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ABSTRACT:

A reliable estimate of potential fault displacenseigt needed in thengineering design of lifeline structu
crossing potentially active faults, such as bridgesnels, dams, water pipes and gas lines. Thgsrpautlines
the methodology for the assessment of permanenndrdisplacement across a fault induced by an qaaite
Furthermore, application of the presented methagoto the South Iceland Seismic Zone is summarised,
cluding presentation of hazard curves and a cortiparstudy ofthe theoretical results and observed effec
some historic earthquakes. The presented modeblmpilistic in nature and, to a certain degemparable 1
the models commonly applied in assessing peak gragneleration (PGA) hazard. It includes both theew-
tainties of the scaling laws of the ground motidfeas and the frequency of earthquake occurreimcaddi-
tion, the model requires probability of surfacetwrp effects at the site as well as the conditigmabability o
a relative displacement over the fault, provideat the earthquake has ruptured the surface. Theochabgy is
implemented using a Monte Carlo simulation techaigi relation between magnitude and displacemeai
the surface trace of the causative fault for tluelssites is presented, as well as hazard curveartdce faul
peak displacements, giving the fault displacemeatsesponding to a chosen mean return period. ¥amnple,
at one of the study sites 1 m displacement wasdfdartorrespond to a mean return period equal 00 3@ars
58 cm for 1000 years and about 26 cm for 475 years.
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1. INTRODUCTION

The problem of permanent displacement across fadtsced by earthquake rupture raigeportant questior
in the design of lifelines crossing potentiallyigetfaults. Important societal structures that noegss seisic
faults are bridges, roads, pipelines for water Bugipcluding geothermal piping systems) and dafrtsest
structures are vulnerable to permanent displacesraand therefore it is necessary to take them iofsidera-
tion at the design stage. Furthermore, it is imgudrto address this problem along the same bawsgs ks ap-
plied generally in seismic hazard analysis to de abhbase the design on a uniform probabilistimfidation.

Currently the construction of hydroelectric powérs located in the South Iceland Lowland is ia pinepara-
tory phase. This is a well known seismically acttame potentially capable of generating magnitudsrth-
quakes. Therefore, as part of the planning andydgsiocess Landsvirkjun (the National Power @any o
Iceland) requested that the Earthquake EnginedRemparch Centre at the University of Iceland utoddr ¢
study on the seismic hazard at the proposed catistnusites for the power plants. The objectivehe stud
was to define earthquake design provisions to Ipfieapin the structural design of tipewer plants. The me
emphasis in the following is placed on the disphaeet hazard.

The probabilistic methodology for fault displaceméazard analysis is similar to the conventionagrapct
used for ground acceleration hazard (for a comm&ike treatment, see Todorovska, Trifunac and 268y).
However, we note certain important differencessthir not every potential earthquake in the soucee af-
fects the structure at hand. Secondly, only onecgozone, sufficiently close to the studyesis the contributir
factor to each site-specific hazard curve.

2. THE STUDY SITE

Iceland is an island in the North Atlantic Oceastgdted just south of the Arctic Circlie.is a superstructur
part of the Mid-Atlantic Ridge, a large submarineuntain escarpment rising from the ocean floor exteénd-
ing almost the entire length of the ocean. This mi@inn range owes its formation to the movementeofdnic
plates. As two adjacent plates slowly move apaift & created that marks the plate bdary, resulting in tt
intrusion of magma into the seafloor forming neweamic crust (Gudmundsson, 200As the new crust
formed along the rift zone, Iceland is increasingsize. Its western half is slowly moving westwanl the
North American Plate and its eastern half towahdsetast on the Eurasian Pla&eross Iceland from southwi
to the north, the rift zone is displaced towards ¢last through two major fracture zones or ‘tramsftaults’
These are the South Iceland Seismic Zone, crosem@outh Iceland Lowland, and the Tjérnes FracHone
which is mainly located off the north coast of thland. All major damaging earthquakes in Icelaadehorigi-
nated within these two zones. Outside these twestimere is also significant seignaictivity that is especial
confined to the rift zones and to volcanoes.

The seismic motion projected for the South Icel@®ismic Zone on the basis of plate tectonics, wis
left-lateral on an east-west striking fault, is midible as a major surface fracture. On the coptthe maion is
diffused over a series of north-south strikinghtitateral faults. This is supported by the geatagevdence c
fault traces on the surface, as well as by thehrswtith, elongated shape of the mappestrdetion zones «
large, historical earthquakes. In all cases théhgaakes can be characterised as shallow, moderatgon
with a predominant strike-slip faulting mechanis®ignificant recorded earthquakes in the South ihtkBeis-
mic Zone are displayed in Figure 1 along with trEmtectonic features.

