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Abstract

This paper describes the development of seisma@bgiodels for three sub-regions
within Eastern China. An important feature of thedalling is that two main types of
local data were used to determine parameters putimto the seismological model.
Shear wave velocity data was used in Step One efptbcedure for deriving the
upper crustal factors which are part of the seisgiobl model. Two further steps
were involved in incorporating the historical Insgy (MMI) data into the modelling.
In Step Two, the simulated peak ground velocREY) values were converted to
MMI values, and site factor was calculated by dividhmginferredPGV value by the
respective simulateBGV value for each given (short distance) earthquakaario.
In Step Three, the quality) factor of the seismological model for each suipae
was calibrated in accordance with the criteriort 8ige factors inferred from records
of long distance earthquakes in the database maitth the median site factor
obtained in Step Two for short distance earthquakeportantly, theQ values
obtained by this calibration method were highly sietent with CodaQ values
(obtained for each sub-region from a previous stbgyJin and Aki based on
analysing records of local earth tremors). ThebcatedQ values in combination with
the developed crustal factors and geometrical adtion factor constitute the regional
seismological model for Eastern China. The seisgicéd model so developed takes
into account intra-regional differences and hasbesed to simulate strong ground
motions by the stochastic method for assessingthential seismic hazards in the

region.
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1. Introduction

Considerable research has been devoted to theogewvenht of reliable ground motion
response spectra for the design of new structunestlae assessment of existing
structures. In well instrumented regions of highsmsicity where strong ground
motion data are in abundance, like California, mats¢énuation relationships were
developed from regression of recorded ground mqgiemameter such as peak ground
accelerations, peak ground velocities and respgpesetral accelerations. Examples of
such empirical relationships have been developed Sayligh et al.(1997),
Abrahamson and Silva (1997) and Ambraseys et 891

The alternative approach of ground motion modellimgich is suited to inner
continental regions of low to moderate seismiciystochastic simulations of the
seismological model. The frequency content of gdoarotions so simulated by the
procedure is constrained by the theoretical framkvas the seismological model
(Boore, 1983). Rigorous seismological monitoringdsts have been undertaken in
Central and Eastern North America (CENA) to evaumidividual factors in the
seismological models that are specific to condgioh the region. Regional specific
factors that have been evaluated include the solac®r (e.g. Atkinson, 1993),
quality @) factor of whole path wave transmissions (e.g.ifg&n and Mereu, 1992)
and upper crustal amplification and attenuationdiac(e.g. Boore and Joyner, 1997;
Atkinson and Silva, 1997). The seismological modsisdeveloped for CENA have
been used for generating accelerograms that aresesgative of the seismological
characteristics of the CENA region. Finally, attation relationships were obtained
by regression of ground motion parameters caladldtem the stochastically
simulated accelerograms. Examples of attenuatidatiorships that have been
developed by this approach have been presentedinys@n and Boore (1997), Toro
et al. (1997) and Dahle et al. (1990). An overview of #asmological model is

given in Section 2.



This paper is concerned with the derivation of rattgion relationships that are
representative of Eastern China. The seismiciti{adtern China is dominated by the
Tanlu fault system which crosses the eastern gadoahern China. The Tanlu fault
system extends into the tectonic regions of Nogtega China up to Russia (Xu et al.,
1987; Deng, 1995; Xu and Deng, 1996). In a recaudyson the time-dependent
seismicity in China, the overall seismic activitykastern China has been observed to
be “low” to “moderate” (Qin et al.,, 2001). The cemt seismic zoning map for the
whole of China was computed based only on two giauotion attenuation models:
one representing Eastern China and the other mmieg Western China (Gao, 2003).
Differences in geological settings within the regidowever, have not been fully
reflected in the previous seismic hazard studiessfstern China. Such differences
are important for modelling response spectra fagldistance earthquakes. A much
more rigorous modelling methodology that accouatgtie conditions of bedrock and

surface sediments is thus crucial for future seistonation for Eastern China.

Whilst Eastern China is lacking in instrumentedosty motion data that are
representative of local conditions, there is anndlnce of historical macro-seismic
(Intensity) data from the region which could bediger supporting the development
of representative attenuation relationships. Intaad the study by Jin and Aki (1988)
on Q factors in the region serves as an important eafsr for the determination of
the respective factor in the seismological modéke Tontour map of CodQ values

developed by Jin and Aki is shown in Fig. 1 for theee geological sub-regions of
Eastern China: (i) The Sino-Korean Paraplatform FEK(ii) The Yangzi Platform

(YZP) and (iii) The South China Fold System (SC¥luable local information is

also available for constraining the shear wavearsigrofile of the earth crust which
can be used for estimating the crustal amplificatamd attenuation factors in the

seismological model.

However, little is known of the source characteassbf earthquakes in Eastern China.

Consequently, in this study, the source factor ti’son (1993) derived for CENA



was “imported” for input into the seismological nebdThere are also uncertainties of
whether the CodaQ values recommended by Jin and Aki (1988) based on
seismological monitoring of Coda waves from locartequake tremors are
representative of conditions of large magnituddhemrakes (which can be from a
long distance). These uncertainties present decigg to seismological modelling for
the region. The seismological model for Easterm&ldould not be developed from
scratch in the same way the seismological model€ENA were developed because

of the lack of locally recorded ground motion data.

In addressing the challenge, a hybrid seismologreadelling approach which makes
effective use of Intensity data was adopted in bigrneg attenuation relationships for
the three major sub-regions within Eastern Chinhe Tnodelling procedure so

adopted is briefly described in the following:

First, seismological parameters, namely the uppearstal amplification and
attenuation parameters, which characterize the padidification (transmission)
behaviour of short distance earthquakes (R < 50kmgre first evaluated.
Seismological modelling for short distance earttgsawas more straightforward
than long distance earthquakes given that grounbom@arameters associated with
short distance earthquake events (R < 50km) weensitive to the assumed value of
Q (which controls anelastic attenuation) and thestaduthickness of the earth crust
(which controls geometrical attenuation at longtatises). This first step of the

modelling is described in Section 4.1.

Second, the Intensity database for each sub-regasmpartitioned into two groups: (i)
short distance (R < 50km) and (ii) long distance>(BOkm). Site factors (from rock
to “average” soil sites) for each sub-region carestmated based on the comparison
of parameters derived from stochastic simulatioisthe seismological model
developed for short distance earthquakes (whichesgmts conditions on rock) with
parameters inferred from the short distance Intgnsiata (which represents

conditions on average solil sites). Importantly,thkies of the site factor so estimated



from the comparison were generally consistent withie database of short distance
earthquakes that have been incorporated into tndysfThe observed consistency
with the estimated site factor serves as a holiteck of the developed seismological
parameters that are relevant to the behaviour oft stistance earthquakes. This

second step of the modelling procedure is desciib&ection 4.2.

