulmicos Oxiquim. Tsunami
attack may produce the collision betvveen berthed vessels and the port
struclure, ¡mpact with thé bottom harbour or collepse of their mooring lines,
issue which would require a spec¡al¡sed study which for the sake of brev¡ty ¡s
not ¡ncluded in this report.

Station 53 is used to assess the risk in the coastal communities of El Bato and
Playa de la Herradura. Model results are relat¡vely similar to those found in 52
with respect to tsunami elevat¡ons but are sign¡f¡cantly lower ¡n the yrave

speeds. In consequence, pressure forces are comparable to those erper¡mented
¡n Sz while drag forces are sign¡f¡cantly m¡nor.

CASE HEIGHT SPEED

1730-10
'r 906

1985

(m) (m/s)
Mo

I!,T,)_

'l .7 E+22
5.6 E+21
2.O E +21

7.7

2,3

1.8

,1.5

0.8
0.5

TIELE a_r.- IArtrur HETGB 
^tD 

STEED ll STtTtOr St, GntD POt¡r (35,15)-

7 For conrytzt,ve purpaes, potcnttalll desavct¡ve
5 x I O) | Nm< M o< 2x I 01 2 Nm wherezs minq tsunamit \ai¡l
deÍi,red by Taland¡et (Table 2.2)

tsunzmis will be ,?fcrtr'd .s th6e with
be in the nnge ldt NnrcVo< 5x102'Nm. as
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The type of light construct¡ons found in the coastal zone ¡s expected to collapse

undei a great event but \rould rema¡n with l¡ttle damage in mod erate.episodes.

Providing frictional characteristics to the coastline by landsca.ping w¡th tsunami

forests, "building ditches, slopes and berms would be economic and susta¡nable

alternatives to mitigate flooding and debris impact risks.

station s4 ¡s located immediately seavvafd ffom Playa Loncura. The military

airfield is located in a highly vulne;able area, erpected lo experience up to 8.4m

and speeds over 7.5 m-/s 
-(Table 4.5). These results afe analogous to those

found in SZ with respect ¡oitr to tsunami elevations and speeds. lt ¡s observed

lhat the flow is compler in this area, showing impoftant variat¡ons in velocity

vectofs during wave attack.

TSUNAl,lt ¡,tsf ASsEssl{Eltf ¡11 QUIIITERO 8AY, CtIILE 1-21

1730-t0
1906

1985

8.4
2.4

1.6

7.8
'I .l

1.7 E+22
5.6 E+21
2.O E+21

TABLE a-s.- Itrlrul llEtGH trD spEED rt Gtln Polrr ('5'"1-

The flooding extens¡on in the mil¡tary d¡strict could reach up to 1km inland

during a lárge event. Foftunately, this area is inhabited and the existing

strucñlres rep;esent low replacement value. Landscaping with a. dense b-arrier of

tsunam¡ fofests ¡n the upper bound of Playa Loncufa would be efficient to
rñigité fiooding risks. !óme areas in downtown Qu¡ntero (located ¡n the

Easiern section of Penfnsula Los Molles) are part¡ally llooded w¡thout producing

major problems over coaslal inffastfuctufe.

Un¿nchored small crafts could become a source of debris if dragged inland by

lhecurrents.Boatsmaybedestroyedagaincoastaldefencesofwashedashore
and left grounded dtei the withdráwal ol the seavüater, with the resulting effects

on local ñshing industry. The Western coastline of Quintero is formed by steep

cliffs, which become a narural protect¡on to the h¡gh lands of the peninsula.

The marimum flood¡ng lines for the 1730, 1906 and 1985 tsunam¡s afe depicted

¡n Figures 4.41 to ¡{.43:
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The computational boundaries
4.43 were overlapped in the
(F¡gure 4.44).

of the flood¡ng l¡ne obta¡ned in Figures f .¡11 to
actual topographic map us¡ng Autocad fac¡lities

?¡blra¿ a.aa-- ;:rrltlltb t'aIC¡ ?lrt ¡llE l rar. ¡tta ltI lta¡ lJlt¡'Il¡'
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To fac¡l¡tate the production of the tsunam¡ flooding chart, a smooth line vras
interpolated between grid results according to the small-scale topographic
features not described in the 92 r I2m grid.