The most important seismic events recorded in ihckk® date are the South Iceland earthquake segsienc
June 2000 and May 2008 (Sigbjornsson, OlafssonSmabjornsson, 2007; Sigbjornsson et al., POUBe
strong-motion data is available online at the IméerSite for European Strong-Motion DafSESD
http://www.isesd.hi.is (see also Ambraseys et28l04). The first sequence began with a major everit7 Jun
2000 followed by a second major event on 21 Ju®® 28 second sequence began on 29 May 2008.
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Figure 1 Schematic representation of the seismio#iess of Iceland and th&outh Iceland Seismic Zo
(S1SZ). Major roads and rivers can be seen in thmfigure. The inset map of Icelastiows the relative ple
moations and the plate boundary of the North Ameriaad Eurasian tectonic plates. Yellow trianglesdat
strong-motion stations of the Icelandic Strong-motNetwork. In the main figureoir major earthquakes
indicated by red fault lines and black arrows shmgntihe right-lateral strike-slip motioRkault planes are ne
vertical, as shown by the beachball plots. Thehearkes had the following moment magnituddg)( 6 May
1912 —M,, 7; 17 June 2000 M,,6.5; 21 June 2000M,,6.4; and 29 May 2008 M,,6.3. Left-lateral trarferm
motion of the SISZ is indicated by the large bladtows at the top and bottom of the main image.

3. ESTIMATION MODEL FOR SURFACE FAULT DISPLACEMENT

The most controversial part of the quantitativeandznodelling is probably the scaling ‘lafer the permane
displacement across the surface trace of a pollgntiausative fault. Different models have beengasiec
where perhaps the regression models put forwaM/dlis and Coppersmith (1994) are the most commapily
plied. However, in the current study we have adbptelifferent approach based on simplified theca¢tincd-
elling along the lines described in Sigbjérnssod &iafsson (2004) emphasising shallow strike-shptte
quakes with an almost vertical fault plane. Funti@re, only rock sites are considered in the folfayvi

The rate of seismic moment release can be exprassesimplified way as follows:

oM ou
O —pnuA— 3.1
a "t 3.1)

Here,M, is the seismic moment, is the rigidity of the fracturing rocld is the fault areaU is the average fat
slip andt is the time. The solution of this equation defities fault slip function, which is the first stepaard:
our goal. Different solutions and functional forimsve been suggested. Widely used are the moddBsume
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(1970) which have been applied successfully for Icelamdirthquakes. In this context, due to a matheal
convenience, we suggest the application of a mioasdd on a gjhtly modified functional form put forward
Atkinson and Silva (1997 his model has been applied by Lam and Chandl&5g@&mongst others, deal
with seismic hazard. The model is given as follows:

t

T} (3.2)

U@z@%—@+ﬂé

wheret is a time scaling parameter controlling the rdtéaalt slip and U, is the agmptotic value of the tot
slip. The duration defined as the rise time is dneation when 50% of the total slip has occurrentthe
above equation we get the following relation betwese time and the time scaling parametér;, = 168t.

An important part of the modelling is to relate faelt dimensions to the moment magnitult, This can b
done applying the following relation (assumed vétidmagnitude greater than 6):

szgm%JMJ—107 (3.3)

where
M, =uLDU (3.4)

Here,u is the shear modulus of the brittle crusis the fault lengthD is the fault depth andJ is the averge
slip over the fault plane. Following Coppersmittdaiells (1994) it is found that the average slipaaghly
proportional to the fault length, i.e.:

U =alL (3.5)

wherea is a coefficient of proportionality. By substitagj Eqns.3.4 and 3.5 into Eqn.3.3 we get:
4 2
M, :gloglo(L)+§loglo(ap D)—10.7 (3.6)

which relates the fault dimensions to the momergmitade.

The earthquakes in the South Iceland Seismic Zometaracteristically shallow strike-slip earthgeskvithar
almost vertical fault plane. It is expected tha garthquakes, typical for this zone, generateasarfractures
when the brittle crust rupturéisrough its entire thickness. In that case thdt f@epth is approximately const
and equal to the brittle crustal thickness. Hetloe,second term on the right hand side in E§ni8 constan
which implies that the magnitude is proportionatte logarithm of the fault length.