Third, similar comparisons for long distance eauntdees were made for each sub-
region. A wide range of) factors were assumed in the simulations. With ye¥@r
factor assumed in a simulation, there was alwagereesponding (inferred) median
site factor. In every simulation, th@ factor was calibrated in accordance with the
criterion that the site factor inferred from theards of long distance earthquakes
matched with that of short distance earthquakeslféagined in Step One). This third
step of the modelling procedure is described ini&e&.3. The implicit assumption
with this calibration approach was that the sitetda for short distance and long
distance earthquakes would be similar for any giseh-region. The&) factors so
calibrated for the three sub-regions were condistwith estimates provided
previously by Jin and Aki (1988) based on analygioda waves recorded from
local earth tremors. This consistency again refassthe credibility of the developed

seismological model and the resulting attenuatsationships.

Recordings from the 1976 M7.7 Tangshan earthquakee wised to test the
seismological model providing additional assuranddss final (validating) step for
verifying the developed seismological models baseadomparison of the simulated
results with those recorded in the field is desdibn Section 6. The potential
significance of the developed seismological mod#l ke discussed in Section 7,

followed by conclusions in Section 8.

This study is based mainly on comparing ground omoparametersPGV values)
inferred from Intensity data for historical eventgcurred in the region with
parameters obtained from stochastic simulationsthef developed seismological

models. Whilst verification of the seismological debd is best undertaken by



comparison of the recorded and simulated accelenagrand response spectra, such
direct verification is impossible for Eastern Chirsecause of the lack of

representative instrumental data.

2. Overview of seismological model

The seismological model was originally developed Byune (1970), and
subsequently studied and further extended by Bd@@s83), Atkinson (1993),
Atkinson and Boore (1995, 1998) and Atkinson andaSi1997). In the seismological
model, the Fourier amplitude spectréds( f ) of seismic waves reaching the exposed
surfaces of rock can be expressed as the produatnoimber of regional and local

factors, as defined by Eqg. (1):
Ax(f) =) GAn(f) Va(f) P(f) (1)

where § f ) is the regional, and generic, source fac@rthe regional geometric
attenuation factor, Anf) the regional anelastic whole path attenuatiotofad/a(f )
the local upper crust amplification factor, aR@f ) the local upper crust attenuation

factor. It is noted that soil site effects have Ibeén taken into account.

The seismological model defined by Eq. 1 was usedyénerating ground motion
time-histories using the stochastic approach (Bo&B883). Windowed and band-
limited white noises were first generated and timexdulated in the frequency domain
by the function of the seismological model. Theuyrd motion time-histories were
then obtained by inverse Fourier transform of thedutated motions. Detailed
descriptions of the regional and local factors loé seismological model and the

stochastic simulation methodology can be foundamkt al. (2000).

2.1 Regional factors



Regional, and generic, source facgrf ) has been used to generalise the average
behaviour of seismic waves generated at the safrtlee earthquake to the whole
region. The source factor adopted in this studychsracterised by two-corner
frequencies and was originally developed in Atkmg®993) for modelling ground
motions in CENA. This is distinguished from the IMa@hown omega-square source
model of Brune (1970), which is characterised bgiragle corner frequency. This
source factor has subsequently been employed fatelimoy ground motions in
Australia (Lam et al., 2006), South China (Lam let2002; Chandler et al., 2006b),
Singapore (Balendra et al., 2002), Tehran, Irangfiviaaei-Sabegh and Lam, 2009)
and the distant effects of Gujarat earthquake dwaliChandler and Lam, 2004). The
good agreement of the modelled ground motions vetords and field observations
from historic and recent earthquake events ocayriinthese regions support the
generalisation of the model to all stable continemegions of low to moderate

seismicity including the Eastern China region.

The geometrical®) factor represents the attenuation of the ampditofdthe radiated
seismic waves resulting purely from the geometrspakad of energy (as opposed to
dissipation of energy). The-factor in the near field conforms to sphericatattation
and is independent of regional conditions. It beesmegionally dependent in the far-
field where the attenuation pattern is influenceghificantly by seismic waves
reflected from the Moho discontinuity, which defindhe interface between the earth
crust and underlying lithosphere. More detailedcdptions of theG-factor can be

found in Lam et al. (2000).

2.2 Regional whole path anelastic attenuation factor

Whole path attenuation is particularly importanttiie modelling of ground shaking
from distant earthquakes (Chandler and Lam, 200Hich is the main focus of this
study. Large-magnitude earthquakes generated atessite distancedR] exceeding

100km are typified by low-frequency (long-periodisnic waves, since the high-



frequency components have greatly diminished inlénae as a result of energy
absorption along the source-site wave transmisspath. The peak ground
acceleration®GA) from such distant earthquakes can be very lowyatdhe induced

ground motions can be disproportionately destreative to its high displacement and
velocity shaking characteristics, which result fromedium- and long-period waves

that are relatively robust to anelastic attenuasilmmg the wave transmission path.

Whole path attenuation is a regional mechanismmanst be distinguished from the
(local) attenuation of the upper crust or (sitepmtation within the overlying soll
sediments. The attenuation mechanism may be ckamstt by the value of the
seismological) factor (equivalent t@),, namelyQ at frequency of 1 Hz) as obtained
from seismological monitoring in the region. Thdueaof Q may be substituted into
Eq. (2) for developing the filter functiodn( f ) which represents the effects of whole

path attenuation of seismic waves propagating withe earth crust.

_ nfR

An(f)=e A% 2)

wheref is the wave frequency is the length of the wave travel path avdis the

shear wave velocitydW). TheQ( f) function is defined by:
Qf)=Qyf” 3)

Substitution of Eq. (3) into Eq. (2) yields theiestted whole path attenuation factor.

2.3 Local upper crustal amplification and attenuation factors

Upper crustal amplification Vaf{() and attenuatiof?( f ) mechanisms occurring in
approximately the upper 4km of the earth crust ¢en considered as local
mechanisms. The study of near-field earthquake#ligrcrombie (1997) based on
instrumentation of deep drill-holes in Californ@dentified that filtering mechanisms
occurring within this depth range accounted for s®0% of the total modifications

of the seismic waves along their wave-transmisgiath within the rock crust. The



size of the sub-region which is covered by a sdbcdl factors would depend on the
amount of available geological and geophysical .datdhe context of this study on
Eastern China, the amount of data available ra$utiethe region being resolved
broadly into three sub-regions. Should more dateoime available, a regional
attenuation model based on a finer division ofgtle-regions each having its own set
of local factors can be achieved. An example ohduter divisions can be found in

Chandler et al. (2006b).

3. Earthquake Intensity database

Written earthquake records in China can be obtafaeébur thousand years and the
earliest recorded earthquake was in 1831 B.C.dnMing and Qing dynasties, there
were more than two thousand counties and the dataded during that time formed
the basic historical earthquake database in Chinathe 1960’s, the Chinese
government organized a group of historians andhgaake specialists to search
through all the dependable literature and collestbhical earthquake records, in order
to compile a chronological table of historical égrakes occurred in China. The

records are of high scientific value for seismatadjresearch.

