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SUMMARY:
The main focus of this investigation is the grommation in the near-field and the application of GEIthat uses

a geometric spreading function that assumes areased rate of decay close to the source. The GMPE i
theoretical and is based on Brune’s source modestdf the parameters are obtained by fitting tioel@hto the
Fourier spectra of the ground motion records. Risfmom three earthquakes in South IcelaMl, & 6.5, 6.4,
6.3), are applied to obtain an estimate of the durdiimetion that is used in the model, the rate cdératation
close to source, governed by the expomergnd a parameter that defines how far from thecsothis zone of
faster decay extends. The estimated value foré¢he-field decay exponent is found to be close ¢cthieoretical
value ofn = 2 and the study confirms the neccessity of actiog for this faster rate of decay in the GMPE.
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1. INTRODUCTION

The first instruments of the Icelandic Strong Matidetwork were installed in South Iceland in 1985.
Soon after the first strong motion data was obthifilem the network and attenuation curves were
plotted it became apparent that rate of attenuatesmmed to be different from what was predicted by
main-stream attenuation relations from other argash as the western part of North America
(Sigbjornsson, 1990). Attenuation curves basedhan Itelandic data under-predicted the ground
motion at short distances and over-predicted tbargt motion further away as compared to the main-
stream attenuation formulas. In order to obtaiettel fit to the Icelandic data a theoretical aitgon
relationship was derived based on a source modafs(s'bn and Sigbjornsson, 1999; Olafsson, 1999;
Sigbjornsson and Olafsson, 2004). To account ferfalet that the rate of attenuation is faster @ th
near-field than further away a geometric spreadimgtion was included in the model with a rate of
attenuation in the near-field of “Rvs. R' further away. This resulted in piecewise continuous
attenuation curves that gave a better fit thanatenuation models that were most common in the
literature. This better fit is especially importantthe near-field region where the damage poteatia
the earthquake is greatest.

It is interesting to note that the theoretical mMasas developed based very limited data from shallo
strike slip earthquakes in South Iceland, where léngest earthquake wasM,6 earthquake in
Vatnafjoll in 1987. In spite of this the model prded a good fit to the attenuation of PGA from
records of horizontal acceleration in ty,6.5 earthquakes in South Iceland earthquake in 200@.

In this study the proposed theoretical model isliegpby means of nonlinear optimization, to the
PGA values obtained in earthquakes of similar ntagei from South Iceland with magnitudds, =

6.5, 6.4 and 6.3. The main objective is to deteentive parameters that are difficult to obtain Iy

the source model to the spectra of the ground magoords. The three parameters that we intend to
determine are the rate of decay in the near figldlje depth parametdn)(and the parameter defining
the range of the near-field regioD.§. Furthermore the duratio{), which represents a neccessary



parameter in the theoretical attenuation model, gl studied. The near-field Brune model will also
be studied and examined if it can be used for caimétg the model in the near-field. But first the
applied theoretical model (GMPE) is presented hienhore, it is outline how the same model can be
applied to simulate ground motion with the stocleespproach.

2. STRONG MOTION DATA

The largest earthquakes in Iceland occur in twasfiadm zones one off the shore of North Iceland and
the second one in the populated area of the lowilai®buth Iceland and is named the South Iceland
Seismic Zone (SISZ). The largest earthquakes ahrep to around magnitude 7 and have strike-slip
mechanism. Closer to Reykjavik there is a volcapite (Western Volcanic Zone) and the Reykjanes
Peninsula (RP) where the earthquakes can exceeditogy 6. The earthquakes there may have a
more complex mechanism. These seismic zones alenwiD0 km distance from Reykjavik and
surrounding urban areas and have been extensiwelied. The SISZ is a rather well defined, 70 km
long and 20 km wide, and reflects the basic kin@rfaatures referred to as bookshelf tectonics with
shallow right lateral strike-slip earthquakes oameertical faults (Einarsson, 1991).

Detailed mapping of the most noteworthy faults e tSISZ exists. Several studies have been
performed in the past decades profiling the crustiralcture. Historical records in Iceland regarding
earthquakes and damage, dating back several agtunave been preserved. A database of
instrumental teleseismic data for the period 18986lhas been compiled (expanded to 2012).