Based on the above we suggest the surface fapladement relation given in Figurd@ the modelling of ot
study area. This expression appears, broadly spgatd be in accordance with the observations ait ts-
placements found after the earthquakes in June @@@gelier and Bergerat, 2008% well as the surface tra
found after the 1912 earthquake in the South Icegismic zone.
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4. HAZARD CURVES OF SURFACE FAULT DISPLACEMENT

The main parameters characterising the seismititiyeostudy site are taken to be the following (8esrasey
and Sigbjérnsson, 2000): the Gutenberg-Richtermetars arax = 5.0 (referred to 100 years) afid= 0.61
Furthermore, the maximum magnitude is assumed  d&ed the minimum magnitude applied is 4. These pa
rameters are in accordance with parameters usdtidassessment of acceleration and response spetéiz-
ard curves for the study site.

The probabilistic methodology for fault displaceméazard analysis is similar to the conventiongrapct
used for ground acceleration hazard (Youngs et28D3) as described in a comprehensive overvieWwdy
dorovska, Trifunac and Lee (2007) dealing withkstislip earthquakeddowever, we note certain import
differences. Firstly, not every potential earthqrak the source zone affects the structure at Ithrettly
through faulting Secondly, only one source zone, sufficiently eltsthe study site, is the contributing factc
each site-specific hazard curve.

FAULT DISPLACEMENT (m)

o
13
T

5.75 6 6.25 65 6.75 7 7.25
MAGNITUDE

Figure 2 Suggested relation between magnitude espthdement over the surface trace
of the causative fault for the study sites in thetral part of the South Iceland Lowland.

Based on the relation put forward in the precediegtion it is possible to derive hazard curvespieak dis-
placement applying methods analogous to the metheeis for peak ground acceleratigelocity and respon
spectrum. In the current case the numerical caionlgprocedure consists of the following main steps

= Simulation of a parametric earthquake catalogue

= Define a subset of earthquake sources consistiryerits that are close enough to a givensatéhe
fault can potentially cause damage

= Eliminate those events from this subset that hafeul plane with characteristic dimensions tha
significantly smaller than the thickness of thessegenic crust, so that no surface fractuhes to th
causative fault are formed
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= Derive hazard curves for fault displacements appglyhis reduced subset of events from the simL
earthquake catalogue

= Repeat this computational sequence a number oétimebtain sufficiently small confishce limits fo
the hazard curves.

The results of the computations are depicted inrfei@ for the study site. To account for unceriaibis as-
sumed that the surface displacement across thiegeake fault is log-normally distributed with a meaalue
given by the curve in Figure 2 and a standard dievigdbase 10 logarithm) equal to 0.2. We see timatob-
tained displacement across the earthquake fautitighly 1 m corresponding to meartum period equal
3000 years, 58 cm for 1000 years and about 26 c# years.

It is clear that these probabilistic values are ewhrat smaller than those values obtained by setfing/ors
case scenarios, for example a magnitude 7 eartbquik a fault located where a hypothetical popkant is
most vulnerable. The probability of such an evergignificantly less than T0and can hence be disregar
according to McGuire (2004).
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Figure 3 Hazard curve of peak displacement acnogaeghquake fault for the study site.
The curve is an average based on 100 sample cdevieed by Monte Carlo technique.

5. CONCLUSIONS

In engineering applications there is a necessitydtiable estimates of potential earthquake indufailt dis-
placements in seismically active ar such as the South Iceland Seismic Zone. The mog#émented in th
study to estimate surface fault displacement emgbdshallow strikeslip earthquakes with an almost vert
fault plane in rock sites only. An important pafttiee modelling was teelate fault dimensions to the momnr
magnitude M,,, which is assumed valid for magnitudes greaten thaThe average slip is taken to be propor-
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tional to the fault length. In the study area tharacteristically brittle crust is expected to wptthraugh its
entire thickness, therefore the fault depth is mw@red constant and equal to the brittle crustaktiess. So tt
implication is that the magnitude is proportionalkhe logarithm of the fault lengtivhich seems to be evidi
from surface rupures observed from the May 1912 and June 200Giqeaakes in the South Iceland Seis
Zone. The proabilistic methodology used for fault displacemeatdrd analysis is fairly similar to that use
ground acceleration hazard analysis, even thougte smportant differences are notddazard curves we
derived that showed 1 m giscement with a 3000 year mean return period,fd8c 1000 years and 26 cm
475 years. These values are smaller than thosénebtaith a major event as a worst case adgeni.e. a
event with the maximum magnitude and an epicenttheamost critical location, However, themputationz
probability of such a scenario occurring in thedgtarea is small.
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