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Abstract

In a previous study published in thisjournal, the author s developed a comprehensive methodology
for modelling the shear wave velocity profile in crustal rock, for purposes of seismic hazard
assessment. The derived shear wave velocity profile was used to estimate the amplification and
attenuation mechanisms in the transmission of seismic waves. The ability to conduct seismic
hazard assessments in regions of low and moderate seismicity is greatly enhanced by this new
modelling approach, given that developing a local attenuation model based on curve-fitting strong
motion data is generally not feasible under such conditions. This paper reports a follow-up study
conducted to evaluate the significance of near-surface attenuation in bedrock (as distinct from
attenuation in unconsolidated soft soil sediments). The x parameter is used to characterize the
extent of this attenuation mechanism. Empirical correlations of « with two forms of near-surface
shear wave velocity parameter in crustal rock have been developed, employing information
obtained from global sources in conjunction with that from local studies. The resulting
development of two ssimple equationsto predict median values of x asfunctions of readily available
shear wave velocity parameters represents the key outcome of this study. Applications of the
proposed empirical approaches to determine x have been provided, taking Hong Kong and
Melbourne as case studies to illustrate different aspects of the proposed methodology. Consistency

between theresults obtained by the two recommended appr oaches has ther eby been demonstrated.
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1. Introduction

This study is concerned with the seismological mhedgch comprises factors representing the effetts
the source, path and site for defining the frequerantents of the earthquake. When all parameters i
the seismological model have been well definedfi@al accelerograms could be simulated by medns o
a stochastic process. In regions with a paucitstming motion recordings (which include regiongooé

and moderate seismicity), this methodology of grbumotion attenuation modelling based on
accelerogram simulations is an attractive alteveatd conventional empirical modelling (based oa th
regression of recorded accelerogram data). Thamsédgical modelling methodology was originally
developed in North America and subsequently adaptedand further developed in, Europe. The
abundance of data obtained from seismographic dews in Eastern North America (ENA) enables
source and path parameters required for input tiitoseismological model to be ascertained. Reliable
seismic hazard analyses for ENA have been sucdlyssfdertaken based on the accelerograms and the

associated response spectra simulated from theliingde

Whilst seismological modelling has been populathia well studied regions of ENA, adapting this
modelling methodology to other regions with a paumf both accelerogram and seismographic
recordings poses a major challenge due to uncéesiim the parameters values required for inptd in

the seismological model. It has been the long-texsearch objectives of the author to circumvert thi
problem of parameter uncertainties in order thathssimulation methodology can be adopted more

widely.

The study reported in this paper forming part @& tibjective is concerned mainly with tkeparameter
(in units of seconds and pronouncekiappa ) parameter which represents the near-surfaceusteon
(energy absorption) of upward propagating seismawes in the upper 3-4 km of the earth crust. It is
noted that direct measurementsxofs not straightforward. For example, measuringsing the well-
known Coda-wave technique.d. Ref. [1]) requires placing the recording statiomsy close to the

epicentre of the earthquakes. For this reasonbda¢aofk is very restrictive in the world context.



The principal objective of this paper is to develbp correlation betweexi and parameters defining the
shear wave velocityyW) profile of the region. In a previous study pshkd in this journal [2], the
authors developed a comprehensive methodology fodetting regionalSWW profiles for different
geological settings around the world. Combining dlicomes of the two studieise( Ref. [2] and this
paper) enables the parameter to be estimated for regions where seiffficcelevant data from direct

measurements are not available.

The key relationships are presented systematicaity illustrated with case studies at the end of the

paper to facilitate its applications.

2. Seismological modelling

Regional ground motion attenuation relationshipsiritra-plate regions having low to moderate segsmi
activity rates usually cannot be developed by catiseal empirical modelling, since there is typiga
scarcity of strong motion accelerogram records. étfogless, there are alternative means by which
representative seismic hazard models for thesemegian be developed. For example, in countries or
regions with a long history of archival recordsosias China), models can be developed from database
of iso-seismal intensity maps of historical eartikps. However, seismic hazard information thattman

inferred from historical intensity data tends torather generalised.

Seismological modelling has been developed to gevnore specific information on the predicted
ground shaking through stochastic simulations. Beésmic hazard obtained from the simulation
methodology may then be verified by comparison wiigtorical intensity data. This dual approach of
combining the seismological model with historicateinsity data has been applied by the authors in

seismic hazard modelling for South China [3,4] Andtralia [5].

