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Abstract. The rate of occurrence of intraplate earthquake events has been surveyed around the globe to
ascertain the average level of intraplate seismic activities on land. Elastic response spectra corresponding to
various levels of averaged (uniform) seismicity for a return period of 2475 years have then been derived
along with modifying factors that can be used to infer ground motion and spectral response parameters for
other return period values. Estimates derived from the assumption of uniform seismicity are intended to
identify the minimum level of design seismic hazard in intraplate regions. The probabilistic seismic hazard
assessment presented in the paper involved the use of ground motion models that have been developed for
regions of different tectonic and crustal classifications. The proposed minimum earthquake loading model is
illustrated by the case study of Peninsular Malaysia which has been identified with a minimum effective
peak ground acceleration (EPGA) of 0.1 g for a return period of 2475 years, or 0.07 g for a notional return
period of 475 years.
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1. Introduction

Probabilistic seismic hazard assessment (PSHA) which was first introduced by Cornell-
McGuire (Cornell 1968, McGuire 1976) has become universally accepted practice for quantifying
the level of seismic hazard. As introduced in almost every textbook on earthquake risk
assessments (e.g., Dowrick 2009), Cornell-McGuire PSHA procedure is resolved into four key
steps namely: (i) identification of potential seismic sources; (ii) characterisation of each seismic
source by magnitude recurrence modelling; (iii) ground motion predictions for all considered
earthquake scenarios; and (iv) integration of contributions from multiple sources with the
considerations of both aleatory and epistemic uncertainties. The spatial distribution of hazard
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levels obtained from this assessment procedure is usually presented in the form of contour maps
which become an integral part of a seismic design standard.

Alternative PSHA procedures have been proposed by various researchers over the last two
decades with the aim of enhancing the robustness of hazard estimates (e.g., McGuire 1993,
Frankel 1995, Kijko and Graham 1999, Tsang and Chandler 2006, Tsang et al. 2011). However,
all PSHA procedures are based mainly on the premise that the location of past events should be
indicative of the location of potential hazards for the future. This has been found to be true to a
certain extent in some evaluation studies (Kafka 2007, Camelbeeck et al. 2007) but is very
dependent on the sample of data being sufficiently large to capture the underlying long term
trends.

Whilst the philosophy of PSHA is straightforward and the procedure as a whole is well known,
important discretionary judgment needs to be exercised in every step of the modelling (particularly
step (i)) in lower seismic regions where few data points are available. The assumptions and
judgment made are usually not well justified on scientific grounds (Stein et al. 2011). It has been
reported that earthquake motions recorded from all around the world exceeded those indicated in
seismic hazard maps more frequently than expected (Tsang 2011). Many large and destructive
earthquakes have occurred on unrecognised faults (e.g., 1994 Northridge earthquake) or in places
that were considered relatively low hazard, including the 1995 Kobe earthquake (Chandler 1997),
2003 Algeria earthquake, 2008 Wenchuan earthquake (Tsang 2008), 2010 Haiti earthquake, and
2011 Tohoku earthquake (Kerr 2011). The huge residual risk is highlighted in the discrepancies
between the actual and expected numbers of fatalities (Wyss et al. 2012).

In regions of low-to-moderate seismicity the number of historical earthquake events that have a
magnitude (M>4) that exceeds the threshold of causing structural damage is sparse. Thus, a finely
divided source zone model (using a conventional PSHA) in such a region would predict a high
level of hazard in areas where earthquakes had occurred. The main concern with this modelling
approach is the underestimation of seismic hazard in areas where the historical database has not
shown any local seismic activity or no fault structure has been found. Consequently, areas where
tremors have never been recorded on the historical archive can be interpreted to be having a
nominal level of seismic hazard. Examples of such areas can be found in many parts of Australia
(GA 2012), Peninsular Malaysia (Pappin et al. 2011) and the island of Sri Lanka (Venkatesan et
al. 2015).