A large number of historical earthquake events Hmaen collected, for the purpose of
this study, from a number of sources including@mena Earthquake Yearbook (1949
—1981) (Gao, 1990), Catalogue of Chinese Earthepifk831 B.C. — 1969 A.D.) (Gu,
1989), and the database of Guangdong SeismoloBigedau. Earthquake events
occurred in Eastern China with magnitude greatan th, which have been used in
this study, have been superimposed onto Fig. 1t Madhquake events (M > 5) in
these regions occurred in Hebei province, whil$teotevents occurred mostly in

Shanxi, Henan, Shaanxi, Shandong, Hubei, AnhuiJarhsu provinces.

The data used in the present analyses are 13ZYitadtearthquake records of Eastern

China with 298 isoseismal (summarised in TableEach isoseismal is parameterised

10



by two parameters, Ra and Rb, which are the haiatoadii taken along the long and
short axes respectively. The average horizontalsadkv, where Rv =(Ra Rb),
which is the epicentral distance, can then be tatled for each isoseismal. In this
study, the average horizontal radius is adoptedefwesent the average rate of
Intensity attenuation in all orientations. In tlestrof this paper, this averaged radius is
referred simply as “distance”. The magnitude-aiseacombinations for the historical
MMI values that have been identified and used foryamalin this study are presented
in Figs. 2(a)-2(c). Meanwhile, details of all isisseals, together with the values of
the three radii, summarised separately for theetlsgb-regions, are presented in
Appendix A. Note, historical earthquake recordsvte no information on soil site

effects.

4. Seismological modelling for short distance eartfuakes (R < 50km)
4.1 Sep one: Local upper crustal factors

In this section, seismological parameters domigatine path modification behaviour
of short distance earthquakes in the area are aealuo fulfil the first step of the

modelling procedure as outlined in the Introduction

Upwardly propagating seismic shear waves are amglifvhen crossing from a
medium of higher shear wave velocity to that of éovshear wave velocity (a
phenomenon that can be explained by the principfesonservation of energy).
Upper-crustal amplification is a function of tf#&W profile of the earth crust,
particularly at shallow depths and is dependenthenfrequency of the transmitted
waves. In parallel with the amplification mechanism the upper crust is the
attenuation mechanism. Both mechanisms occur wahshort transmission distance
in the upper crust. To develop representative uppestal factors representing these
two mechanisms, th®/\W profile for each of the average geological formasi in the

three regions must be accurately modelled.

11



At shallow depths within the reach of drillholesngitudinal wave travel time was
measured to determine the compressional modulus¢chwivas then used for
calculating the shear modulus based on the estihfadésson’s ratio. An empirical
formula has been developed in Chandler et al. (@D® converting velocity of
longitudinal waves into that of shear waves. Usstigplementary information on the
SW of weathered rock has also been obtained by meglathe reported rock
classification within-situ test results. At greater depths of up to 8KV data can be
obtained from the literature (e.g. Feng et al.,1198 and Mooney, 1998) which

reports on observations from seismological momtpstudies.

A generalised framework for modelling tH&W profile (with depth) has been
developed recently in Chandler et al. (2005a). Mioelelling framework enablé\W

profile of an area to be predicted from informatr@ported in CRUST2.0 (Laske et
al., 2000). The information is then augmented bipaites of longitudinal and shear
waves recorded directly in the field. In summahg $YW profile of the earth crust,
comprising the sedimentary and the crystalline tatusock layers, may be
approximated by a tri-linear model (in most casssnprising three straight lines

(with velocity and depth plotted in logarithmic kes).

This genericSWV profile may be characterized rather simply by fillowing three

regional parameters and one local parameter:

1. Depth parametef; (km) which defines the total thickness of the seshtary rock
layers, and is the depth measured to the top otty&alline crustal layers, and

can be determined directly from CRUST2.0;

2. Depth parameteZs (km) which forms part of the bi-linear model fohet
sedimentary rock layers, and has been shown fr@® studies to be in the order

of 1/3 of the value oZ;

3. Mid-crust velocityVss (km/s) which is defined at a representative degtBkm

measured from the rock surface (&¢ plus 4—6km) which is typical of the

12



seismogenic (source) depths for moderate to langgtad earthquakes, and can be

inferred from information provided by CRUST2.0;

4. Local near-surface velocityso.03 (km/s) at deptlZz = 0.03km (30m) which can be
measured directly in the field for comparison witliormation inferred from

CRUST2.0.

The four modelling parameters that have been ifledtfor the three sub-regions are
listed in Table 2a and the correspondi®gN profiles listed in Table 2b. The
proposedSWV profiles together with the published data for theee selected sub-
regions are presented in Figs. 3(a)-3(c) and HBi@. and 4(b) for comparison with
the reference modeblWV profiles for generic “rock” and “hard rock” repesging

conditions of WNA and CENA respectively (Boore ahmyner, 1997). It is shown
that the upper few hundreds meters of the thremmabSWV profiles for Eastern

China are very similar and they are all boundeldetween the generic profiles.

The SWV profiles so derived for the three sub-regions wesed for calculating the
upper crustal amplification factor Vd() using the quarter-wave-length method
described in Boore and Joyner (1997). Meanwhile, ¢h-existing upper crustal
attenuation factoP( f ) was calculated based on a kappg factor derived according
to the methodology proposed in Chandler et al. $80@006a), which correlates
with the near surfac®W of rock. TheG-factor for short distance earthquakes (R <
50km) is simply 1/R. The whole path anelastic attgion factor, An(f), is
insignificant for earthquakes within a distance5®km and hence omitted in the
simulations. The adopted source fact§ff), was based on recommendations by
Atkinson (1993) for CENA. All these factors inclugi the crustal factors evaluated
from the study were substituted into Eq. (1), tesmological model, which defines

the frequency contents on rock for short distarmréhguakes in Eastern China.