A seismological model that could be developed fepaatabase of seismograms (such as in Central and
Eastern North America, CENA) could resolve grouhdlksng into its source, path and site components.
Modelling for each of these components could beetaten using a combination of a theoretical

approach and empirical ground motion data. Thenssggical Quality FactorQ, is amongst the many



parameters required for input into the seismoldgitadel. Q defines the wave transmission quality of
the earth’s crust in the study region. THeectral Ratio Method and theCoda Wave Method, that are
based on observing the decay of low intensity gdomotion with distance (or time) [1], are amondt t
methods that have been devised to conveniently unedbke regional) factor. Q-factors for different
regions within China have also been inferred froistdnical intensity data [6]. Using one of these

techniques@ has been modelled in several regions of low andaraie seismicity.

The value ofQ obtained from seismological monitoring can be stiisd into equation (1) to develop
the filter functionAn( f ) which represents the effects of whole path atiion of seismic waves
propagating within the earth’s crust:

m.f.R

An(f)=e o ®

wheref is the wave frequenci is the length of the wave travel path afds theSWv.

The filter function defined by equation (1) may bembined with other filter functions representing

various source, path and site effects to predietRburier spectrum of seismic waves reaching the
ground surface. The developed spectral informati@y then be used for generating artificial ground
motions using stochastic simulations (as revieweRéf.[7]). The simulated accelerograms may then be

subject to response spectrum analysis for engmgeagpplications.

It has been found from such simulation studiegttj@} regional variations in th@ factor will only have

engineering significance for distant earthquakeh epicentral distances exceeding around 70 km.

In fact, the regiona@) factor as measured by any one of the methodsidedcabove only represents a
part of the total attenuation experienced by sasmaves on reaching the ground surface. A
considerable amount of attenuation is experienegdhg transmission through the upper layers of the
earth’s crust, including unconsolidated soft sadiments. This attenuation mechanism is always
accompanied by associated amplification mechanistdeless drill-holes have been suitably

instrumented, neither of the above mechanisms eastudlied by observing the decay, or amplification,



of the seismic wave with distance, since the changeave amplitudes occurs over very short distance
within the wave transmission path. The combinedraihtion-amplification effects are often treated as
site effects (or soil modification effects) thatuth be modelled by one-dimensional shear wave aigly

[9] (for example, using the well-known computer gmamSHAKE [10]).

It is noted that site response analyses undertdierengineers usually only consider the wave
modification properties of soil sediments overlyibgdrock, and not those modifications that occur
within the bedrock itself, despite the latter’sréfggance. Importantly, wave transmission qualitithin
bedrock is not uniform with depth. Near-surfaceemtiation (also known as “upper-crust” attenuation)
occurs over a very short transmission distancefoasattenuation in soft soil sediments. Ref.[11]
identified that 90% of the total attenuation ofsseic waves in Californian bedrock occurred withie t
upper 4 km of the earth’s crust. As previously nwmed, attenuation of this nature, though significa
cannot be captured by methods which are based oitariag the decay of wave intensity with distance

(for example, thé&pectral Ratio Method referred to above).

A range of methods has been used to measure thesumdace attenuation properties in bedrock.
However, near-surface attenuation still remainglament of uncertainty in most parts of the wodde

to difficulties with its measurement as well ambigs in the definition of the associated atterwmati
parameterx (refer Section 3 for further details). When thmportant mechanism has not been

ascertained, a reliable seismological model for#ggon is difficult to develop.

The filter function,P( f ), that can be used to represent near-surfaceuatien in the seismological

model has been defined by equation (2a):
—_ A
P(f)=e" (2a)

where the parameter (in units of secondsy used to represent the combined fa&@Vs in equation
(1). Each of the variables in this factor has bassigned the subscripic¢”, which denotes contributions

by theupper crust. Thus:



K = Ric/ (Quec Vo) (2b)

Given that around 90% of the crustal attenuatiafinéd herein as near-surface attenuation, has been
found to occur in the upper 4 km of the earth’sstrthe value oR, has been taken as a constant equal
to 4 km. The value o, represents the value @within the upper crust and is the parameter thidys
aims to model. Finallyy,. is the average shear wave velociB\W/) of the upper crust (4 km depth),

defined by:

uc — dz or R, dZ 3)
2 by

wherei is layer number, each having finite degh

3. Measurement of the ¥ parameter

As mentioned in Section 2, near-surface attenugtimperties of the earth’s crust cannot be inferred
from the rate of attenuation of ground motion atoplé with increasing epicentral distance. Thusrnea
surface effects have not been distinguished froorcgo effects in conventional attenuation models.
However, the measurement methods described irsélgison do enable near-surface attenuation and the

associated parameter to be measured.

