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ABSTRACT :

The aim of this paper is to compare the effectdifférent strongmotion estimation equations on the unifi
hazard spectra. Three models are used in the caapawhich are the Campband Bozorgnia (2007) mod
the Ambraseys et al. (2005) model and the Sigbgamsand Olafsson (2004) mod&he reliability of groun
motion estimation equations is based on the qualitthe available strong-motion data. In Icelandoreec
strong-motion data is limited with the most sigedint seismic events recorded in being the SoutarideLow-
land earthquake sequences of June 2000 and May. 20@@nd that appears to be consistent fotakueic
strong-motion data is that the recorded peak graacdleration is very high in the ndacit zone but appears
attenuate more rapidly than models commonly apgliedarthquake engineering hazard studidse hazar
curves are derived by generating a synthetic eaatke| catalogue, thereby calculating the stromgion effect
induced by each event applying an appropriate gtanation estimation model and then order statistidsch
can be repeated to enhance the computationaligtadfithe resultsThe main findings are that, even though
deviation béwveen the ground motion estimation models appliey seem considerable, the difference ir
uniform hazard is not necessarily all that muchtfa study site, except in the case of motalsed solely ¢
Icelandic data. Furthermore, it is found that thed€ode 8 model spectrum of type 2 can be applitu confi-
dence for the study area.
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1. INTRODUCTION

The objective of this paper is to study the effedtdifferent strongnotion estimation equations on the unifi
hazard spectra. The uniform hazard spectra argetkrising Monte Carlo simulation. The main stepshe
computational procedure are the following: (1) gatien of a synthetic earthquake catalogue; (2iveléon ofa
hazard curve for the earthquake response spectrdimates; and (3) representation of the uniformahdzspec-
trum for selected mean return periods. The compars carried out using the difference betweenuhigrm
hazard spectra.

The ground motion estimation models considered @jean analytical model based on the Brune sospee-
trum, originally derived using Icelandic strong-moot data; (2) the model presented by Ambraseys €2@05)
based on an extensive strong-motion dataset faydeuand the Middle Easind (3) two models from the Ni
Generation Aenuation of Ground Motion (NGA) Project. The madehosen are by Boore and Atkinson (2!

and Campbell and Bozorgnia (2007). They are based oommon database of worldwide strong-motion re-
cordings provided for developers within the NGAjpad (PEER-NGA database, 2007)

The study site selected is the City of Reykjavill aorrounding townships. Theyealocated about 20 km no
of the seismic delineation of the Reykjanes Petanailnere the Mid Atlantic Rige enters the island from !
southwest. Moreover, the South Iceland Seismic dsneithin 30-50 km towards thgoutheast. Considera
earthquakectivity has been reported in the area in an@adtrecent chronicles. The origin of this activityhe
nearby Mt. Hengill area at the boundary of the Bdagland Seismic Zone to the east, Mt. Bristeinsfjoll ani
the Sveifluhals area on the Reykggs Peninsula. Fortunately, the earthquakes oifiRéyijanes Peninsula :
characterised as mintw moderate while the earthquakes originating withie South Iceland Seismic Zone
moderate to major. The faulting mechanism is praedantly strike-slip.

2. BACKGROUND

The Mid-Atlantic Ridge, the boundary between thatNdAmerican and Eurasian plates, teats Iceland frol

the Reykjanes Peninsula in the west to the NortRefinZone in the northeasOn the Reykjanes Peninsula

ridge runs along it in an easterly direction deditiey an area of minor to moderate seismic actigjiproxi-
mately 2 km wide. The peninsula, see Figure 1lsg a region of active volcanism, which is evidentthe sig-
nificant post-glacial lava fields, volcanic systeamsl fissure swarms (Thordarson and Larsen, 2007).

2.1 Volcanic systems

The Hengill Volcano is the easternmost of a sasfe®ur closely spaced basaltic fissure systemsdhadiago-
nally across the Reykjan®eninsula. It lies at the triple junction of theyRi@anes Peimsula Volcanic Zone, tt
Western Volcanic Zone, and the South Iceland Seigtone. Postglacial lava flows cover much of th&canic
system. The latest eruption was radiocarbon datethout 1900 years before present. The Hekgittanic Sys-
tem, cutting through Thingvallavatn Lake, cons@tsa series of northeast to southwest-trendingufis vent:
crater rows and small shield volcanoes occupyistgangly faulted graben.