4.2 Sep two: Inferred site factors

13



The seismological model so developed was then fasexddochastic simulations of the
accelerograms which were used in turn for estingatine PGV values on rock sites.
Meanwhile,PGV values have also been inferred from historM#| data making use
of the well known relationship of Eq. (4) (Newmaakd Rosenblueth, 1971) for

conversion fronMMI to PGV.
2"M = 1.4 PGV) (4)

It is noted that several oth&dMI-PGV conversion equations are available in the
literature. The adoptedMI-PGV relationship (Eq. 4) has been validated by
comparison with numerous other relationships in Letnal. (2003). The comparison
shows significant discrepancies in the estimateenbity values that were based on
different Intensity scales being used. However,drtgmtly, the slopes of thelMI-
PGV correlations were highly consistent across stuckesed out in different regions

using different Intensity scales (Lam et al., 2003)

The key outcome from this first step of the moaellprocedure was in comparing the
PGV values simulated for rock sites with tR&V values inferred from the historical
Intensity data for the average soil sites. As sitd effects have not been accounted
for by the stochastic simulations of the seismaalgimodel (which is about
simulating ground motions on rock), the average site effects were taken as the
average difference between the Intensity infeP&Y values and the stochastically
simulatedPGV values for the same earthquake scenario. In otlbedsythe ratio of
the twoPGV values is defined herein as the inferred siteofadthe path effects are
negligible if the source-site distance is shorbemt 50km. So, it was decided to use
recordedMMI historical data, with isoseismal radii rangingnrd20 to 50km, for
obtaining the inferred (median) site factors whiotre calculated separately for each
sub-region, in order that differences of the upperstal properties, though small,
have been taken into account. A summary of thésstat of the inferred site factors
calculated for each of the three sub-regions isvehio Table 3. Average site factors

in the range of 1.5-1.8 have been estimated.
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Frequency-dependent crustal amplification factagehbeen reported in Boore and
Joyner (1997) for generic “rock” sites (of WNA),rgeic “hard rock” sites (of CENA)
and generic “soil” sites. It was reported that tb&al crustal amplification factor
ranges between 1.42 and 2.25 for generic “rockessit.07 and 1.13 for generic “hard
rock” sites; and 2.24 and 2.95 for generic “saifes over the frequency range of
engineering interests which is in the order of@5to 3 Hz. The site amplification
factors for the two crustal conditions can be irddrby dividing the reported total
crustal amplification factors for “soil” by the ygective factors for “rock” or “hard
rock”. For example, it can be shown that the saetdr (soil/rock) of WNA is
between 1.3 and 1.6 (mid-range at 1.45) and tleefadtor (soil/hard rock) of CENA
is between 2.1 and 2.6 (mid-range at 2.3). Botlditmms in WNA and CENA can be
described as extreme conditions which have beemtifel with a median inferred
site factor of 1.45 and 2.3 respectively. It isewthat the median value of 1.45 is
only some 10% different to the lower and upper labualues of 1.3 and 1.6; likewise,
the median value of 2.3 is also only some 10% whffeto the respective lower and
upper bound values of 2.1 and 2.6. There is indaedelement of frequency
dependence in the site factor but the differenaetdarge and hence the variation of
the site factor with epicentral distance has natnbparameterized in this study.
Furthermore, the site factors of 1.5 to 1.8 sanestied in this study for the three sub-
regions of Eastern China are all within the ranfysite factors inferred for the “rock”

and “hard rock” conditions in North America as ceababove.

5. Seismological modelling for long distance earthgakes (R > 50km)
5.1 Sgnificance of Q-factors

The significance of anelastic whole path attenuahias been confirmed by the series
of analyses presented in this section, especiatlyafr-field events having source-site
distance (R) greater than 100km. Also, the regiodiffierences of the crustal

structures of the three selected regions, indichyedin and Aki (1988), have been re-

15



confirmed by historical earthquakelMI data, using a seismological modelling
approach. Moreover, this study indicates the pakninderlying difference in
response spectrum modelling from the engineeringtpd view, for which design
response spectra would be calculated (refer Se@jdior some scenario near-field

and far-field earthquake events.

Fig. 5 shows the comparison MMI attenuation relationships (for M = 7) for the
three sub-regions of Eastern China (without saé siffect). Results were obtained
from the stochastic simulations of the seismoldgitedel. The typical crustal

thickness of the three sub-regions, obtained froendglobal database CRUST2.0, is
31km. TheQ values assumed for this comparisonMi¥ll attenuation relationships

were 200 for SKP, 600 for YZP and 350 for SCF. Eheslues are based on
recommendations by Jin and Aki (1988). The sousmtof and the upper crustal
factors are the same as those used in simulatiog sistance earthquakes. The

conversion relationship of Eq. (4) was used in t®iag the predictions.

As shown in Fig. 5, the difference between thesrateattenuation is mainly due to
the combination of a number of path transmissiorhrarisms, as described in the
previous sections, includin@, An( f ), Va(f) andP( f ). The crustal thickness is
taken to be uniform across the entire region. imdgional differences with
attenuation characteristics due to influences by tipper crustal structure are
considered as negligible. It is observed from Bighat the difference in attenuation
rate is not significant for the distance range imitth0—100km. However, the
difference becomes increasingly significant witinder distances. Such differences
with long-distance attenuation are contributed mhgdsy intra-regional variations in
the wave transmission qualities of the earth dfiust anelastic whole path attenuation)

which is characterized by the crustafactor.

5.2 Quality factors from contour map of Jin and Aki

16



The three seismogenic sub-regions that have beeredtwere identified from intra-
regional variations in the wave transmission quaiit the earth crust within Eastern
China. A map of Cod® at 1 Hz QQp), herein termed simpl@, was proposed by Jin
and Aki (1988) for the territory of China. Fig. $ B reproduction of the map

published in that article for Eastern China.

The first sub-region studied is SKP and is charasd by an earth crust with lower
values ofQ (where the typicaf) value is around 100-300) and is comparable to the
crustal properties of Western North America (WNA).is observed that most
earthquake events in SKP occurred alongQh= 200 contour line. The second sub-
region is characterized by an earth crust with &igh values (in the order of 400—
1000) which is comparable to the crustal propeieSENA in which the value oD

is typically around 600—700. This sub-region isakec inside YZP. The third sub-
region forms part of SCF, for which the typi€alalue is in the order of 250-400 (Jin
and Aki, 1988, Mak et al., 2004). It can be obsdrtreat areas with high€) values
tend to have experienced relatively lower leves@bmic activity, which is consistent

with what was reported by Jin and Aki (1988).

It is interesting to observe that, in the depthgead00m — 4km, th&W profile of
SKP (with typicalQ values of 1086300) is comparable to that of WNA (with typical
Q values of 180), whereas ti®W profile of YZP (with typicalQ values of 406
1000) is more comparable to that of CENA (with &giQ values of 680). On the
other hand, SCF is characterized by the valu® garying in between 250 andDO,
and itsSWV profile lies in between that of CENA and WNA. Thiglependent piece
of information provides further support for the @s®d typicalQ values and th&\W
profiles constructed. This observation is also test with the findings by Chandler
et al. (2006a), in which a correlation betweé@rvalues andS\WW parameters of the

upper crust has been developed from a global ds¢aba

5.3 Septhree: Quality factors from calibration
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Whilst Q values have been estimated by Jin and Aki (1988) fanalysis of Coda
waves recorded from local tremors for the threerggons within Eastern China, it
was uncertain if thes€ values would be representative of conditions afda
magnitude earthquakes. The next step in the madelprocedure is to make
inferences of the probable values @ffrom historicalMMI data for long distance
earthquakes (i.e. where the isoseismal radius dscaeertain value, which might be
considered sufficient to show a significant regiatiference in the path effects). The
crustal conditions in SCF and YZP, is considerechigher quality (i.e. higheQ
values) as indicated by Jin and Aki (1988) in corguen to conditions in SKP. Hence,
isoseismals with radii greater than 100km were ewgal in the inference analysis for
the SCF and YZP regions, whereas isoseismals &idh greater than 50km were

employed in the analysis for the SKP region.