In the method developed in Ref.[12], tReurier transform of the recorded accelerations is fiageh
and plotted versus frequency using log-linear scaleccelerograms used in conjunction with this
method were typically recorded from events in thegnitude range M4-M7. The value ®fay then be
inferred from the slope of the straight-line fittedtween theorner frequency (less than 5 Hz for M>4)
and the upper frequency limit (typically at 15-3@)Hof the spectrum. This method of measuring

attenuation is based on the assumption that vamistin the Fourier amplitude with frequency over th



range where measurements are taken arise entirelyodattenuation. It is further noted that thehodt
is based on a different definition of theparameter, which represents the combined whole-path

near-surface attenuation effects [refer equatipnwidich combines equation (1) with equation (2a)].

An(f)P(f)=e"™ (42)
where
R
K= Q—V T K, (4b)

In equation (4b)k, could be obtained by extrapolating the linear treha versus epicentral distance to
“zero” epicentral distance [12]. In this paper, tbgparametersk and «,, which may be used
interchangeably, represent solely the near-surédtanuation [despite that is defined differently in
equation (4b)]. Using this method,xa(or «,) value equal to 0.04 s has been identified for Galif
[12], k = 0.07 s for the southern and central Apenninestaly [13] and x = 0.011 s in British

Columbia [14].

In an alternative method of determining theparameter, a seismological model that has resotead-
surface effects into numerous attenuation and dicgtion components was first developed [15].
Fourier spectra simulated from the seismological modal@#zy a range of trial values &f were then
compared with the spectrum determined from therdembground motion, in order to identify the “best
matched” spectra. This method of matching speethich is distinguished from the method in Ref.[12],
addresses frequency dependent amplification ofstiemic waves which co-exist with attenuation.
However, non-unique estimates gfare producedas the estimated value would depend on the
frequency functions that have been incorporated itite seismological model. This method of
measurementvhich was adopted in Ref's [15] and [16], predicigher « than those determined by the
original method introduced in Ref.[12]. Howevere thiscrepancy is generally rather small (only 0.806

in the case of California, for example).



There also exists significant trading-off betweeand the assumed stress-drop level. Stress-drgmgar
between 30 bars and 600 bars has been assumefisiI®¢[19], for different regions within Italy rad
Europe. Considerable uncertainties in the acwalalue have been associated with such estimates,
because of the stress-drop variability. In a stfatySwitzerland [20],« = 0.015 s was recommended
based on the very low stress-drop level of 5-1&.bArsignificantly highe value would have been
estimated had the modelled stress drop level hemeased. In Ref.[21k = 0.04 s was recommended
for Central Mexico, but details of the measureméiatge not been reported. Neither of these studiss h

been included in the listing given herein in Table

Estimates ok have also been proposed for other parts of thedworstudies including Ref's [22]-[25],
but the recommendations were based only on measuatsmeported elsewhere. These references have
similarly not been included in Table 1. Referenf28] and [27] have also not been enlisted (due to

insufficient information to complete all column &es in the table).

The x parameter could alternatively be determined by ofisg the decay of the Coda wave envelope
with time [28], but the observations must be matshallow depths and very close to the epicentre of
the earthquake, in order that only a small volurh¢he earth’s crust close to the surface (withia th
upper 4 km) is included in the measurement. Theevalf , or the Quality factor of the upper crust,
Quo can be calculated from the ratio of the envelopelimde observed for a range of specified
frequencies. Recordings close to the earthquakeeefpe are scarce in low and moderate seismic

regions, but earthquake swarms offer excellent dppities for this type of measurement.

It is evident from the above review and discusdhmt it is generally difficult to measurein low and
moderate seismic regions, where recordings fromal loomderate and large magnitude earthquakes in the
near field are either non-existent or, at besticgcdt is proposed that the valuexwtbe estimated instead

in accordance with its correlation with parametthrat can be identified most easily from normal
engineering investigations. For example, near-sarfAW can be inferred from shallow drill-hole

records and hence is generally available. Suclelations will be developed in Section 4.