The Icelandic Strong-Motion Network (ISMN) is rug the Earthquake Engineering Research Centre
of the University of Iceland. Figure 1 shows thedtion of the strong-motion stations of the network
Strong-motion records obtained in earthquakes @tate by the ISMN have been included in the
Internet Site for European Strong-Motion (Ambrasetlyal., 2004) and can be freely downloaded.
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Figure 1. The Icelandic Strong-motion Network. Markers indécdree field stations (red
circles); bridges (yellow inverted triangles); ldiigs (grey squares); earth-fill dams (blue
triangles); and power plants (aqua triangles pointight). Topographical shading shows
height above sea level: green for coastal area®Gt m; yellow 200-600 m; and orange
over 600 m. The white areas inland are glaciers.



3. THEORETICAL GROUND MOTION PREDICTION EQUATION (G MPE)

The theoretical GMPE model is based on Brune’sié&d-source model (Brune, 1970) and is derived
by using Parsevals theorem, which equates rmsexatiein with an integral of the acceleration

Fourier spectra squared. Similarly Brunes's moddhe near-field is used for determining a closed
form equation for the rms-acceleration in the fedd. The attenuation model or GMPE is derived

based on the far-field model and the near-field ehathn be used to constrain the theoretical
attenuation model close to the source, especialiytfose magnitudes where near-filed data is not
available.

3.1. Far-field model

The Fourier amplitude spectrum in the far-fieldjigen as follows, where Brune’s model is extended
with an exponential term to account for the spéckeaay at higher frequencies:
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whereMis the seismic momenRy, is the radiation patteri@, is a reduction factor accounting for the
partitioning of the energy into two horizontal caomgnts;R is the distance to the fauf;is the shear-
wave velocity; ux. (= 2rfy) is the corner frequency, anplis the material density of the crust.
Furthermore, it is assumed, as an engineering appation, that the spectral decay parameter,
RIQB (Q is a path-averaged quality factor), increases stwly with distance and is near constant
within a certain radius of the earthquake sourdee §ieometrical spreading functi@(R) is here

assumed to represer2 @, R9¢M0/4n[33p R). The distance to the fauRR, can, for example, be taken

to represent the hypocentral distance or the daBstance to the fault. More detailed models would
take into account a faster rate of attenuationectoghe fault than R
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here Ty represents the strong-motion duratidfy, represents the seismic momefitis shear wave
velocity, Re, is the radiation patterig, is a partitioning factor (2% p is the density of the crudip is
the seismic stress drop aldrepresents a dispersion function of the varidbke kw.,, and can be
evaluated by a closed form expression. The peakngracceleration can be evaluate@as.= pams
by using a peak factgy obtained by applying the theory of locally station Gaussian processes
(Vanmarke and Lai, 1980). The dispersion functiboan be represented in closed form as:

w=1—%x ci(A) (A cog(A) + 3sir()\))—é)\ A) (A sifr) - 3cdd)) (3.3)

Here, ci(*) and si(*) represent cosine and sinegiratls withA = kw, wherew is the corner frequency
of the Brune spectrum.
3.2. Near-field model

The model described in the previous section isvaditl in the near-field and can, therefore, not be
expected to describe the peak ground acceleraticurately close to the fault. To be able to obtain



approximation valid for shear waves in the neaitfatea, it is suggested that the Brune near-field
model, Eqn. 3.4, is used. Hence, the near-fiel@lacation spectrum can be approximated as follows,
accounting for the free surface and partitioninghef energy into two horizontal components:

—Z Co M, w —1
IA(w)I—8 0BT JF i expl-1K,w) (3.4)

Here, K, is the spectral decay of the near-field specth @nis the rise time. Otherwise the same
notation is used as above. An approximation forrthe and PGA is now obtained by applying the
Parseval theorem and, then, carrying out the iategr. The result is:
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Here, the duration is denoted By i.e. the source duration, akj is a dispersion function given as:

W, =1-A(ci(A)sin(A) - si{A) cogA)) (36)
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whereA =K,/ Tr It is seen that the PGA predicted by this equaisoimdependent of the epicentral
distance and hence should give an estimate ongperdoound of PGA. The rms-acceleration for the
near-field can be written in terms of the seisniiess drop and is found to be directly proporticoal
the stress drop. That is:
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This indicates that assuming constant stress thground acceleration in terms of the rms valure ca
decrease with increasing earthquake magnitude jBigtson and Olafsson, 2004).

(3.7)

3.3. Geometrical spreading function

The following expression is suggested for the gedos spreading function (Olafsson, 1999):

- pn D,<D<D
R:{DZ D 1 2 (3.8)

D D,<D<D,

where 1< n< 2 andRis a distance defined as:

D =+d?+h? (3.9)

Here,d is the epicentral distance ahds a depth parameter. The paramel®rd, andD; are used to
set the limits for the different zones of the spieg function. The first zone can be thought ofaas
crude approximation for the intermediate field. Egnthe quantityp; can be approximated by D,
quantifies the size of the zone representing tterimediate field, which is related to the magnitofie
the earthquake (as represented by the seismic ntprawedh the thickness of the seismogenic zone;
while D3 can be thought of as the distance where cylinbweaes begin to dominate the wave field.