Q was made the sole parameter to vary in the parensétidies. With every assumed
value ofQ, there was always a corresponding inferred mesliarfactor. As the value
of Q was varied, the resulting change in the valudnefibferred median site factor is
indicated by the “hollow circle symbols” in Figs(a§—6(c) (and the associated 90%
confidence limits by the error bars). For each sdien, the value ofQ was
calibrated in accordance with the criterion thag¢ thferred site factor for long
distance earthquakes matched with the value ewluat Section 4.2 for short
distance earthquakes. The most probable rang€} \&lues have been determined

using this calibration approach for each sub-region

The median site factors inferred for short distapegthquakes in Section 4.2 (as
summarised in Table 3) are shown again in Fig9—6(a) as horizontal solid lines
(and the associated 90% confidence limits as hot&alashed lines). For the SKP
sub-region [refer Fig. 6(a)], the inferred mediae $actor on theMiMI scale is 0.85

and the corresponding 90% confidence interval88 8/— 0.15, i.e. 0.70 — 1.0. This is
translated into a median site factor of 1.8 °®p and lower and upper 90%

confidence limits of 1.6 and 2.0 respectively. Mghite, the median site factor
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inferred for long distance earthquakes (R = 50-600k shown (by symbols in Fig.
6(a) to vary in between 2.1 (%) for Q = 100 and 1.3 (&%) for Q = 500. The
sensitivity of long distance ground motions to @ealue is evident and points to the
importance of their accurate determination. Resfrthen this calibration analysis
shows that the most probable rangeQoifvould be in the order of 120 — 280, with a
most likely value of 200, which is in excellent e@gment with estimates by Jin and

Aki (1988).

Similarly for the YZP sub-region [refer Fig. 6(b}he site factor inferred for short
distance earthquakes in the sub-region orMNh# scale is 0.65 and the corresponding
90% confidence interval be 0.65 +/— 0.23, i.e. 0-4Q.88. This is translated into a
median site factor of 1.6 (229 and lower and upper 90% confidence limits of 1.3
and 1.8 respectively. The relatively lower levelcohfidence, compared to the cases
of SKP and SCF, is due to the smaller number @abheal MMI data available for the
YZP sub-region. Meanwhile, the median site factofeired for long distance
earthquakes (R = 100-400km) varies in between 224°) for Q = 350 and 1.6
(=2°%9 for Q = 600. Thus, a reasonable value @ffor the sub-region would be
greater than 450, and the best estimate would dendr600, which is in agreement
with the typical value estimated by Jin and Aki &8 Given that the inferred site
factor becomes insensitive to the valu€ivhen its value exceeds 600, a caj)cf
600 is applied to areas in YZP whe&peexceeds 600 (as shown in Fig. 1 in Jin and
Aki, 1988). Simulation results further demonstrdte importance of determining an
accurateQ value, as for example, if@ value of around 300 was employed in YZP, a
reduction ofMMI of 0.55 unit could result, which is translatedoimhore than 45%

under-estimation of thBeGV values.

For the SCF sub-region [Fig. 6(c)], the median fatdor inferred for short distance
earthquakes in the sub-region on Ml scale is 0.58 and the corresponding 90%
confidence interval is 0.58 +/— 0.11, i.e. 0.47.690 This is translated into a median

site factor of 1.5 (=2°% and lower and upper 90% confidence limits of dndl 1.6
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respectively. The site factor inferred for longtdisce earthquakes (R = 100-300km)
in the sub-region varies in between 2.0%%Zor Q = 150 and 1.2 (%) for Q = 500.
Results from the calibration analysis show thatastnprobable range of the value of
Q in the sub-region would be in the order of 26069,3with a most likely value of
around 320.

The calibrated) values so obtained in this study are listed inl@dbalong with the
Coda Q values shown on the contour map of Jin and Aki889 The good
consistency between the two sets@WValues which were developed independently
for the sub-regions supports the use of CQd@alues in representing conditions of
large magnitude long distance earthquakes. Thalitalin theseQ values being
incorporated into the seismological model is reiees$. Hence, thes® values have
been substituted into Eq. (2) and Eqg. (3) for tAkeuwation of the respective anelastic
attenuation factors. Finally, the full set of semagical parameters for characterising
the attenuation behaviour for each sub-region wbtained by combining the generic
source factor with the crustal factors evaluatedsettion 4 and the anelastic and
geometrical attenuation factors evaluated in Sediolable 5 provides a summary of

the seismological parameters for the three suldnsgihat are being studied.

6. Comparison with recorded data

This section describes the final (confirmatorypsite the modelling procedure. First,
the Intensity values simulated by the developesihselogical model for the three sub-
regions within Eastern China are compared withnisity values recorded on Iso-
seismal maps (Section 6.1). A further check of gshmulations was undertaken by
comparing the Intensities recorded from the 1976g§han earthquake with those
simulated by the seismological model developedSikP where Tangshan is located
(Section 6.2). In Section 6.3, attenuation relegiops derived from the developed
seismological models have also been compared witktirey attenuation model

developed for Eastern China (Wang et al., 2000).
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6.1 Comparison with recorded Intensities of historical earthquake events

All historical earthquakes collected were simulatesing the seismological models
developed in previous sections (in which the catidd Q values were amongst the
parameters that have been input into the modeB.PG3V values calculated from the
simulated accelerograms were then converted Mt values using Eq. (4). The
simulatedMMI values (having been corrected for site effectsjewammpared with
values inferred from the isoseismal maps. The s sfMMI values associated with
the three sub-regions are correlated in Figs. 7(@)- Significantly, no overall biases
are shown with the correlations although there aamesiderable scatters which are
believed to be contributed by the following uncertias: (i) uncertainties in the
quality of the surveyed structures which have snethdamage; (ii) uncertainties in
the correlation between the level of damage tosthecture and the ground motion
parameter; (iii) uncertainties in the site condisoand (iv) uncertainties in the
interpretations made by people surveying the dathagea. Because of these
uncertainties, analysis MMI data typically features wide scatters as showkign7.
What is important though is to ensure that thereassignificant overall bias in the
correlation between the simulated and the obsede¢al as is demonstrated clearly in

Fig. 7.

6.2 Comparison with Intensities inferred from records of the Tangshan earthquake

On the 28 of July, 1976, a very strong earthquake of mageitis = 7.7 occurred
right under Tangshan City in Hebei province. Thergvcaused almost complete
destruction of Tangshan city (with epicenter intgnXl) and significant damage in
the Beijing areaNIMI = VI — VIII). The Tangshan earthquake has attrd@tention
by many researchers in the past three decadestheiefore of interests to conduct a

comparison of damage information recorded from ¢vent with findings from
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simulations of the seismological models developedhis study. Historical data

obtained in the Tangshan earthquake have beercimallédrom a number of studies

(State Seismological Bureau (SSB), 1981; Chen.etl8B8; Gao, 1990; Dan et al.,
1993; Sun et al., 1998). They can be in the formmesponse spectral values, peak
ground acceleration or velocity and alstMI. In the comparative analysis shown
below, all the data have been convertedvid! for consistency. Similarly, ground

motions simulated by the seismological model hage deen converted intbIMI

units based on the methodology described in theque section.