4. Correlationsof k with shear wave velocity parameters

Correlations betweer and shear wave velocity parameters cannot be autadirectly from existing

field data. In developing these relationships,ftilewing steps were undertaken:
() CorrelatingQ,. with Qq (refer Section 4.1)
(i) CorrelatingQ, with S\W parametersV,. andVs o3 (refer Section 4.2)

(iii) Combining correlations obtained from steps (i) difjdto obtain correlation ok with V. and
Vso.03 (refer Section 4.3).

It is emphasized that the shear wave velocity patan{/,.or Vo039 is based on the average conditions

of an area and is not intended to represent spesiiis. Hence, it is compatible to the database afd

Q parameters used in this study.

4.1 Corrdation of Q. with Qq

First, incorporated into Table 1 are the recomm#ods by a number of the seismological investigagio
reviewed in Section 3. For each of the studiegdish Table 1, the value @, was calculated using
equation (2b), based on the tabulated valua ¢fefer Column 2). Furthel,. was determined from
equation (3) (with theeWV profile defined by the functional form developedRef.[2] along with the
parameters provided by the CRUST2.0 global crustadel [29]). A constant value &, (= 4 km) was
assumed. Also given in Table 1 is t@g value, which has been determined for the samemedihe
ratio of Q,/Qq inferred from the different studies is shown tovdnaa median value of around 0.2.
However, as a result of different modelling assuams there exists considerable scatter in the iddai
estimates that vary from this median value by uprtmind 50%. Thus, developing a rigorous model for
defining the ratio folQ,/Qp is not considered justified. Instead, a constatib r0f Q,/Q, = 0.2 has been

assumed herein.

It was found from seismological studies conductadsoutheastern Australia [28], based on the
measurement of Coda wave envelopes, that the wdl@g. is some 20% of the value &, which is
consistent with the trend revealed in Table 1. Hamtverification of this ratio has been providedhie

later part of this paper.



The Q,J/Q, ratio as obtained from this section enables estisnéo be made o, assuming that

information on the value @, is available (refer Section 4.3).

4.2 Correlation of Q, with shear wave velocity

Second, published values were collated for theorediseismological Quality fact@ (=Q, at frequency

of 1 Hz). The Quality factof, compared withx, is a more commonly known parameter in different
regions around the world. The databases that hega bourced include Ref’s [6-8,13,16,17,25,30]. For
each region from which th@ value was reported, the corresponding value oatlageS\WV V. of the
upper crusf(taken herein as the upper 4 km depth) was idedtifising data from the global crustal
model CRUST2.0 [29], developed originally in ReL]3The correlation betwed®, andV,. so obtained
from the survey has been shown in Figure 1a andeTAband represented mathematically by equation

(5a):
Q, =100+ 25V, *° [Vie > 1.6 km/s] (5a)

Generally, the sedimentary crustal rock is assumeposited continuously in different geological
periods. According to Ref.[2], th®\W profile within the crustal layer can (with somecegtions, refer
below) be modelled by a generic functional formnkks it is possible to deduce the expected near-
surfaceS-wave velocity, based on a given valuevgf. TheSwave velocity at a shallow reference depth
of 0.03 km (30m), termedsp0s iS proposed as the key parameter in the followdegvation. The
parameteisp o3 provides a logical approach to characterizingaberall hardness of the upper-crust, in
situations where the associated param¥tgrfor the full S\W profile (upper 4 km) cannot easily be

obtained.

On the above basis, the correlation betw&grand V3 can be deduced, as shown in Figure 1b and
Table 2, and represented mathematically by equébibh It is noted that the shallow-depth rock eéhp
parameteNVqg 03 IS linked directly to the common practice in exigtiseismic design codes, whereby
sites are characterised by theiwW in the upper 30 m. Furthermond,q o3 is of particular engineering

interest as it can be readily obtained from engingeboreholes and normal site investigation.
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Nevertheless, other depth values could be empltysérve this purpose, according to the methodology

described in Ref.[2].
Q, =60+32Q(V, 44, = 05)*° [0.5 km/s< Vgo,05< 3.0 km/s] (5b)

It is noted that some exceptional conditions, fdrichi the aforementioned assumption linki¥igp o3
directly with V,is invalid, do exist. Ref.[4] provides informatiom such an example, using Hong Kong

as the case study.