Intraplate seismicity by definition exists in all areas away from any tectonic plate margins.
Thus, earthquake events are possible at virtually any place on earth (Bird et al. 2010). Some of
these areas show little sign of activities if the period of observation is not sufficiently long or the
catchment area is too small. It was revealed in simulation studies undertaken by Swafford and
Stein (2007) that it could take thousands of years of seismological monitoring to capture the
underlying spatial pattern of seismicity in an intraplate area where the rate of crustal deformation
is 2 - 3 orders of magnitude lower than in interplate regions. Consequently, defining areas in an
intraplate region where earthquake tremors have never been recorded as “earthquake free”
significantly discounts the actual underlying hazard, and risk. For example, for areas such as
Peninsular Malaysia where there has been no M>5 event recorded in the past 50 years the level of
seismicity cannot be discounted to zero, similarly for the island state of Singapore and Sri Lanka.
Unfortunately, there is no general consensus over the minimum threshold (baseline) hazard that
should be adopted for structural design in these areas to account for intraplate seismicity.

The alternative broad source zone modelling approach predicts a uniform level of hazard and
fails to identify “hot spots” of relatively high seismic activities within an intraplate region. The
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authors support continuing the practice of using conventional PSHA for predicting spatial
variation of seismic hazard surrounding areas where earthquakes have occurred. At the same time,
and importantly, a broad source zone modelling approach should be adopted as well to establish
the minimum hazard level. The latter approach is the subject matter of this paper.

Both the finely divided source zone and the broad source zone PSHA modelling approach,
when used on their own, would run the risk of understating seismic hazard in certain areas even if
results derived from the two models are weighted by the logic tree. Essentially, the two modelling
approaches should be considered as separate “load cases” to be considered which is a common
terminology used in engineering design. The concept of load cases in the context of seismic
hazard modelling should not be confused with the established concept of multiple seismic source
models. The latter methodology used in PSHA involves the use of the logic tree to weigh results
whereas the proposed load case approach of a broad source zone that considers average seismic
activities controls the minimum level of hazard irrespective of results generated from other load
cases.

The concept of minimum (commonly referred as “background”) seismicity is not new and is a
recognised phenomenon in intraplate regions. What is needed for now is a rational basis of
quantifying the rate of earthquake recurrence and the corresponding level of background hazard
for use in engineering design. The objective of this paper is to present the derivation of the
background hazard using recurrence rates of intraplate earthquakes from around the world. The
rate of recurrences of earthquakes from a number of countries, and areas, away from tectonic plate
boundaries was first surveyed to estimate the average level of intraplate earthquake activity
(Section 2). The computational aspects of the PSHA methodology for predicting seismic hazard
generated from a broad source zone is then presented (Section 3). Response spectral values at 0.3 s
and 1.0 s as derived from PSHA of broad source zones are then presented for a range of ground
motion models including those that are specifically intended to be used to represent intraplate
earthquakes (Section 4). Finally, the use of the proposed minimum earthquake loading model is
illustrated with the case study of Peninsular Malaysia where local seismicity data is too limited to
apply PSHA in the conventional manner (Section 5).

2. Global rate of recurrences of intraplate earthquakes

The investigation into establishing the recurrence rate of intraplate earthquakes first focused on
counting earthquake events occurring on land in stable continental areas away from the tectonic
plate boundaries. Earthquakes exceeding magnitude 5 were used in the counting process since the
records are more complete and the intraplate hazard is contributed mainly by events in the range
M5 - M6.