In Fig. 8, a number oMMI attenuation relationships obtained from seismahalgi
modelling are plotted and superposed onto empida#d from historical events. The
significant differences between predictions frome thndividual attenuation
relationships in the distance range of R > 50kmdare to the different values Gf
being adopted (i.eQ values of 100, 350 and 600). The importance oblvayy
differences in the attenuation characteristics betwthe sub-regions is once again
demonstrated. Clearly, the attenuation relationgspociated with the adopteg
value of 100 is shown to best match with data olethifrom other sources based on
field observations (as shown by the symbols in Bjg.The remarkably good match
within the distance range of 100—200km is of patéicinterests. Simila@ value was
shown by the contour map of Jin and Aki (1988). Vioinity of the Tangshan area is
shown to be characterised by a much lo@Qefalue than the general conditions within

SKP.

In contrast, attenuation relationships that argnald with the conditions of SCR =
350) and that of YZP( = 600) are in huge discrepancies with field obatons. The
converted discrepancies, in terms of @BV or response spectral velocity values,

would have resulted in an over-estimation in thaeoof 90% and 140% respectively.

6.3 Comparison with existing attenuation model developed for Eastern China
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Wang et al. (2000) has developed two sets of ateou relationships: one for
Eastern China and the other for Western China. mbdel for Eastern China was
selected for comparison with those derived fromclsastic simulations of the
seismological models developed in this study. At&gion relationships expressed in
terms of effective peak acceleratiodaP@) and effective peak velocityePV) have
been derived by Wang et al. (2000) based on a d¢hydmpirical procedure (which
could make good use of the abundant macroseisn@ndity data recorded in China).
By comparing the Intensity attenuation models dgvedl for China and California,
the attenuation relationships BPA andEPV for China can be derived by scaling the

selected model previously derived for California.

The effective peak velocity paramet&RV, is chosen herein as the parameter for
comparison, as it provides a more robust attenmati@racteristics than acceleration
based parameters. (It is noteworthy tBRV is not to be confused withRGV given
that EPV values used in the foregoing analysis were caledldy dividing the
maximum response spectral velocity by a factor &).2The validity of the
seismological models developed in this study ighfer supported by the broad
agreement with the empirical model of Wagtgal. (2000) as demonstrated by the

comparisons shown in Fig. 9 for M =5, 6, 7 and 8.

7. Discussion
7.1 Modélling intra-regional differences

Seismic response spectra are usually developed b@seaigorous micro-zonation
modelling, considering modifications by the soitliseents overlying bedrock. These
micro-zonation modelling are often carried out with paying adequate attention to
the modelling of intra-regional variation in theofggical properties of bedrock.
However, variations in bedrock conditions are degrt® have been taken into

account by empirical studies of earthquake accgtaros recorded on the ground
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surface. Most of the existing empirical attenuatrandels are based on the broad
geographical sub-divisions (Sadigh et al., 1997ahbmson and Silva, 1997; Toro et
al., 1997; Atkinson and Boore, 1997; Dahle et 8090; Ambraseys et al., 1996).
Ground motions predicted by these models differsbyne 50-100% for similar
earthquake scenarios and tectonic classificatiassréviewed in Hutchinson et al.,
2003). Although significance of inter-regional \aility in the bedrock condition is
evident, the enlisted empirical relationships wontit necessarily model accurately
variability in geological conditions (i.e. intrag@nal variability) if a diversity of
conditions exists within the accelerogram datab®k&eover, the paucity of strong
motion earthquake acceleorgrams in stable conthatield regions and regions of
low to moderate seismicity implies that even lessknown of both inter-regional and
intra-regional variability in the bedrock condit®rand their influences upon the
developed seismic hazard models. The hybrid sewyiwal modelling approach
illustrated in this paper provides a means of modglsuch variability by drawing

upon important information that are embedded ierisity data of historical events.

Attenuation relationships of the three sub-regi@misEastern China have been
developed based on the seismological models prdposthis study. The predicted
ratios of the attenuation relationships normalisath respect to that of SKP are
shown in Fig. 10 for M =5, 6, 7 and 8. It is ohsst that the possible intra-regional
differences are significant, in particular for feeld earthquakes exceeding 100km
where anelastic attenuation becomes important.ratie attains a value of two (i.e.

100% difference) when R is greater than 230km faP¥and 450km for SCF.

As mentioned earlier, far-field large magnitudetlegmake events are typified by low-
frequency (long period) seismic waves. Such indugedund shaking can be
disproportionately destructive due to its high thspment-velocity shaking
characteristics. Distant earthquakes represeninpallg significant seismic hazards
especially in low to moderate seismic regions wlssmismic activities are governed

by identifiable distant sources as opposed to fydrackground sources.
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Two scenario earthquake events have been selectedutly the differences in

response spectrum modelling for near-field andfidd earthquake events for the
three selected regions of eastern China. As showhig. 11(a), response spectra
simulated for the near-field earthquake event of B8 and R = 65km, using models
developed for the three sub-regions show littided#nces in the period range of
engineering interests (0.1 — 2.0 s). On the coptas shown in Fig. 11(b), response
spectra simulated for the far-field earthquake ewérM = 7.6 and R = 330km, see
significant differences in the predicted respongectal velocity between the sub-
regions. The SKP region characterized by lovgfactor produces the lowest
response spectral velocity. Some 100% differencgh@svn with predictions for the

SKP and YZP regions. Such significant intra-regiatiferences with the response
spectral velocity simulated for the same earthqulemario (M-R combination) have

not been suggested in a previous study of EastieimaC

7.2 Modelling path differences

Seismic waves propagate to a greater depth ifdhecs-site distance is larger and, in
almost all cases, the crustal quality would imprewth increasing depth. Hence, a
higherQ value should be expected for greater depth amdrm for larger source-site
distance. Thus, strictly speaking, tlig¢ factor would differ between individual
earthquake events within the same region. In HongdK for example, modelling
path variability can be achieved by employing @eontour map developed by Mak
et al. (2004). An example of distance-depend®@ntelationship for Southeastern
Australia was given in Allen (2004), which is badig a bi-linear relationship

betweeQ and source-site distance R.

A similar approach has been attempted for modellthg MMI attenuation
relationship in this study. The line@-R relationship starts at 25 for R = 50km and
increases up to a value of 250 for R = 500km. Theemely low value for the near

source region is based on a recently study by Matsu et al (2003), who found &

25



value of 29, for the upper crust in the vicinitytbe epicentre of the 1976 Tangshan

earthquake.