Towards the west, the Brennisteinsfjoll Mountains another volcanic system located east of Kle#amLake
on the Reykjanes Peninsula and consist of a sefie®rtheast to southwesending crater rows and sir
shield volcanoes. Postglacial and historical basklvas cover a wide area surrounding the volcapstem. Al
eruption in 1000 AD was dated by its occurrencthattime of a meeting of the Icelandic Parliamentlang-
vellir. The most recent eruption at the Brennistill Mountains took place in the 14th Century.

Further west the Krysuvik Volcanic System is a grofinortheast to southwesending basaltic crater rows &
small shield volcanoes in the central part of teyKganesPeninsula west of Kleifarvatn Lake. Several erug
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have taken place since the settlement of Icelamdyding a large lava flow from the Ogmundargigeaters
around the 12th Century. Similar to Brennisteirfjiie latest eruption from Krysuvidolcano also took plax

during the 14th Century.
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Figure 1 The Reykjanes Peninsula. Shown are mdeaniz systems (orange) and fissure swarms (gr&eny
with epicentres of significant earthquakes (gragles). The boundary between the North American BEmic-
sian plates is shown in the main figure and ingegy( line). The inset map showalative plate motions of tl
North American and Eurasian plates (arrows) andigia in white. Major roads and rivers ar@wsh in the mai
figure.

The Reykjane&/lcanic System is the westernmost of the fourufisssystems that extend diagonally alon¢
ReykjanesPeninsula. Most of the volcanic system is covengdiblocene lavas and eruptions have occurr
historical times during the 13th Century at sevéwahtions on the northeast to southwest-trendisgufe sys-
tem. The Reykjanes Volcanic System is located ensthuthwest tip of the ReykjanBeninsula, where the V
Atlantic Ridge rises above sea level. It coisgs a broad area of postglacial basaltic crates end small shie
volcanoes.

2.2 Earthquake activity

Earthquake activity in the region can mainly beilatied to the following areas, which are judgedéoof som
importance to our study site:
« Offshore of the Reykjanes Ridge towards the southwethe tip of the Reykjanes Peninsula,
the Reykjanes Volcano
e The Reykjanes Volcano and the area towards theukligs/olcano
e The Krysuvik Volcano and the area towards the Beteimsfjoll Mountains
* The Brennisteinsfjoll Mountains towards the Mt. lgéharea.

The offshore earthquakes originate in the rift zohthe Mid-Atlantic Ridge. These earthquakes are rather <
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with magnitudes that seldom exceed 5. On land #néh@uake magnitude increases towards tise &ased ¢
experience, earthquakes with epicentres at the nistinsfioll Mountains may exceed magnitude 6, le
earthquakes around Krysuvik Volcano and Reykjar@savio are significantly smalleDue to volcanism ai
geothermal activity the tectonic strain in the sutstnean heated rock is relaxadhereby the accumulated str
energy released during an earthquake is smallardtierwise expected. Earthquakes in this aredbearharac-
terised as having a predominant strike-slip fagltileechanism.

Seismic activity on the Reykjanes Peninsula has Isegmnificant during the last two centuries but mhaicon-
sisting of minorto moderate sized earthquakes. In the period ofuimental recordings, a few moderate s
significant earthquakes have occurred on Reykj&sednsula. The most noteworthy are listed belowidenti-
fied by year, date, time of origin, epicentre (lafie and longitude) and surface wave magni(ddaebraseys ar
Sigbjoérnsson, 2000):

1920 May 14 17:57 64.00 -22.00 5.16
During the period of 14 to 30 May, an earthquakgusace shook Southwest Iceland. In Reykjavik than
shock overturned loose objects. No significant dggnaas reported.

1924 Sep 04 16:01 63.90 -22.05 5.26

An earthquake was widely felt in Southwest Iceldh@as preceded and followed by many smaller gaidkes
In Krysuvik, the motion was so violent that peopigdoors could not stand. However, no siguifit damage
buildings was reported. A new solfatara formed kaiftKleifarvatn Lake. In Reykjavik, the earthquakas de-
scribed as rather strong and people were wokernnupafnarfjordur, south of Reykjavik, people westartle
and evacuated their houses. The macroseismic eeeas close to Krysuvik.

1924 Dec 12 02:20 63.80 -22.80 5.24

An earthquake was felt on Reykjanes Peningmid in Reykjavik, followed by smaller earthquakiés effect:
are described as slight in Reykjavik. Some damaagergorted at the Reykjanes lighthouse. The macrose
epicentre was probably located southwest of Reggdnot far from the lighthouse).

1929 Jan 6 00:02 63.70 -23.00 5.41
An earthquake was widely felt on the Reykjanes iia and was perceptible in Reykjavik (MMI V) madi
mentioned in local newspapers. A series of eartkegipreceded and followed it.