4.5 TSUNAMI FLOODING MAP

The flooding map (Figure ¡1.{5) represents the maximum run-up along the
coastl¡ne for the 'l730, 1 906 and 1985 events, described in terms of their
respective se¡smic moments. The map was plotted with a scale 1:5.O00 and is
attached in Append¡r 11. The a¡m of the chart is to warn the local community
and spec¡ally the author¡t¡es of Qu¡ntero of the r¡sk posed to the populat¡on
inhabiting the area. lt designates zones along the coast of the bay with varying
degrees of tsunami risk for the purpose of public preparedness, plann¡ng,
building regulat¡ons and public evacuation.

The map is intended to proy¡de and easy veh¡cular and pedestrian eyacuation
and to guarantee post d¡saster access to the site. The maP shows the routes,
which people must use to avoid tsunami waves and safety areas to receive
evacuees. These routes will be informed to local author¡ties thal should design
a communication plan based in this study and provide with educational material
for the commun¡ty. The police ent¡ties should be responsible of the execut¡on of
evacuat¡on plan by providing traffic controllers and transportation fac¡lit¡es at
cr¡tical points of the bay.

o

o

I
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CHAPTER 5

CONGLU SIONS

5.1 GENERAL C()MMENTS

The ¡ncreasing development pressures for the use of the coastal zone of

qrlnt"rá oay irompteO'the assessment of tsunami risk in the area with the aim

Ji iouiring 
-rpon 

t'r," possible consequences of a tsunami attack and provid¡ng

!uidetines" f oi mitigat¡on measures to be adopted ¡n the near f uture ' Although

itre 
-ou.¡ective 

of tsrinami risk analysis is to prov¡de reliable statistical statements

of-tnr'o..urrence probab¡lity of i particular event at a g¡ven site. during a given

inrervat of rime. ttris, i. y"i íor possiute due to the scarcity of high-qual¡ty field

measufements in Quintero and because seismic chafactefist¡c of centfal ch¡le

are not suffic¡ently character¡sed.

Based on this fact, the contfibution of this work is to include a range of poss¡ble

scenarios for histor¡cal earthquakes in Central Ch¡le (1730' 1906 and 1985

events), rather than providing á statist¡cat approach or using no more than two

historical events in ttre gen""ration of flooding charts' as done until now in the

CITSU project.

For the proposed objectives, the current state-of-th e-art of numerical

simulations fepfesent thó best available technology to provide tsunami risk

forecast in Quintero' Regardless of the results herein presented' ¡t should be

stated that tsunami modelling still requires further research'

5,2 SEISMOLOGIC ASPECTS

u ntil impf oved information about seismologic featuf es in centf al chile becomes

availabl¿ ro characterise the initial bed deiormation, it appears desirable to use

theMans¡nhaandSmyliemethod(1971).|tshouldberecognised.however,that
asthisestimate¡sperformedinaratherschematicway'resultingwavefronts
fesemble the input iharácterist¡cs that could not stf¡ctly fepresent a part¡culaf

real case.

Withregardstothesens¡t¡vityofthesimu|ationtotheinputpafametersofthe
Mansinh"a and Smylie rn"t¡'od, run-up and veloc-ity fields are- li9lll--depqndent

"n 
tnJ strike angló, ]nó"n ¿ijlo."tioir and tengrh 

-of the rupture zone, whereas

less sens¡tive to 'ariat¡oni ¡n the d¡p angle, dis-location angle and to the rupture

width. The effect of the depth of the epicentre is not clearly charactefised $/ith

this method and should be reviewed ¡n the future'
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A challenge on the subject ¡s to obta¡n a reliable descriPtion of the seabed
deformat¡on through highly developed analysis of seismic records ¡n Central
Ch¡te or by means of the compar¡son between pre and Post earthquake
bathymetry in the rupture zone. Unfortunately, th¡s is not yet possible due to
technical and economic limitat¡ons.

