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Site-dependent response spectral attenuation
modelling: a case study of long distance
earthquakes affecting Singapore

Hing-Ho Tsang, Nelson T. K. Lam, S. H. Lo

Abstract—A site-dependent response spectral attenuation Infydé the method of modelling. Thus, attenuation factors can be
is an important element in a site-dependent seikasard assessmer@tlassified into (i) regional factors, (ii) local factors, and (iii) site
Seismic attenuation behaviour is controlled byrgdanumber of wavdactors.
modification mechanisms, some of which have charestics specific Despite distinctions between the three tiers of mechanism,
to a local area or a particular site, whilst otheas be generalised i9,qir effects have seldom been resolved in existing attenuation
the entire seismic region. Factors representingettmeechanisms are . . L o
often not resolved. An attenuation modelling apptoais models. In regions of high seismicity such as (?ahformg Where
demonstrated in this paper, to evaluate individaglonal and locaPtrong motion records are abundant, attenuation relationships
wave modification factors. The upper-crust ampdifion factorare developed typically by regression of recorded ground
computed from the modelled rock shear wave velquityile was thenshaking parameters of the whole region. Consequently, local
combined with predicted attenuation parameters dterchine theconditions within the region have not been parameterised.
upper-crust modification filter function associatedh Singaporean In the absence of recorded strong motion data in regions of

geological formations. Stochastic simulations o tteismologica\ ¢ derat ismicity. att i delli be based
model for the magnitude 9.3 Aceh earthquake (India)®n the 28 Owto moderate seismicity, altenuation modelling may be base

of December in 2004, were performed and comparétive respons@N ground motions simulated stochastically in accordance with
spectra recorded on a rock site in Singapore. the seismological model, which characterises earthquake

properties by their frequency content. An important advantage
Keywords—Aceh, attenuation, distant earthquake, Indondsiathat each event can be assigned a set of filter functions.

response, seismological model, Singapore Importantly, the various regional and local mechanisms
identified above are represented by separate source and path
|. INTRODUCTION factors within such a model. For instance, the anelastic whole

site-dependent ground motion or response speghdl attenuation can be characterised by an event-dependent
A attenuation model forms one of the key components quality (Q) factor of the rock crust, along the travel path of the
site-dependent seismic hazard assessment, aidi®nic waves.
deterministic or probabilistic. Attenuation relatg&hips provide
predictions for the intensity of ground shaking oty given Il. OVERVIEW OF SEISMOLOGICAL MODEL

earthquake scenario, expressed principally in teohsa |, the seismological model, the Fourier amplitude spectrum
combination of earthquake magnitud®)(and source-sitgs gisplacement ( f) of seismic waves reaching the exposed

distance ). surfaces of bedrock may be expressed as the product of a
The attenuation behaviour of earthquake groundisbak ,mber of factors:

highly complex, but can be approximated by a sefiéfiters”,

each of which represents a seismic wave generaory (f)=CM,S(f)GAn(f)V(f)P(f) (1)

modification) mechanism along its entire transnoisspath

between the source (at depth) and the site ofestefon theyhereC is a scaling factomM, the seismic momens( f ) the

surface). The properties of these filters can beegaised 10 gegional source spectruiG, the regional geometric attenuation

region, an area or a site depending on the coresideechanismacior, An( ) the regional anelastic whole path attenuation
" ) ed FelB. 2007: Revised Aotil 9. 2007 filter, V() the local upper crust amplification filtexndP( f )

anuscript receive ens, , Revise pril 9, . -
This work was supported by the the local upper crust attenuation filter.

Small Project Funding from the University Research Committee (URC) of The . i
University of Hong Kong (Project No. 200707176078), whose support is A. Regional Source Factor () and Mid-crust Factor yme

gratefully acknowledged. Regional, and generic, source factors have been used to

H. H. Tsang is with the Department of Civil Engineering, The University oéenera”se the average behaviour of seismic waves generated at

Hong Kong, Pokfulam Road, Hong Kong (e-mail: tsanghh@hku.hk). .
N. T. K. Lam is with the Department of Civil and Environmentalth€ source of the earthquake to the whole region. For example,

Engineering, The University of Melbourne, Victoria 3010, Australia. the generic source factor of intra-plate earthquakes as

S. H. Lo is with the Department of Civil Engineering, The University Ofdeveloped by Atkinson [1] has been used to represent
Hong Kong, Pokfulam Road, Hong Kong.