1929 Jul 23 18:43 63.90 -21.70 6.31

An earthquake was felt throughout large areas offsavest and north Iceland. The effects in Reykjave de-
scribed as strong or very strong. Buildings in Raylkk made of stone (dolerite) sustained some damagee
cracks developed in walls and slabs of concretiglingis. A few chimneys fell down. Windows broke im
places, and a lot of glassware was destroyed. Eeaploutoors. The pier in the harbour was damaged. A
was observed in Thingvallavatn Lakaoving northeast with great speed. The macroseigmicentre of thi
earthquake was in Brennisteinsfjoll Mountains. Baethquake was followed by several aftershocks|atgest
of which was a magnitude 5.35.

1933 Jun 10 12:07 63.90 -22.20 5.69

A series of earthquakes was felt in Southwest cbldhe biggest earthquake was felt as far northpasoxi-
mately 250 km away and as far east as around 88vkay. The greatest impact was on a farm near Kigsuv
The maximum effects experienced in Reykjavik welIM.

1968 Dec 5 09:44 63.90 -21.81 5.97

An earthquake with its epicentre on Reykjanes Peiénwas felt fromthroughout west and south Iceland, a:
east as approximately 200 km away. The earthquekaal cause any significant damage in Reykjavilkiaf-
narfjordur, just south of Reykjavik. A blackout aoed in Hafnarfjordur, lasting a few minutes aftee earth-
quake.
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3. METHODOLOGY

The methodology applied follows the main streanséismic hazard analysis (McGuire, 200&he hazar
curves are derived by generating a synthetic eaatke| catalogue, thereby calculating the stromgion effect
induced by each event applying appropriate ground motion estimation model and theler statistics. Th
procedure can be repeated many times to enhancemfgutational stability of the results.

The generation of the synthetic earthquake catalagpends on reliable earthquake catalogue dathe lour-
rent case the available data is primarily the cgiaé compiled by Ambraseys and Sigbjérnsson (2000¢riry

the period after 1896. For this period we haverimsental data which gives a catalogue for the staurda witha
reasonable degree of completeness. However, timd@srtoo short to give a catalogue with the dabsireliabil-
ity. The main parameters characterising the seigmid the study site are taken to be the followiisge Am-
braseys and Sigbjérnsson, 2000): the Gutenbergi®iplarameters ace= 10.31 (referred to 100 years) ghd
1.57. Furthermore, the maximum magnitude is assutoduk 6.5 and the mimum magnitude applied is

These parameters are, without doubt, disputableifgubelieved to give a reasonable basis for thertucom-
parative study emphasising various ground motidimesion models.

The reliability of the ground motion estimation atjon is based on quality of the available strongiom data

It must be stressed that the strong-motion datarded in Iceland is limitedThe first major event recorded
the Icelandic Strong-motion Network was a magnitédearthquake in 1987 with its epicentre south ¢f M
Hekla. By far the most important seismic event®réed in Iceland to date are the South Icelanchgaake se-
guences in June 2000 (Sigbjérnsson et al., 2003 May 2008 (Sigbjornsson et al., 2008). The stromgior
data is available online at the Internet Site fardpean Strong-motion Data (ISESD) www.isesd.{iAm-
braseys et al., 2004). Altogether the databaseazmnonly four events with magnitude equal to or greater t

6, all with epicentres in the South Iceland Lowlafeth the Reykjanes Peninsula there are only sreetirde:
earthquakes west of the Hengill area. We have fimeresssumed that the ground troa models applicable
the South Iceland Lowland can also be applied tthgaakes originating on the Reykjanes Peninsula.
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Figure 2 Ground motion estimation eqgoatand accelerometric data (black dots) recordgedhle Icelandi
Strong-motion Network in the 29 May 2008,M.3 earthquake (Sigbjornsson et 2DP8). The green curve i
theoretical model suggested by Sigbjornsson ands€da (2004), the black dashed curves indicaté mea
square error of the data, the black lines inditgtecal slopes of the attenuation curves (r beimiséance meas-

ure), and the red curve is the new generation @t@m model by Campbell and Bozorgnia (2007).
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Figure 2 indicates the trend that appears to bsistmt for Icelandic strong-motion datdere we see that t
recorded peak ground acceleration is very higthénearfault zone but appears to attenuate more rapicly
models commonly applied in earthquake iaegring hazard studies (Douglas, 2003). In therGghese mode
are represented by the ‘new generation attenuagmumtion by Campbell and Bozorgnia (2007). Thedeny i
to underestimate the acceleration for short digtarand overestimate it féong source distances. The mc
developed especially for shallow, strike-slip equthkes in Iceland (Sigbjornsson and Olafss6042 seems,
the other hand, to fit the data fairly well. To ¢athe limited Icelandic strong-motion data into@att we hawvt
therefore included in this study the models devedbpy Ambraseys et al. (2005), which are derivaedgus
dataset containing the Icelandic data.