5.3 TUNAMI-N MODEL

TUNAMI-N code ¡n combination with Mallab 5.3 graphical fac¡lities show an

efficient performance concerning run times and memory consumption but
requires ercessive time ¡n the preliminary digitising procedure. the latter could
be optimised whether by unifying the ava¡lable bathymetr¡c records under a

single database to be managed by SHOA or by improving the specialised
sofiware and computational facilities used ¡n th¡s stage. D¡gitation software
should be capable to allow user-specified grid rotat¡ons to match the est¡mated
rupture zone thus avoiding numerical d¡sturbances in the simulat¡on. W¡th

regards to the stab¡lity and convergence, lhe algorithm shovvs outstanding
reiults since the t¡me and space increments adopted in the s¡mulation fulfil
Courant's condition ¡n 3 -h simulation.

TUNAMI-N does not incorporate l¡dal and other hydro meteorolog ica I factors
considered reasonable in Qu¡ntero. Therefore, worse scenarios than those
herein presented could arise on tsunami attack during high tide, estimated as

76 cm above MSL in Quintero, lvhereas tsunamis occurr¡ng dur¡ng low tide
would eventually be less damaging fof the area. símilarly, a tsunami hapPen¡ng
in coincidence with wave storms is elpected to be more significant than during
a relative calm. Until more soph¡sticated methods are ava¡lable in Chile. the
comb¡nation of supplementary effects ¡s not poss¡ble.

The effect of build¡ngs and small-scale topograph¡c features (not considered in
the 92x92 m grid's resolution for Quintero bay) could be considered by

incorporat¡ng a higher Manning's coefficient. As guidelines, Shuto (1991)

suggested values of n:1 lot Japanese harbours whereas Bretschneidef and

Wyño (1976) estimared the coefficienl in n=0.30-0.JJ for moderately developed
ar-eas with low density of buildings. However, until no f¡eld or experimental data
is ava¡lable, the adoption of specif¡c values is an error source'
Alternatively, using building-scale grids based on a high-resolut¡on topography
could impróve the definition of the flooded areas but rvould certainly introduce
compler s¡ngular hydrodynamic effects. Nonetheless, th¡s subject is not of main

concern for the objectiyes herein proposed since long period waves are almost
unaffected by small-scale topograph¡c features and buildings.

Further research should be encouraged in fhe application of transoceanic
models to Chilean ports.
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5.4 THE HYPOTHESIS

consíder¡ng the presented results, ¡t y',as concluded that tsunam¡ inundation

afeas afe stfongú dependent on the seism¡c Moment (Mo) of the tríggef¡ng

earthquake and 
-on rhe to po-bathym etf ic featufes of each pafticulaf poftion of

tt" u"y. The hypothesis was found to be extfemely geÍefal fegafding the-

c h afa cfefisation of the earthquakes (restricted to those "large earthquakes of
iorjrtorl IVn -) and vague in the description of the type and extent of tsunami

r¡it. tn spite of this, iome comments are der¡ved from the analysis of the

hypothesis:

It was establ¡shed that the Noftheastern area of Ventanas and the rfilitary- area

in eu¡ntero would be severely affected by potentiatu destÍuct¡ve ]sun¿mist, with

flooding areas affect¡ng the lócal community and coastal ¡nstallations. Maximum

tsunamí run-up would reach up to 8 m and velocities of 8 m/s would be

expefíenced in particular areas ;¡th¡n the bay. In contrast, m¡nor tsunamis would

imply negligibte impacts in the coast. showing run-ups- of 2 m and mar¡mum

veioé¡t¡es- ót 1 m/s. These results substantially differ from the previous

assessment carfied out by Pilasi ('1978), who concluded that, by lhe end of yeaf

1978, the area was not undef tsunam¡ r¡sk. s¡nce then, development pfessures

exDefienced in the coastal afea of the bay have been enofmous and land use

hai been dramatically modified, resulting in an ¡ncreased tsunamirisk.