INTERNATIONAL JOURNAL of GEOLOGY Issue 1, Vol. 1, 2007

conditions in the whole of Central and Eastern Ndxinerica

(CENA). The generic source fact& f ) (for displacement _30 (foR< 1.5D) (10)
amplitude) defining the Fourier spectrum of thesset shear G(R D) R
waves generated at the source of the earthquakeesis in (2) to 30 (for 1.D <R<2.5D) (11)
(8): G(RD)=——
15D
S(f)=CMo[(L—€) Ss + £S5 (2 G(RD)= 30 [25D (forR>2.5D) (12)
15D R
where
Sa=1/[1+(f/fa)] (3) whereR is the source-site distance of the earthquakelaisl
S=1/[1+@F/f:)] (4) the crustal thickness.
C=RFV/4mpg : (5) C. Regional Whole Path Anelastic Attenuation Factor An( f)

Mo is the seismic momenR, the wave radiation factoF, the

free surfa;]e ?mplifit%ation fla((j:.tof\/t.the iictor dpartit\i/olging modelling of ground shaking from distant earthqusak®].
energy in the two orthogonal directions (the prad@&V has L arge-magnitude earthquakes generated at souscéistance

been taken as 0.78 [2]), the density of the rock at the depth of(R) exceeding 100 km are typified by low-frequency
rupture ands the shea_r wave velocityp(W) of the rock at the (long-period) seismic waves, since the high-freqyen
depth of rupture. The intra-plate source model baesed on the components have greatly diminished in amplituda essult of
generichard rock conditions of CENA withp= 2.8 t/nf and/3= energy absorption along the source-site wave trpati. The

Whole path attenuation is particularly important time

3.8 km/s at a depth of approximately 12 km. attenuation mechanism may be characterized byathe of the

The rna_gmtude-dependent corner frequentie§ and the  gaismological quality facto® (equivalent taQ,, namelyQ at
proportioning factoe are listed as follows: frequency of 1 Hz) as obtained from seismologicahitoring

in the region. The value @ may be substituted into (13) to

log fa = 2.41 - 0.53M (6)  develop the filter functionn( ) representing the effects of
logfs = 1.43 - 0.18%4 (7)  whole path attenuation of seismic waves propagatitign the
loge=2.52-0.63M (8) earth’s crust:
whereM is the moment magnitude which has also been dénote _ mfR

The amplitude o5-waves generated from the source of the
earthquake is inversely proportional to ti®%W of the
surrounding crust raised to a power of 3, accordmng5).
Adjustments to allow for other parameter values lsarmade
through the mid-crust modification factor, defiresl

3 Q(f)=Q,f” (14)
e

Vss P Substitution of (14) into (13) yields the estimatetible path
attenuation factor.
whereVgg andgs is the crustaB/W and density respectively at  An empirical correlation betwee, and V. has been
8 km depth. developed [4], employing information obtained fragiobal
sources in conjunction with that from local studies

wheref is the wave frequencR is the length of the wave travel
path andvs is theSWV.
TheQ( f) function is then defined by:

B. Regional Geometrical Attenuation Factor G

The Geometrical@) factor represents the attenuation of the 45
amplitude of the radiated seismic waves resultingely from Q, =100+ 25V, [Vic = 1.6 kmis] (15)
the geometrical spread of energy (as opposed sipdison of
energy). TheG factor in the near-field conforms to spherical Further, an empirical correlation betwegandQ, based on
attenuation and is independent of regional conustifrefer global database has been developed [5]:

(10)]. The G factor becomes regionally dependent in the

far-field where the attenuation pattern is influedisignificantly  , = 0,0000008),” - 0.00149, + 093 (16)
by seismic waves reflected from the Moho discoritynuvhich

defines the interface between the earth’'s crust #rmel

underlying lithosphere. The significance of the Makflection D. Local Upper Crustal Amplification Factor V( f)

ianeaS.eS with deCfeaSing thickness of the eal’dﬂ(ﬁt, Upward|y propagating shear waves are amp||f|ed witthen
according to (11) and (12). waves cross from one medium to a lower velocity iomacand
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can be explained by the principle of conservatibremergy.
Upper-crust amplification is a function of ti¥W profile (its
value and gradient) in the earth’s crust, partidulat shallow
depths and is period (or frequency) dependent. éxtent of
upper-crust amplification may be predicted from)(1i5ingos
and Vg to represent the rock density aBdV at the source
depth, which is typically assumedzsD = 8 km, andgo, andV
at a depth corresponding to the period of interest.

V

V(. p) = [Pee (A7)
PaVa

To relate the period of interest to the rock deptie

quarter-wavelength approximation method [6] is reggl This

method allows the values pf andV, to be averaged to a depth
equivalent to the quarter-wavelength of the upwardl.

propagating shear wave, for applying (17).