It is noted that the value d obtained from seismological monitoring dependstio@ modelling
assumptions adopted in each individual study. Fxeinple, there is some trading-off between
geometrical and anelastic attenuation (with théefatepresented by th@-factor). Thus, varying
assumptions with regard to the geometrical attémoiatould result in different anelastic attenuation
and hence th@-factor. Furthermore, the epicentral distancesdirettion of the wave transmission path
in the monitored earthquakes would also affect@healues being reported. It is noted tkahas been
obtained from a multiplicity of studies employingfedrent methodologies. Consequently, there exists
considerable scatter in the correlations preseimdeigures 1a and 1b. Even with these measurement
uncertainties, the close link between regionalsmaission quality of the rock and tB&W (i.e. Qq versus

Ve O Vs009 IS evident.

The values oW, andVsp03 are also subject to considerable uncertainty. Vidtee as inferred from the
global crustal model [29] can be checked by conspariwith local measurements. However, note that
values ofV,; and Vspozare subject to significant variations between défe sites within the same
region. Thus, a representative sample of local oreasents would have to be collected, and averaged,

order for a regional measured value to be obtained.

4.3 Correlation of x with shear wave velocity

Third, and finally, the correlation adopted for netiothg Q, is now extended to the modelling @f. and
k. The purpose is to enable the upper-crust attemuptoperty to be linked directly to the upperstru

structure (characterized ) and a commonly determined engineering paramesenelyVso o3
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The mediarQ,/Q, ratio of 0.2 was applied to each of the regionsnfwhich the data in Figures 1a and
1b was plotted. In each case, the valu®gf V,. andR, (= 4 km) was identified for substitution into
equation (2b), in order thatcould be evaluated along with the value@fthat was known originally. A
new array of« valueswas then created for correlation with ¥ig and theVyg o3 arrays, respectively, as

shown in Figures 2a and 2b and Table 2, and repiex$enathematically by equations (6a) and (6b):

k =0.145- 012In(V,.) =0 [Vie > 1.6 km/s] (6a)
0.057
K =———7(5 002 [0.5 km/s< Vi,05< 3.0 km/s] (6b)
5,003

The median predictions for, given by equations (6a) and (6b) and based on €sga and 2b, are the
key outcome of this research investigation andbmafurther supported by numerous studies, as mgort
in Ref's [8,13,15,16,23,25,32,33]. The observedtscaltimately is due to the fact that the cruSanv
profile can vary significantly, even with a uniformalue ofV,. or Vso0s Furthermore, influence by
parameters that affect crustal damping propertiesdcalso contribute to the scatter. It is eviderat
scatter would be much smaller with a model thatihesrporated a larger number of such parameters.
However, if the model is to be of practical engiireg value, information on the parameters must be
readily available before being included in the nilbdig. It is noted that at the present timé,oos
[equation (6b)] is much more straightforward toadbtthan other parameters, in the context of normal

engineering practice.

By combining equations (2b) and (5a) and making manisons with equation (6a), tk&J/Q, ratio can
be inferred. It is found that the ratio is in tleege 0.18-0.23, for the normal range 1.6 kaWg. < 3.0
km/s, and on this basis the assumption for typi@alQ, ratio (= 0.2) has been reaffirmed. It is also
expected that fo¥,. > 3.0 km/s, the ratio would be larger than 0.2, Hase the physical property that

the upper-crust material is (for that case) natificantly softer than that at mid-crust.

Finally, with regard to the velocity paramedy, o5 if consideration is given to th&W relationship

established in Ref.[2] for the Upper Sedimentarydrait may be shown that ti®\W averaged over the

upper 0.03 km (30m) rock layers is in the order0of5Vs003 AS it iS common practice in existing

12



seismic codes of practice to use such averageitsetocdefine the soil or rock class, a useful mltdive
formulation is to replac¥s 03 in equation (6b) by 1.33 times the velocity avegver the upper 30 m

depth in rock.

The procedure used for determining theparameter using relationships developed in thigi@eds

summarised below:

1) Construct a representati®&W profile for the region, or area, based on glob&brmation in

conjunction with that from local studies.

2) Identify the SW parameteiVqg o3 and/orV,. , and use equation (6a) or (6b) as appropriate to

determinex.