It is noted that global b-values are typically in the range of 0.75 - 1.1 and have been found to
vary depending on the region and the faulting mechanism (Heety 2011). The b-value was
estimated to be around 0.93 on average for earthquakes featuring a thrust-faulting mechanism
which is typical of earthquakes in intraplate regions (GA 2012, citing the work of Schorlemmer et
al. 2005). Independent regional specific studies identified b-values of 0.88 for Australia (Allen et
al. 2004), 0.92 for the Indian sub-continent (Jaiswal and Sinha 2006, 2007), 0.91 for New Madrid,
Eastern North America (Stein and Newman 2004) and 0.90 for Africa (Heety 2011). All these
regions are predominantly intraplate in tectonic terms and a b-value of 0.9 is considered to be a
reasonable assumption for the purpose of this study. Given that only intraplate events of M5 or
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higher magnitudes have been counted and that M>6 events are rare (though possible) the total
hazard as expressed in the form of an elastic response spectrum for use in design would be
correlated well with the number of M>5 events. Thus, predictions from PSHA of broad source
models would not be as sensitive to the b-value assumed in the analysis as predictions from small
source models which usually rely heavily on the use of statistics of the occurrence of minor
tremors, and an estimated b-value, to infer the rate of occurrence of (M>5) events that are of
engineering significance.

In view of the generally very low rate of occurrence of intraplate earthquakes the number of
events counted was normalised to a standard land area of 1,000,000 square kilometres (sq km)
which is consistent with conventions adopted by Bird et al. (2010) and by Bergman and Solomon
(1980). For example, the listing of historical earthquakes occurring in the eastern part of Australia
(shaded in Fig. 1(a)) over the past 50 years was sourced from the website of Geoscience Australia
(2015). Fifteen earthquake events exceeding magnitude 5 (following conversion to the scale of
moment magnitude) were identified from the list and were located (Fig. 1(b)). Given that the land
size of the study area was 2,444,090 sq km, the normalised count is accordingly rounded off to the
value of 6 (being 15 divided by 2.44). Similar counting was carried out for the whole of Australia
and a normalised count value of 6 was also found. The larger the land area, the larger the amount
of data is collected for a given duration of exposure. Thus, the Australian database has great
significance in this study and much is attributed to the size of its landmass which is wholly within
a tectonic plate and is remote from any plate margins.

The counting was then repeated for a number of countries (or part of a country) that are away
from any tectonic plate boundary over four continents around the globe as listed in Table 1. Only
earthquakes occurring on land have been included in the counting given that there is a significantly
lower average rate of occurrence of intraplate earthquakes in oceans (as revealed in the later part
of this section). The number of events is divided by the land area of the respective country in order
that the normalised figures from each of the listed countries can be compared. All earthquake
magnitudes of the historical events have been converted to the moment magnitude scale as per
conversion relationship provided in McCalpin (2009). No correction for aftershocks has been
applied given that the number of aftershocks of intraplate earthquakes exceeding M5 is not
significant.

(a) Definition of study area (b) Disposition of M>5 events

Fig. 1 Eastern Australia (shaded part) and location of M>5 events in the past 50 years (data collected
and images reproduced from Google Earth)
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Interestingly, the normalised event counts as presented in Table 1 are all very consistent. In
most cases individual normalised event counts are in the range 4 - 6 (except for a couple of
countries where the total counts are considered too small to have statistical significance). It can be
shown that the normalised event count based on combining countries in western Europe would not
exceed this limit provided that areas close to the tectonic plate margin (in northern Italy, for
example) have been excluded. However, there are areas (hamely South China, the British Isles and
the Korean peninsula) where individual normalised event counts are in the range 9 - 11. It is not
the intention of Table 1 to make the suggestion that countries that have been identified with a
higher normalised number of event count (e.g., Eastern and Central China, Korean Peninsular)
would necessarily be having a higher underlying rate of recurrence as the displayed variations
might well be the result of the smallness of the sample (i.e., small area of landmass). The presented
statistics of event counts is not sufficient to indicate an exact global average value. However, it is
clear that this global average value is within the range of 5 - 10. A parameter Kp is introduced
herein to represent the rate of recurrence of intraplate events where Kp=1 refers to five M>5 events
occurring in an area of 1,000,000 sg km in the past 50 years, and Kp=2 refers to ten such events.
Amid the uncertainties and lack of adequate local information, it is prudent to err on the safe side.
Thus, “10” (i.e., Kp=2) is a reasonable, and conservative, normalised event count to assume
provided that (validated) local data of earthquake occurrence does not infer a higher value.