E. Local Upper Crustal Attenuation Factor P( f)

Wave transmission quality within bedrock is notfarn
with depth. Attenuation in the upper crust is aalqgghenomenon
and is represented by a local factor and the mésimamccurs
over a short transmission distance, as for attéuat soft soil
sediments.

The upper crustal attenuation fadR{if ) in the seismological
model has been defined by (18):

P(f)=¢e""
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waves. As soils behave nonlinearly when subjeatedtriong
levels of ground shaking, it is more appropriateatmount
separately for site effects from bedrock and sajets, and
hence a site response transfer funcki¢h) can be added to (1).

It is emphasized that the soil site response fandi{( f) is
not a single value for a specific site, as it dejseon the level of
soil damping and is, in turn, related to the shgkiavel.
Together with different resonant conditions, whictre
interactive effects arising between the earthqueglemario and
site condition, the soil site response factor wouldy for
different scenario earthquake events. That reptesennique
and distinctive feature of using the combination tbe
seismological model and site response transfertibtmas the
attenuation model.

G. Uncertainties

As with empirical attenuation relationships, thesge
invariably very large uncertainties associated tithstochastic
simulations of the seismological model. The undetits in
ground motion are now generally classified into tfferent
types, namely aleatory and epistemic. Aleatory tagdy is
related to the unpredictability of the earthqualeneayating
process, and cannot be reduced by collecting additi
information. It can be obtained by stochastic satiah of the
seismological model, given the associated prokghilensity
function (PDF) for each input parameter. The aleatory
uncertainty can then be represented by the stanidaidtion of
the PDF for the ground motion prediction and it is expelcte
be a site-dependent quantity and is greatly affedtg the
availability of the level of information. Hence, bhpdertaking a
site-by-site assessment, the aleatory uncertaitybe more

where the parameter (in units of seconds and I:)ronouncej'daccurately quantified. Also, this quantity can lagied with the

“Kappa’) can be measured from analysis of the Fourlq

transform of seismic waves recorded from the vesarield

[7].

The paramete is generally difficult to measure in regions

bvel of ground shaking, different frequency compats of
seismic waves, and so forth.

Epistemic uncertainty is due to the lack of knowleaf the
earthquake processes, which in theory can be rddiceugh

of low and moderate seismicity because of magnitode e accumulation of greater knowledge. Hence, ndetailed
epicentral distance requirements associated witle easurements of the earth’s crust as demonstriated
measurements. A method for estimatinig to. make mfererlces companion paper [8], could reduce the epistemieuainties
from theS\W near to the rock surface. Empirical correlations oyqqqciated with the attenuation relationship. Tiyise of
. k with the averag&&/\W of the upper crusY,. (taken as the uncertainty can also be resolved by using a logie-t
upper 4 km depth) as well as at 30 m depth, haw begoymylation, which can be used to represent alterma

developed [4], based on global sources:

Kk =0.145- 012In(V,.) 20 [Vic> 1.6 kmis] (19)
k=297 _ 002 0.5kmisVeood  (20)
Vs ,003

F. Soil Ste Response Function F(f)

Experience from previous earthquakes has repeasbdhyn
that the intensity of ground shaking, and the isitgnof the

damage produced, are strongly influenced by lodt s

conditions, in particular the influence of relativeshallow
geologic materials on (nearly) vertically propaggtibody

scientifically valid, models and their probabilgie Input
parameter alternatives are represented by a byawiohin the
logic tree. A logic tree can be sampled using a tdddarlo
technigue [9] to generate a set of alternative nspded results

in a PDF of possible ground motions at the end of all its
branches.

I1l. STOCHASTIC SIMULATIONS OF ACEHEARTHQUAKE IN 2004

A. Background Information

The city state of Singapore, which is located atgbuthern
tip of the Malay Peninsula, is on a stable parthef Eurasian
plate and is in a region of low seismicity. Singagpbas a long
history of experiencing tremors generated from |oligfance
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earthquakes in the Sumatra fault about 450 km asayell as
from the subduction zone off-shore of Sumatra. Thijor
seismic source generated the magnitude 9.3 “Acefthguake
on the 28 December, 2004, which was amongst the large
magnitude earthquakes recorded worldwide and wasdhse
of the South Asian tsunami which has a death tblbwer
220,000. Singapore was not subject to the tsunauchiveas
subject to only very light ground shaking in thveet because it
was some 1000 km away from the fault source (ifeifgrl).