3) Supplementary (optional) calculations can be usedheck with the estimates obtained from
equation (6). This calculation requires a represtéerd whole-path attenuation Quality Factor
(Q) to be identified from reliable local seismolodistudies [not from equation (5)]. Equation

(2b) is then used to determine an alternative edérfor«, assuming,.= 0.2Q.

5. Applications of proposed methodology for determining the x parameter

5.1 Hong Kong, South China

As the sedimentary crustal rock in Hong Kong waksdeposited continuously over different geological
periods (Ref.[4]), it is unreliable to infer crustdtenuation properties fro®\W near the earth surface.
Thus, equation (6a) based on the avef@l¥ V. of the upper crust was used in the estimatiok. dthe
proposed procedure requires availability of therer®@W profile up to 4 km depth, in order to evaluate

V¢ Using equation (4).

SWV profiles for Hong Kong (to crustal depths excegdinkm) have been developed by the authors in

Ref.[4]. The referred study demonstrated the us8V¥ information obtained from a combination of

sources to constrain the modW profiles for four principal geological formatioms Hong Kong: (i)

13



granitic formation, (ii) volcanic formation, (iitheavily-jointed volcanic formation, and (iv) meta-
sedimentary formation. Th&W profile information for each of these common geadal formations
were obtained as follows: a) at shallow depths finstrumented boreholeg.§. Ref's [34-36]); b) at
depths of up to 100-500 m from Spectral Auto-Catieh (SPAC) measurements (Ref's [37-38]); c) at
depths up to 1.5 km from the monitoring of quarkgsks (Ref.[39]); and d) at depths 1.5-8 km in the
hard (crystalline) basement rock layers from resaft seismological refraction surveys as reported o

the global database CRUST2.0 (Ref.[29]).

In addition to the four prevalent geological forioas, a regional average profile for Hong Kong has
also been proposed (Ref.[4]). The regional averpgdile has been determined by assigning an
appropriate set of weightings to different geolagiformations in Hong Kong (based mainly on their
relative frequency of occurrence in the Territofffhe assumed weightings are 0.4, 0.35, 0.2 and 0.05
for granitic, volcanic, heavily-jointed volcanic @meta-sedimentary rocks, respectively. The pofibe
different types of rocks and the regional averagsdilp are shown in Figure 3 and are mathematically

presented by equations (7a-7e).

Granitic formation: V.(2) :135({ZJ4 m/s Z<120m )
30
Vs(Z) = 1900 m/s 120 <Z< 500 m
Ve(2) = 2150 mis 500 <Z < 1000 m > (7a)
Vs(Z) = 2160 m/s 1000 <Z <1500 m
1
V.(2)=3300-%_|° mis 1500 <Z < 4000 m
* 4000 Y,
1 \
Volcanic formation: V.(2) = 220((2)4 m/s Z<32m
° 30
Vs(Z2) = 2240 m/s 32<Z<500m
Vs(2) = 2390 m/s 500 <Z <1000 m > (7b)
Vs(2) = 2330 m/s 1000 <Z <1500 m
1
V.(Z) =330 _Z ) m/s 1500 < Z <4000 m
° 4000

14



Heavily-Jointed Volcanic formation\/s(z) = 160({5)1 m/s Z<48m
30
Vs(Z) = 1800 m/s 48 <Z <500 m
Vs(2) = 1820 m/s 500 <Z < 1000 m > (7¢)
Vs(2) = 2120 m/s 1000 <Z <1500 m
1
V.(2)=3300-%_|" mis 1500 <Z <4000 m
* 4000
: )
Meta-Sedimentary formation: V.(2) :115({Zj4 m/s Z<6m
° 6
Vs(2) = 1150 m/s 6<Z<30m
Vs(2) = 1250 m/s 30<Z<100m
> 7
Vs(Z) = 1350 m/s 100 <Z <500 m
Vs(Z) = 2100 m/s 500 <Z <1500 m
1
V.(Z) =330 2 ° mis 1500 <Z < 4000 m
® 4000 )
1 )
. . Z \4
Regional Average: V.(2) = 170({_j m/s Z<60m
30
Vs(Z) = 2000 m/s 60 <Z <500 m
(7e)
Vs(Z) = 2200 m/s 500 <Z <1500 m
1
V.(2)=3300-%_|° mis 1500 <Z < 4000 m
* 4000 Y,

The values of« (in units of s) obtained from equation (6a) foe tranitic, volcanic, heavily-jointed
volcanic, meta-sedimentary formations and the regi@verage are, respectively, 0.032, 0.024, 0.036,
0.040 and 0.030 (as listed in Table 3). If the abstated weightings are applied to thasgalues, a

consistent regional average value of 0.030 s igioéd.