3.4. Duration function

A necessary component of the presented modelsagial, Tq. For the near-field model the duration
is the time it takes for the fault to break, thathie source duration termé&g Further away from the
fault there is an increase in the duration withadise due to the dispersion of the seismic waves. T
following simplified relationship describes thiscrease in the duration with respect to epicentral
distanced:

Ty =Clé+czd°3 +0; (3.10)

Herer andcy, c,, C; are regression coefficientsy is the standard deviation,is the radius of the
dislocation an@ the shear wave velocity.

The first term in the relation represents the sewlaration and the second term represents the
increasing duration with distance from source. @hetion of the earthquake is very important when
estimating structural damage and is a key pararf@temmulation of earthquake time series.

3.5. Simulation of ground motion

The stochastic method is based on thequare model for the description of the spectriimesmic
source and assumes constant stress-drop followmgvork of Brune (1970) and Aki (1980) among
others. Hanks and McGuire (1981) and Boore (1988)ahstrated that representing ground motion as
a Gaussian process with power spectral densitydbas Brune's source model, produced results in
good agreement with recorded ground motions. Thithod is especially well suited for higher
frequencies where a stochastic description of tharce is called for. Their models are of the
following type:

A(w) = G(R) (B(w) [E (w) [5(w) [D (w) (3.11)

whereG(R) is the geometrical spreading function, wRlbeing the measure of distance from source to
site; A(w) is the Fourier amplitude spectrum of ground mutio represents frequencB(w) is thew-
squared source moddE(w) is the spectral decay function, aBflv) represents site amplification;
D(w) is a differentiation operatoD(w) = w’ if A(w) represents acceleration). This model can be used
for simulation by interpreting Egn. 3.2 as a filtersequence of filters. The simulated strong-nmotio
can be obtained by using band-limited Gaussianenassan input to the filter resulting in stationary
time series. Therefore, usually an envelope funcigalso applied to the simulated time series to
account for the change in variance with time.

The simulation with the stochastic method using .E8i0 is also possible using a discrete time
version of the filter. An account of using discréitee models or recursive filters for the simulatio
process is presented in Olafsson and Sigbjorns2@hlj. In Table 3.1 the discrete source model is
shown. Simulated ground motion records are obtalyeapplying white noise as an input to the filter
equations in Table 3.1.

The parameters that are not defined in Table Zloar Ts/T, hereT. = 1f, wheref. is the corner
frequency and. = 2.38/21r, hereT, = 1f; wherefs is the sampling frequencys & 200 Hz for the
accelerographs). For the soil amplification filteenr. is the reflection coefficient amdis the travel
time in the single soil layer that the model reprg¢s. For more information on the site amplificatio
filter see Safak (1995). In the present study #ssumed that there is no site amplification ast s
the sites in South Iceland are classified as rockiff ground.



Table 3.1Time and frequency domain equations for filtersespnting discrete ground motion madel

Sub-filter Time domain Frequency domain
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4. ESTIMATION OF PARAMETERS

The strong-motion records from the three earthgsidkeSouth Iceland on 17 June 2000,(= 6.5),

21 June 2000M,, = 6.4) and on 29 May 2008/(, = 6.3) are used to obtain the parameters for the
attenuation model. The source parameteemdr, for these earthquakes have been obtained bejore b
applying the source model to the spectra of theigplanotion records (see for example Olafsson et
al., 1998 and Sigbjérnsson and Olafsson, 2004)eiOgarameters that characterize the area (for
example andp) have been obtained from studies by several relseapup on the tectonic structure
of Iceland. The parameters for the GMPE of Eqnl3a2 will be estimated here aneD, andh.

These parameters will be obtained by applying meali optimization to fit Eqn. 3.2 to the PGA
values of horizontal ground acceleration recordedhie three earthquakes. Another parameter that
needs to be determined is the durafigiand this will be done by applying the functionairh of Eqn.
3.10 to the duration obtained from the ground niotEcords.