4. RESULTS

The obtained hazard curves are exemplified in Eigyrshowing peak ground aceedtion values and respol
spectrum values, respectively. We observe thatribdel of Ambraseys et al. (2008)lue curves) on one si
and Campbell and Bozorgnia (2007) (red curves)hendtherappear to give fairly consistent results for
ground acceleration (PGA) (see Figure 3a). The mog&igbjornsson and Olafsson (20@dyes significantl
smaller PGA values, except for the longest meaimrmgteriod considered. Fomaean return period equal to ¢
years (typical for Eurocode 8) this value is onl§ &f the value obtained by the Campbell angdd@gnia model

The response spectrum values are exemplified iar€igb for a system with a 5 Hz natural period a%dcriti-
cal damping ratio. This natural period is takerb#&orepresentative for Icelandic low-rise buildiragsl the se-
lected damping ration is in accordance with theneice value in Eurocode 8. In this case a sigmifidliffer-
ence is emerging between the hazard curves obthyndte Ambraseys et al. (2005) model (bluevesj on on
side and the Campbell and Bozorgnia (2007) moael ¢urves) on the other. Also, this case the Sigbjornss
and Olafsson (2004) model gives the lowest valwhich are only roughly half of those obtained bg amp-
bell and Bozorgnia model. This difference callsdanore thorough study.
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Figure 3 Hazard curves. (a) Peak ground accelerafi) Spectral acceleration for a system with ldz nature
period and 5% critical damping ratio. The followioglour legend is used: red — Campbell and Bozar{007
model; blue — Ambraseys et al. (2005) model; amgr Sigbjérnsson and Olafsson (2004) model fallsh
strike-slip earthquakes in Iceland.
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A comparison of the obtained uniform hazard speatrd the Eurocode 8 model spectraigen in Figure ¢
Here it is seen that the uniform hazard spectrutaineéd using the Campbell and Bozorgnia (2007) rhfzdis
between the Eurocode type 1 and 2 model specteAntbraseys et al. (2005) model on the other harekg
uniform hazard spectrum that is close to the Eutedype 2 model. Taking into consideration the tiilce-
landic strong-mtion data it seems that the Eurocode type 2 modghtnbbe applicable for our study site, wr
seems reasonable, taking into consideration tlesatha can be characterised as a low to modeiatgic@rea.

NORMALISED SPECTRAL ACCELERATION

0 0‘.5 ‘; 1‘.5 é
UNDAMPED NATURAL PERIOD (s)

Figure 4 Comparison of normalised uniform hazarectpl acceleration to the Eurocode 8 spectralesuithe
following colour legend is used: red — Campbell &uatorgnia (2007) model; blue — Ambraseys ei{2005
model; yellow — Eurocode 8 type 1 spectrum; an@greEurocode 8 type 2.

5. CONCLUSION

The Ambraseys et al. (2005) and the Campbell-Badar¢2007)ground motion estimation models appes
give, broadly speaking, similar results for the kpegound acceleration hazard, even though the Camp-
bell-Bozorgnia model tends to give slightly higreaceleration, especially for the spectral accatamailhe
ground motion models derived from Icelandic dateegbn the other hand, significantly lower peakugb ac-
celeration values, which apparently also appliestier similar models derived using comparableriregorally
based data sets.

The behaviour of Icelandic earthquakes differs frivat predicted by models describing shallow steke
earthquakes in that the recorded peak ground aatiele is very high in the near-fault zone but appeo at-
tenuate more rapidly than models commonly applredarthquake engineering hazard studies. In thesiée:s
there seems to be a tendency to underestimatetieéeeation for short distances and to egéimate it for lon
distances.

If the attenuation reflected in the Icelandic stranotion data describes the realitlye economic consequen
might be significant taking this into consideratiostead of using mainstream ground motion estonatiodels,
although the damage in epicentral areas coulddsettein expected using mainstream modiels.areas that &
more than 15-20 km outside the epicentral areaadarate sized earthquakes peak ground acceleiatsmr
to attenuate to less than 20% g according toSigejornsson and Olafsson (2004) model, whichtfits dat:
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fairly well. Finally, the comparison indicates thhe Eurocode 8 model spectrum of types 2nore appropria
for the study site than type 1 spectrum.
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