Supplementary calculations have been made, to chéitk the estimates obtained from the above

procedure. First, the whole path attenuation Quad#ctorQ was identified to be 256 at 1 Hz frequency

15



(i.e. Qo= 256) from a previous study based on monitoringofla waves in the Hong Kong region [1].
The regional median quality factor for the upparstQ,. was then taken as 50 (being 0.2 times 256).
The regional average value mfwas then estimated @t030 s, using equation (2b) basedRynequal to

4 km andV,; equal to 2.62 km/s (refer Table 3).

5.2 Melbourne Metropolitan Region, Australia

For those regions where compl&énN profiles for the upper 4 km are not readily avaligaand hence
the associated paramedéj. cannot easily be obtained, equation (6b) may bpl@rad to estimatex,
based on the near-surfaB@V at 30 m depth. For example, measuremen®\f up to a depth of 120
m have been obtained from a series of SPAC surgegducted in various places in the Melbourne
Metropolitan Region, SE Australia (Ref.[40]), ain@ results are plotted in Figure 4. Regressionyaral
have been carried out to determine the represeatatiedian) value d¥y, 03 Which is equal to 1.1 km/s.

The resulting value of obtained from equation (6b) is 0.033 s (refer €al (Ref.[41]).

In Melbourne, the sedimentary crustal rock can ssumed to be deposited continuously in different
geological periods (Ref.[40]). Hence, the ent®&V profile within the upper crustal layer can be
modelled by a generic functional form accordingRef.[2], extended from the near-surfaSevave
velocity, based on the value ¥, The profile is shown in Figure 4 (denoted as dfxted Model”)
and can be mathematically presented by equatias(8®). Undoubtedly, the extend&4WV profile is
subject to considerable uncertainty; yet, the prafan be reasonably supported by data from theaglo
database CRUST?2.0 [29] and an independent studRefrj42]. Once the extended W profile is
obtained,V,. can be obtained by equation (4). Subsequentlyatemu (6a) is employed to provide an

estimate ok. Refer Table 4, which shows= 0.027 s based on this calculation.

1
Melbourne: V.(2) :110({5}4 mls Z <500m (8a)
° 30
1
V.(Z) =330 2 \° s 500<Z<4000m (8b)
° 4000
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Even with such limited data, the difference betwtentwo estimations of is less than 20 %, which is
encouraging. Given the highly complex nature oféheth’s crustal structure, the results furtheffirea

the reliability of the generalise8/\W modelling methodology proposed by the authors én[R]. Also,

the consistency of the two empirical correlatiorefdr equations (6a) and (6b)] between near-surface

attenuation and two different measures of bed®WW¥ has been satisfactorily verified.

In view of uncertainties over the value of the wehphth attenuation Quality Fact@)(in the Melbourne

region, no supplementary calculations (as donberHong Kong case study) were undertaken.

6. Conclusions

(a) The significance of near-surface attenuatiomeidrock has been identified.

(b) The k parameter, which characterizes the extent of sadace attenuation, is generally difficult to
measure in regions of low and moderate seismicdgabse of magnitude or epicentral distance
requirements associated with the measurements.v@he of this parameter is non-unique and is
dependent on the trading-off of the attenuatiotoiawith other factors in the seismological modéie
observed variability in the value reported from the different studies is cdysartly by these modelling

uncertainties.

(c) It was inferred from limited published inforn@t on measuredc values that the quality factor
representing upper-crust transmissio@, was on average about 0.2 times the quality factor

representing whole-path transmissi@i)(

(d) An empirical correlation of the whole-path attation paramete® (or Qo) with the rockSYW was
first developed by collating published informatidrhis correlation was extended to the modellingcof
using equation (2b) and assuming thgy/Q, is typically in the order of 0.2. This ratio has@lbeen
verified using the proposed correlations betweeand two key measures of ro&W profile in the
upper crust. The median predictions forgiven in equations (6a) and (6b) based, respdgtivn

correlations shown in Figures 2a and 2b represenkeéy outcomes of this study.
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(e) Supplementary (optional) calculations can beduw check against the estimates obtained from
equations (6a) — (6b). This calculation requirag@resentative whole-path attenuation Quality Facto

(Q) to be identified from reliable local seismolodistudies. Equation (2b) is then used to determine

assuming,.= 0.2Q.