4.1. Estimation of duration

Duration is an important characteristic of stronggiom for analysis of structures and it is alsadted

in the GMPE in Eqgn. 3.2. There have been severtiaods proposed for determining duration (see for
example Trifunac, 1975 and Olafsson, 1999). In shigly duration is defined in terms of a fractidn o
the total cumulative energy. Trifunac and Brady7@Pfor example suggested using 70% or 90%
duration. For this study we computed duration fbrtlae horizontal components from the three
earthquakes that were based on different fractibrise total cumulative energy i.e. 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85% and 90%. For all the domaintervals the starting point was selected
based on 5% of the total cumulative energy of gdword. For example the 70% duration was selected
by discarding the points of the records contairtmginitial 5% and last 25% of the total cumulative
energy and the 90% duration by cutting the recoidgcontining the initial 5% and the last 5% af th
total cumulative energy of the record. The durafiomction represented by Eqgn. 3.10 was then fitted
to the duration computed for all the records, basedhe different fractions of the total cumulative
energy. An example of fitting Egn. 3.10 to the 9Q@fgration computed for all the horizontal
component from the records is displayed in Fig. Z&ge parameters of Eqn. 3.10 were estimated by
applying non-linear optimization and are;, (;, Cs, 07) = (1.8519, 0.0080, 1.7840, 5.4832). In the Fig.



2a) the blue dots represent the 90% duration @ingtmotion and solid curve is the mean value
represented by Eqgn. 3.10 and the dotted red cuareeshe mean value +/one standard deviation
(+/-10). In Fig. 2b) the mean value of the duration fisctof Eqn. 3.10 is plotted with parameters
estimated based on the different fractions of catneé energy (50% to 90%).
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Figure 2. a) Duration based on 90% cumulative energy witedi Eqn. 3.10 (solid blue curve).
The dotted red curve represent mean valueorfe standard deviation (4o). b) The curves
represent the duration function of Eqn. 3.10 fdfedént fractions of total cumulative energy
(50%, 55%, 60%, 65%, 70%, 75%, 80%, 85% and 90%).

4.2. Estimation of parameters for the GMPE model

The parameters were estimated for GMPE that isesgmted by Eqn. 3.2 by fitting the equation to
PGA values for the horizontal components of groumotion recorded in the three earthquakes,
applying non-linear optimization. The parametera hre assumed know are the following, with the
values used in the studf=35km/s, p=2.8 g/crr?, Ao =100bar,k =0.04s,r = 6.5 km, My =
6.3x13° dyn cm,C, = (2)"% Ry, = 0.63,p = 2.94 andTy is duration function in Egn. 3.10 with
parameters estimated based on different fractibriseototal cumulative energy. The parameters that
we wanted to estimate are the followidg:D, andn. Whereh is the depth parameter abd is the
parameter that defines the break in the geometit@huation function, assumed to be related to the
radius of the dislocation i.&, = Gr (whereG is the quantity to be estimated). The parameisrthe
exponent in the geometrical spreading function (E8®) and defines the rate of geometrical
attenuation close to the faulih the estimation process the three paraméteBandn were estimated
using the duration functions (in terms of differdraction of cumulative energy) estimated in the
previous section (see Fig. 2b)). The results agegnted in Table 4.1.

Table 4.1 Estimated values of the parametbrss, andn applying the duration function of Eqn. 3.20 (with
parameters;, C,, Cs, 07) in terms of different fractions of the total culative energy. Also shown is the PGA at
epicentral distance of 1 km (P@A

Cumulative energy G o] G or h (km) G n o PGAq (9)
50% 0.3915 0.1325 0.9977 1.9472 155034 5.6848 76.99.2872 0.8049
55% 0.4721 0.1130 1.0442 19309 15.16295282 1.9967 0.2868 0.7772
60% 0.5394 0.0926 1.1084 1.9424 15.0573 5.4360 49.99.2863 0.7554
65% 0.6383 0.0767 1.1651 2.0717 14.7577 5.3421 36.99.2858 0.7333
70% 0.8402 0.0446 1.3072 2.397414.0419 5.0856 1.99240.2851 0.6976
75% 0.7524 0.0642 1.2395 2.7453 14.6322775 1.9909 0.2848 0.7164
80% 1.1013 0.0371 1.3760 3.1754 13.55520906 1.9897 0.2842 0.6849
85% 1.3357 0.0255 1.4812 3.8608 168034.8847 1.9855 0.2847 0.6762

90% 1.8519 0.0080 1.7840 5.4832 123204.8697 1.98530.2833 0.6671




Estimated parametets G andn for the duration modelq, ¢,, c; andor also shown in Table 4.1)
based on different fractions of cumulative enengyshown in Table 4.1. Estimated parameters for the
GMPE with duration the function based on diffenfimiéons are also shown graphically in Fig. 3.