It can be seen in Fig. 8 that tidMI attenuation relationship resulting from the
proposed distance-dependéntmatches with historical records even better themn t
attenuation relationship based on a sin@levalue of 100. Nonetheless, both the
distance-depender® formula and the resulting comparison require fertresearch

before any firm recommendations can be made.

8. Conclusions

1. Stochastic simulations of the seismological nhé@des been developed as a viable
means of modelling seismic ground motion parametansl response spectra) for
regions of low to moderate seismicity lacking grdumotion records. Realistic

simulations are possible when representative ragi@md local parameters are

modelled.

2. Shear wave velocitys{W) profiles of the three selected regions in Eas&nma

have been constructed based on published expeamelata and results of
seismological refraction surveys as reported in ¢febal database CRUST2.0.
Strong correlation has been observed betweeBWhéprofiles and the crustal quality

(Q) factor.

3. The developed seismological models have beeledppr the three selected sub-
regions within Eastern China. Significant differeaan the predicted ground motion
parameters due to regional differences in the ggodb conditions have been

observed.

4. The developed seismological models have beemougly calibrated and verified
for each sub-region, using historical Intensityaddthe site (soil) effects inherent in
the database have been quantified and further gngblor calibrating the&)-value

for each sub-region.
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5. Remarkable agreements have been observed bethegmoposed seismological
model and field data from 1976 Tangshan earthquaken the appropriate

seismological parameters have been incorporatedhetsimulations.

6. Distance-depende-factor could be a possible improvement over a twom€)-

factor for seismic hazard study of Eastern China.

7. Based on the findings of this study, ground orofparameters could be refined,

especially for distant (far-field) earthquakes.
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Appendix A

(a) Sino-Korean Paraplatform (SKP)

Ra Rb Rv

No. Year Month N E M  MMI (km) (km) (km)
1 777 - 378 1152 6 8 22 10 15
2 1022 4 39.8 113.16.5 8 36 11 20
3 1038 1 38.4 112.97.25 10 15 13 14
4 1068 8 38,5 116.1 6 8 89 50 67
5 1304 2 36.1 111555 7 14 7 10
6 1502 1 34.8 1101 5 6 64 29 43
7 1502 10 35.7 115.36.5 8 46 32 39

8 1548 9 38 121 7 9 49 21 32
8 98 49 69

7 209 106 149

6 319 188 245

5 532 352 433

9 1556 2 345 109.8 8 11 24 15 19
10 81 26 46

9 120 39 68

8 171 60 101

7 279 153 207

6 405 252 320

10 1587 4 353 1135 6 7 53 29 39
11 1618 5 37 1119 6.5 8 25 13 18
12 1618 11 39.8 11456.5 8 36 22 28

13 1622 3 355 116 6 8 32 24 28
14 1624 4 39.8 118.86.25 8 47 23 33
15 1626 6 394 1142 7 9 55 40 47
16 1642 6 351 1111 6 8 65 40 51
17 1654 9 36.1 115.6 55 7 22 16 19
18 1665 4 39.9 116.6 6.5 8 36 24 29
19 1668 7 34.8 118,585 12 45 25 34
11 95 55 72

10 165 95 125

9 265 170 212

8 440 290 357

7 530 420 472

6 1060 800 921

20 1683 11 38.7 112.7 7 9 38 31 34
21 1695 5 36 1115 8 10 50 39 44
22 1720 7 40.4 115.56.75 9 124 68 92
23 1815 10 34.8 111.26.75 9 33 17 24
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25

26
27
28

29

30

31
32
33

34

35

36

37

38

39

1829
1830

1882
1891
1929

1937

1939

1940
1945
1952

1956

1957

1959

1965

1966

1966

11

12

10

36.6
36.4

38.1
37.1
40.7

35.4

37.1

40.2
39.5
39

37.8

40.5

35.6

35

37.5

37.4

1185 6
1142 7.5

1155 6
111.95.75
111.3 6

1151 7

121.6 5.5

122 5.75
119 6.25
112.7 55

114 5

1155 5

110.9 5.6

111.6 5.5

115 55

114.9 6.8
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(b) Yangz Platform (YZP)

Ra Rb Rv
No. Year Month N E M  MMI (km) (km) (km)
1 788 3 325 109.4 6.5 8 34 21 27
2 1361 - 28.8 1153 5 6 42 18 27
3 1487 8 34.4 108.96.25 8 13 13 13
4 1522 1 34.2 114.15.75 7 26 16 20
5 1524 2 34 114 5.75 7 21 12 16
6 1585 3 31.2 117.7 5.5 7 63 25 40
7 1624 2 324 1195 6 7 113 76 93
8 1631 8 29.3 111.7 6.5 8 97 72 84
9 1662 10 33.2 114855 7 75 63 69
10 1820 8 34.1 1139 6 8 15 10 12
11 1831 9 32.8 116.86.25 8 67 53 60
12 1913 4 32.2 119555 7 32 21 26
13 1917 1 31.3 116.26.25 8 32 18 24
14 1932 4 314 115 6 8 7.6 4.0 5.5
7 12 8 10
6 21 12 16
15 1954 6 31.6 116.65.25 6 131 61 90
5 172 102 133
4 201 160 179
3 286 246 265
16 1959 7 31.8 1153 5 6 3.4 2.3 2.8
5 10 7 8
17 1961 3 30.5 110 5 6 20 14 17
5 51 39 45
18 1965 1 35 1116 55 6 38 30 34
5 126 120 123
4 226 172 197
19 1974 4 31.4 119.255 7 7.8 3.9 5.5
6 28 12 18
5 38 28 33
20 1979 5 31.1 11055.1 7 6.8 3.3 4.8
6 14 9 12
5 25 18 21
21 1979 7 315 1193 6 8 3.0 2.0 2.4
7 16 13 14
6 32 28 29
5 223 143 178
4 263 251 257
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(c) South China Fold System (SCF)

Ra Rb Rv

No. Year Month N E M  MMI (km) (km) (km)
1 1067 11 23.6 116.66.75 9 16 10 13
8 37 27 32

7 74 63 68

6 155 133 144
2 1318 6 24.2 110 5 4 100 32 57
3 1372 5 24.2 111.15.25 4 94 64 78
4 1445 12 246 117.66.25 8 15 8 11
7 34 22 27

6 69 50 59

5 1485 10 22.6 110.25.25 4 160 34 74
6 1502 7 24 1109 5 4 90 32 54
7 1507 3 23 110.45.25 4 114 60 83
8 1508 11 23.6 115.85.25 4 143 69 99
9 1509 10 21.6 110.7 5 5 50 28 37
10 1510 1 21.6 110.7 5 5 50 28 37
11 1510 11 245 1095 5 4 109 36 63
12 1519 9 23.3 1173 5 4 93 60 75
13 1520 7 239 111 5 4 92 45 64
14 1556 1 29.5 113.255 7 31 13 20
6 71 33 48