(H The k - SW correlation relationships recommended in this pgpquations (6a) and (6b)] have
thereby been reaffirmed by two example applicati¢fios Hong Kong and Melbourne Metropolitan
Region, Australia). These case studies have prdwsdeport for the developed empirical correlatia@ss,
well as demonstrating the differences in their mapion depending on the form of tBéW profile for a

given region.
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Table 1: Published values gfandQy, and the implied values @, andQ,/Qo ratio.

Published Published Assumed Assumed Implied Implied
K (S) Qo Ric (km) Ve (km/ S) Que Qu/Qo
Central and Southern

Apennines, Italy [13] 0.070 100 4 2.3 25 0.25

Northeastern Italy [16] 0.045 260 4 23 39 0.15

Central Europe [19] 0.050 400 4 2.3 35 0.09

Umbria-Marche Apennines,

ltaly [17] 0.040 130 4 2.3 43 0.33

British Columbia [14] 0.011 380 4 3.0 121 0.32
Generic Rock [15] 0.035-0.040 204 4 2.4 42-48  0.20-0.23

California [12] 0.040 204 4 2.4 42 0.20
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Table 2: Databases @ andx values shown in Figures 1 and 2.

Vs,0.03 (km/s) Vuc (km/s) QO K (S)
Central and Eastern 2.8 3.3 1000 0.003
North America 2.8 3.3 900 0.003
2.8 3.3 755 0.004
2.8 3.3 670 0.004
2.8 3.3 500 0.006
Western North America 0.7 2.0 150 0.066
0.65 1.8 150 0.073
0.7 2.0 110 0.069
Sino-Korean 1.2 2.7 342 0.022
Paraplatform 1.2 2.7 189 0.039
1.2 2.7 293 0.025
1.2 2.7 400 0.019
South China Fold 1.5 2.9 482 0.014
System 1.5 2.9 370 0.018
1.5 2.9 256 0.027
1.5 2.9 240 0.028
Australia 2.4 3.25 500 0.012
0.65 2.2 50 0.045
0.65 2.5 200 0.040
2.35 3.2 550 0.011
Southern Iberia 0.48 1.9 150 0.069
NE Japan 0.53 1.75 47 0.067
Taiwan 0.48 1.65 149 0.081
Generic Hard Rock 2.8 3.3 680 0
Generic Rock 0.85 2.4 204 0.035-0.040
Apennines, Italy 0.62 2.3 100 0.070
Northeastern Italy 0.62 2.3 260 0.045
Apennines, Italy 0.62 2.3 130 -
Southern California 0.7 2.0 180 0.056
Iceland 0.65 2.4 - 0.040
NEHRP Site Class C 0.7 - - 0.048
1.0 - - 0.04
0.74 - - 0.05
Eastern North America 2.8 3.3 - 0.006
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Table 3: Upper-crust attenuation parametdor the four prevalent geological
formations and regional average for Hong Kong

Rock Types Vic (km/s) k [Equation (6a)]
Granitic 2.56 0.032
Volcanic 2.73 0.024

Heavily-jointed Volcanic 2.49 0.036
Meta-sedimentary 2.40 0.040
Regional Average 2.62 0.030

Table 4: Upper-crust attenuation parameateor Melbourne Metropolitan Region

Vso03(km/s)  « [Equation (6a)] Vic (km/s) k [Equation (6b)]
1.1 0.033 2.67 0.027
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FIGURE CAPTIONS
Figure 1: Relationship betwe&® and shear wave velocit$p\\W) from global data

(a) Relationship betwed, andV,,
(b) Relationship betweeR, andVs .03

Figure 2: Relationship betwearand shear wave velocit$(W) from global data
(a) Relationship betweenandV,,

(b) Relationship betweexiandVs .03

Figure 3: Crustal shear wave veloci8\{) profile models for Hong Kong (Ref.[4])

Figure 4: Crustal shear wave veloci8\V) profile models for Melbourne
Metropolitan Region (Ref.[41])
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Figure 1: Relationship betwe€l)y and shear wave velocit$p(W) from global data
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Figure 2: Relationship betwearand shear wave velocit$(W) from global data
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Figure 3: Crustal shear wave veloci®\{) profile models for Hong Kong (Ref.[4])
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