5.5 TSUNAMI RISK IN qUINTERO BAY

The ¡ndustf¡al afea of ventanas, including the thefmoelectfic powef stat¡on ancl

the installat¡ons of Puerto Ventanas, is eiposed to a h¡gher risk than resident¡al

andcommercia|zonesbecauseofthedirectexposufetotsunamiwaves.
itorage tanks ¡n the thermoelectric station and copper ref¡nery could be

aftecieO by ground failure or structural damage caused by a potentially

destfuctive tsunami. Electrical vaults are not pfotected from wave and debr¡s

impact and could be dragged away by the flow. lt is thus recommended to
próvide soil stabil¡ty an¿ lants anchoring ¡n order to avoid erplosions andior

leaching of toric substances to the env¡ronment.

special considefat¡on should be given to the Pfotection and relocation, ¡f

necessafy, of crit¡cal lifelines ¡n the ¡ndustf¡al zone (i.e. watef systems, gas

piping, t"*"tt and the telephone serv¡ce)' Machinery and .equipment ¡n

ierminates Oxiquim are in a rélatively safe position and only minor mitigating

measures, such as the provis¡on a sta-ble revetment to guarantee the stability of

the platform, should be implemented.

I This cl.ssificzt¡c//, lottc,,'Á ahe &fin¡tiot given in Tzble 2.2'
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The type of light constructions found in the coastal zone is elpected to collapse
undei a potent¡ally destructive tsunam¡ but would remain w¡th no damage in

m¡nor episodes. Providing frictional character¡stics to the coastline, by

landscaping ly¡th tsunami forests or by building dra¡nage nets, vvould be

economic and susta¡nable alternat¡ves to mit¡gate flood¡ng risks.

The flooding extension in the mil¡tary district would reach up to 1 km inland
during a potenrially destructive event. Foftunately, this area is quite inhab¡ted
and the existing structures are of low replacement value. Downtown Quintero is
relatively protected for the direct tsunami attack because of the shadowing
effect oi Penfnsula Los Molles. Weslern Quintero is formed by steep cliffs, which
become a natural protection to lhe commun¡t¡es settled in the high lands of
PenÍnsula Los Molles. Thefefore, insignificant tsunami risk is thefefore
experienced ¡n th¡s area.

5.6 MITIGATION MEASURES

Even though the objective of tsunami inundat¡on mapp¡ng is to provide guidance
for forecasting and hazard assessment during a potential event, it also offers a

good starting point for land use planning and for the defin¡t¡on of mitigation
measures. Bas¡cally, there are tYvo approaches to reduce tsunam¡ risk which are

,, the construction of eng¡neered breakers intended to retard or block the

volume of water of t, to propose risk management policies designed to control
the risk through land use planning.

The f¡rst approach ¡s intended to provide protection to the coastal structures
with breaksraters, seawalls, dikes and revetments or by dredg¡ng in critical
areas. Tsunami-based structural design implies massive structures, which are
for sure economically not viable in Chile and therefore are not cons¡dered as a

cost-effective mitigation measure for Qu¡ntero.

The second approach is thus recommended for the area based on the principle
that possible effects of tsunam¡s can be mitigated with prevent¡on,
autoprotecct¡on and prudent measures. A site-specific risk management plan

should synthes¡se tsunami flooding risk herein evaluated, seismic
considerat¡ons (such as ground faílure, liquefaction and landslides), coastal
eros¡on and fire hazatds under an integrated land use proposal elaborated by

specialists. The risk management plan should classify and delineate areas for
building purposes according to the use, type and importance of stfuctures and
activitiés proposed, and pul into operation through a geographic information
system (GlS). lt should restrict new development ¡n tsunam¡ tun'up areas;
piotect existing areas through a re-development process and should take
special precautions in locating infrastructure, crit¡cal facilities and lifelines.
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since the estimated t¡me of arfival of a near-field tsunami to the coastal afea of

Quinteroisestimatedbelweenl5to20min,itisstronglyrecommendedto
prepafeacommunicationp|anw¡theducationaImatefia|sinordertoencourage
public awareness of the tsunami threat.
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