10

‘
10 10" 10

DISTANCE (km)

Figure 3. PGA for the horizontal components recorded inttiree earthquaked(, = 6.5, 6.4,
6.3) with the GMPE represented by Eqn. 3.2 (sdlidtkbline representing the mean value) shown
here with the duration represented by Eqn. 3.10sawaral values of cumulative energy (in the
range 50% to 90%). The dotted curves represeningen value of the GMPE —+bne standard
deviation.

It can be observed from Fig.3 that the variabilityhe results given by the GMPE is greatest attsho
and large distances from the fault. From Tableitdcan be seen that the PGA value (R§5i8 0.8049

for the 50% duration and is 0.6671 for the 90% tloma The variance of the estimate, also
becomes smaller for the higher percentage duratiotiels. An estimate of PGA using the near-field
model (Eqgn. 3.7) with an estimate of source duna#isT, = 1.5/p = 2.78 s and a rise time; = 0.1

T,, @ PGA value of 0.66 g is obtained. An estimat&,afsing the 90% duration model giveés= 3.4 s
and a PGA value of 0.61g using the near-field m¢Bgh. 3.7). The GMPE represented by Eqn. 3.2
and using the 90% duration is shown in Figs. 4)ilog-log and b) linear scales plotted with the PGA
obtained from the horizontal ground motion recdrdm the three earthquakes used in the study.
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Figure 4. The GMPE represented by Eqn. 3.2, in log-log @) larear scales b) using the 90% duration is shown
here plotted with the PGA (filled red circles) abtad from the horizontal ground motion records fritra three

earthquakes used in the study.



It is interesting to note that estimated valuehef parameten obtained by non-linear optimization and
is shown in Table 4.2, is very close to the thécaévalue of 2 (see for example Aki, 1980) forthk
applied duration models. This result shows cledhly importance of the geometrical spreading
function in the GMPE representing a higher rateatiénuation in the near-field. A GMPE that
assumes the same rate of attenuation close tatiieals further away will underestimate the ground
motion in the near-field.

The parametebd, was also estimated and it is assumed here tha e linear relationship with the
radius of dislocation, that B, = Gr. The estimates fo& using the different duration models and it
can be seen from Table 4.2 ti@at= 5 is a good approximation of the results. Far 9% duration
model (bottom line in Table 4.1) the estimated gdior D, is 31.2 km which is close to value of 30
km used in Sigbjornsson and Olafsson (2004).

Finally the depth parametédr, was estimated and as can be seen from Table Fatiges from 15.5
km to 12.2 km. This is a larger value than usegrior modeling using Eqgn. 3.2 (Sigbjérnsson and
Olafsson, 2004) where it was assumed th&presented the depth to the centroid of the chsion.

5. CONCLUSIONS

The model parameterk, (D, andn) for a theoretical GMPE that has been develope@&othquakes

in Iceland have been reevaluated based on grounidmmecords from three earthquakes in South
Iceland with magnitudes M[6.5, 6.4, 6.8 The strong motion duration has been calculatenh fihe
records based on a definition of a fraction of lt@i@amulative energy contained in the records. A
functional form for duration, represented by Eqri03 has been fit to the duration for different
fraction of total cumulative energy in the strong@timn records (ranging from 50% to 90%). The
parametersd, C,, Cs, 07) for these different versions of the duration fiimt are shown in Table 4.1.
The GMPE model parameters have been estimated tlnduration function defined in terms of
different fractions of cumulative energy and argptiiyed in Table 4.1.

The parameten defines the rate of attenuation for the geomdtrspaeading function which is
included in the theoretical GMPE, that has beereldped for Iceland, and is based on Brune’s source
model. This parameter has been estimated to beclesg to the theoretical rate of attenuatios, 2,

for ground motion in the near-field (see Table 4The parameteD, in the geometrical spreading
function defines the distance from the fault whigwe attenuation changes from being proportional to
R? to R®. The parameter was estimated as being clod®,te 30 km and assuming th& is
proportional to the radius of dislocatidd; = Gr, the resuls of the estimation shows that= & is a
reasonable approximation. The depth paramétenas also estimated and the estimates range from
15.5 km to 12.2 km. This is a bit surprising refdtause intuitively one would expect a value close
to the hypocentral depth. The three earthquaked wséhis study were, however, so large that the
fault reached all the way to the surface and dowrihe lower boundary of the upper crust or
seismogenic layer.

As can be observed in Table 4.1 the standard dewjat, is lowest for the estimation using the 90%
duration. This result and the result from the rfedd model seem to favour the use of the 90%
duration model for the GMPE. Hopefully the resuitained in this study can be useful for adjusting
the GMPE to earthquakes in Iceland in other magdeittanges for which limited strong motion data
exists.
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