5 125 70 94

4 194 144 167

15 1558 6 23.4 111555 7 4 2 3
6 15 8 11

5 45 26 34

4 123 66 90

16 1574 8 26.1 119.35.75 7 32 22 27
6 58 42 49

5 104 80 91

4 204 158 180

17 1584 7 23.3 112.55.25 4 150 84 112
18 1599 1 215 110555 4 180 158 169
19 1600 9 255 1172 7 9 18 15 16
8 45 40 42

7 94 84 89

6 165 146 155

20 1604 12 25 1195 8 10 20 13 16
9 36 25 30

8 66 50 57

7 138 103 119
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1153 5
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Figure Captions:

Fig. 1. The contour map of crustal quality fac@y for Eastern China (reproduced
from Jin and Aki, 1988) superimposed with the lemat of historical earthquake
events (as listed in Appendix A). Each contour limennotated with &, value of

200, 400, 600 or 1000. Earthquake events of diftereagnitude ranges are plotted
using different symbols as shown in the legend. bbendaries of the three study

regions are also shown.

Fig. 2. Magnitude-distance combinations of eaclsagimal as listed in Appendix A.
(a) Sino-Korean Paraplatform (SKP) region; (b) Yanglatform (YZP) region; (c)
South China Fold System (SCF) region.

Fig. 3. SWV profiles of the three selected regions in East@mna (plotted in
logarithmic scale for depths up to 10km). (a) SkBion; (b) YZP region; (c) SCF

region.

Fig. 4. Comparison of th®WV profiles of the three selected regions, with thoke
CENA and WNA. (a) Depths of 1km — 10km (plotted logarithmic scale); (b)

Depths up to 4km (plotted in linear scale).

Fig. 5. Comparison oMMI attenuation relationships (for M = 7) for the #rgub-
regions of Eastern China (without soil site effebMMI values were converted from
PGV values computed by stochastic simulations of tiensological models. The
typical crustal thickness of the three study regjabtained from the global database
CRUST2.0, is 31km. Th® values assumed for this comparisorMil attenuation
relationships are 200 for SKP, 600 for YZP and 8%0SCF estimated based on Jin
and Aki (1988).

44



Fig. 6. Inferred median site effects and calibratedtalQ factor (with the associated

90% confidence limits). (a) SKP region; (b) YZPioeg (c) SCF region.

Fig. 7. Comparison of historicAiMI values with those simulated by seismological
modelling with the calibrate® factors (corrected for site effects). (a) SKP oegib)

YZP region; (c) SCF region.

Fig. 8. Comparison of simulat&dMI attenuation relationships with historical data of
1976 Tangshan earthquake. Noted that distance-depe® has a linearQ-R
relationship withQ equals to 25 at R = 50km and increases up toue\al 250 at R =

500km.

Fig. 9. Comparison of existing attenuation relagiops (Wang et al., 2000) with

those simulated by seismological modelling with ¢aébratedQ factors (rock sites).

Fig. 10. Intra-regional difference: ratio of théeauation relationships with respect to

that of SKP simulated using the seismological m®gebposed in this study.

Fig. 11. Comparison of velocity response spectranéar-field and far-field events. (a)

Near-field event (M = 5.8, R = 65km); (b) Far-fieddent (M = 7.6, R = 330km).
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Table Captions:

Table 1. Summary of historical earthquake databaed in this study.

Table 2a. The four modelling parameters and themrapt of the profile in Zone I

(refer Table 2b) of the three sub-regions.

Table 2b. Summary of the proposedV profiles of the three sub-regions.

Table 3. Summary of median site factors inferreaimfrstudy of short distance

earthquakes (R = 20-50km).

Table 4. Summary dD factors of the three sub-regions.

Table 5. Summary of the seismological parametetsethree sub-regions.
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Fig. 1. The contour map of crustal quality fad@@rfor Eastern China (reproduced
from Jin and Aki, 1988) superimposed with the lamat of historical earthquake
events (as listed in Appendix A). Each contour Isxannotated with . value of
200, 400, 600 or 1000. Earthquake events of difftemeagnitude ranges are plotted
using different symbols as shown in the legend. Gdwndaries of the three study
regions are also shown.
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Table 1. Summary of historical earthquake datahaed in this study.

SKP YZP SCF

No. of earthquakes 53 21 57
No. of isoseismals 124 38 136

Table 2a. The four modelling parameters and themapt of the profile in Zone I
(refer Table 2b) of the three sub-regions.

SKP YZP SCF
Zs (km) 0.1 0.5 0.1
Z. (km) 5.0 8.0 6.0
Vs0.03 (Km/s) 1.20 1.40 1.50
Vsg (Km/s) 3.65 3.65 3.60
n 0.197 0.092 0.134

Table 2b. Summary of the proposBdV profiles of the three sub-regions.

N

Case Depth Range SKP YZP SCF
1 1
Zone IA 0<Z<Z, 1.2 Z 1_4[L}4 1_5{L}4
003 003 003
0.197 0.092 0.134
Zonell Z,<Z<Z, 35]{%} 3.65[%} 35][£}

6
1 1
Zone B Z <Z 3_65{5}” 3_65{5}12
8 8

Table 3. Summary of median site factors inferrednfistudy of short distance
earthquakes (R = 20-50km).

Sub-region SKP YZP SCF
Median site factor 1.8 1.6 1.5
(=2089) (=2059) (=205
No. of data 68 13 79
90% confidence interval 1.6-2.0 1.3-1.8 1.4-1.6

for the median site factor (=208%0-15  (=20630.% (=20°801h)
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Table 4. Summary d factors of the three sub-regions.

Sub-region SKP YZP SCF
EstimatedQ values by Jin and Aki (1988) 200 600 350
which Fig. 5 is based upon (100-300) (400-1000) (250-400)
MedianQ values (and 90% confidence 200 600 320
limits) inferred from calibration (this study)(120-280) (450-600) (260-360)
No. of data 49 10 51

Table 5. Summary of the seismological parametetseothree sub-regions.

Seismological

SKP YZP SCF
Parameters
Sf) CENA model (Atkinson, 1993), with values\d{fg in Table 2a.
G G(R,D):%(for R<1.5D)
_ 30
G(R,D) = (for 1.5D < R<25D)
1.5D
G(R,D)= 30 : 25D (for R>2.5D)
15D R
whereD is the thickness of the earth crust measuredeo th
Moho discontinuity.
D = 31km (CRUST2.0, Laske et al., 2000)
An(f) Q=200 Q=600 Q=320
(calibrated in this study)
n=0.68 n=0.38 n=0.56
(based on thg —Q relationship in Mak et al., 2004)
va(f) Square-root-impedance method (Boore and Joyner,)18&h
SWV profiles summarised in Tables 2a and 2b.
P(f) k=0.029 k=0.024 k=0.021

(based on th& — Vs oz relationship in Chandler et al., 2006a)
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