%jmam

Approx. 1200 km from Singapore

hr N
- MalaysQ-.__
L / CRUST 2.0 _

Surface
projection of
fault rupture

Epicentre

Fig. 1 Location of Aceh earthquake in 2004

However, the thousands kilometer long subductionezo
which generated this earthquake has a closestndéstéo
Singapore of around 600 km. Seismic hazard modgelar
Singapore in the future will need to consider egrttke
magnitudes in this range. Before these major eyémse was
already growing concern in Singapore of the needddress
seismic risks and develop effective mitigation noeas, in view
of a high population density, concentration of coenoial
activities and local engineering practices that ehawot
embraced aseismic design principles.

B. Seismological Parameters

The mean focal depth of the interface subductiames®was
taken ash = 20 km in the seismological modelling. This
assumption is close to= 24 km as assumed in other simulatior
studies conducted in the region previously. Witls thepth
range it was considered that 2.8 t/nf and 8 = 3.7 kml/s,
which are consistent with values estimated from GRR.O
[10]. The mid-crust modification factor is accorgliy equal to
1.0-1.1. The value & for the region has been identified using
data from CRUST2.0 to be 30 km. The Quality Fag+ 150
and the upper crustal attenuation fackor 0.02 have been
obtained from (15) and (19) and by making inferarftem the
regional shear wave velocity parameters (of theeupp km
depth).

To develop representative local factors represgntirese
two mechanisms, th®AV profile of the crustal rock (refer Fig.
2) has been developed based on CRUST2.0 and
methodology of constructing ro&\W profiles [11].

1
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C. Comparison with Response Spectra Recorded in
Singapore

Synthetic accelerograms have been simulated stibcdlfs
gking the computer program GENQKE [12]. The respons
spectra calculated from 18 accelerograms with rangbase
angles were averaged for different earthquake siwsnalrhe
average response spectra computed have been shéig B.
The response spectra recorded on a rock site gafore at
both N-S and E-W directions for the Aceh earthquzkee been
plotted on the same graph for direct comparison.

The second earthquake generated from Nias (Mw ¥ 8.7
which was comparable in magnitude to the Aceh gagke,
offered the opportunity to test the robustnesshefstochastic
model. The site-source distance of this second tefrem
Singapore was only about 750 km (which was someithés
the site-source distance of the Aceh earthquakd)e T
record-model comparison for this second event {detet
shown herein) displays a similar level of consistes as with

}

Thickness = 1 km

SWV=1.2 km/s
Thickness =10 km

SSCUMIERTE UCEA

Thickness = 10 km
SWV=3.7 km/s

Thickness =8 km

Fig. 2 Crustal model for region surrounding Singagdd O]

1003
b — Recorded spectra of Aceh earthquake (N-S componen|
— Recorded spectra of Aceh earthquake (E-W componen

1)

—— Simulated spectra (two corner frequency model)

N
o
PTYTY

Response Spectral Velocity (mm/sec)
-

0.1

1
Natural period (sec)

ACEH earthquak& = 9.3R = 1200 km
Based on extract from Lastal. [13]
Fig. 3 Comparison of recorded and simulated respepsctra

the first event at Aceh [13]. The very differentessource

0.1 10
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distance of the Aceh and Nias events means thaffisant [6]
record-model discrepancies would have surfaced wiith of [7]
the events had the adopted attenuation parame@rin (
particular) been not representative of the reallitams of the
wave travel path. (8]

IV. CONCLUSIONS

1) The state-of-the-art development of the seismokigic[g]

model has been reviewed. The attenuation behawbur
earthquake ground shaking can be classified injo &i
regional factors, (i) local factors, and (iii) esitactors. 10]

2) The generic source factor of intra-plate earthqsathkas

been adopted, along with a mean focal deptho220 km  [11]
and accordingly a mid-crust amplification factorlof —
1.1. The geometrical attenuation relationship hasnb |1
based on a regional crustal thicknesdDof 30 km. The
anelastic attenuation behaviour has been charsetkby a
Qo factor of 150.

3) TheSWV profile has been obtained from CRUST2.0. The
value ofx = 0.02 for the upper crust has been determined
from an empirical expression obtained in a previstusly.
The upper crust amplification and attenuation filte
functions have been modelled accordingly.

4) Artificial accelerograms were generated in accocdamith
the seismological model developed for Aceh eartkgua
Response spectra were calculated accordingly ffareint
earthquake scenarios.

5) The recorded and simulated response spectra hare be
shown to be very consistent with the interface sighidn
events even though a generic intraplate source Infee
been used in the simulations. This investigatido ife
major subduction events at Sumatra involving
seismological modelling suggests a high degree of
generality of the source model in spite of the fhat it was
originally developed from the ECTN database fort&as
North America.

(13]
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