The rate of seismic activity is conventionally defined using the Gutenberg-Richter magnitude
recurrence relationship of the form

logio N(M) = a — bM (1a)

Table 1 Number of M>5 intraplate earthquake events on land in a 50 year period
N(M=>5) in 50 years [Recorded

Land Area N(M=>5) in 50 years

Country (108 km?) [Recorded Number] Nun;faoe(;oltl(;)gén E:T']Szﬁd 0

Brazil, 8.52 33 4
Australia (whole continent), 7.69 45 6
Australia (eastern states only) 244 15 6

Eastern US; 2.29 13 5-6
Eastern & Central China 1.55 14 9
Frances 0.67 4 6
Southern Indias 0.64 3 5
Germany, 0.36 1 3

British Isless 0.32 3 9-10
Korean Peninsula 0.26 3 11
Peninsular Malaysia 0.13 <1 <1

1. Data were obtained from GA (Geoscience Australia) earthquake catalogue, web reference:
http://www.ga.gov.au/earthquakes/

2. Data were obtained from PAGER-CAT earthquake catalogue, reference: Allen et al. (2009)

3. Data were obtained from CEUS earthquake catalogue, web reference: http://www.ceus-ssc.com/

4. Data were obtained from EMEC earthquake catalogue, reference: Grinthal & Wahlstrém (2012)

5. Data were obtained from reference: NDMA (2011)
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or
logio N(M) = as —b(M —5) (1b)

where N(M) may be defined as the expected number of earthquakes>M occurring within an area of
1,000,000 km? over a 50-year period, and a, as and b are defined as the seismic constants.

For Kp=1, as=0.7 or a=5.2 (being 0.7+0.9x5) assuming b=0.9. Similarly, for Kp=2, a=5.5.
Given the seismic constants and a suite of representative ground motion prediction expressions
(GMPEs) PSHA can be undertaken to quantify ground motion intensities in probabilistic terms as
demonstrated in the later sections of the paper.

An alternative method of surveying the rate of recurrence of intraplate earthquakes on the
global scale involves using the Global Strain Rate Model of Bird et al. (2010). Tectonic movement
is classified by this model into four deformation regimes namely: (i) Subduction; (ii) Diffuse
Oceanic; (iii) Ridge-Transform; and (iv) Continental. The rate of recurrence of earthquake events
in the four deformation regimes was modelled using the Seismic Hazard Inferred From Tectonics
(SHIFT) approach which involves monitoring tectonic activities through analysis of data from
Global Position System (GPS) geodetic velocity measurements. Earthquakes generated from (all
land and sea) areas that are not part of any of these deformation regimes are classified as intraplate
earthquakes. The rate of intraplate activities around the globe which represents only 2.7% of
shallow seismicity was modelled by taking an empirical-averaging method. An average activity
rate based on the number of events (of magnitude equal to and exceeding 5.66) per square meter
and per second was estimated at 4.27x1022 which is translated into 0.67 (or 10°%'") number of
events in an area of 1,000,000 km?over a 50-year period. This occurrence rate estimate is for all
intraplate earthquakes occurring on both land and sea around the globe.

As shown on the Rate Map of Bird et al. (2010) the global average recurrence rate of intraplate
earthquakes covering both land and sea is an order of magnitude lower than that identified for
activities in Diffuse Oceanic (ii) regimes; two orders of magnitude lower than Continental (iv)
regimes; and three orders of magnitude lower than the Subduction (i) and Ridge Transform (iii)
regimes. Thus, the average rate of recurrence of intraplate earthquakes as inferred from the global
catalogue dataset for intraplate regions is well aligned with those inferred from GPS geodetic
velocity measurements for high seismic regions. This inferred seismicity can be represented in the
Gutenberg-Richter form as a=4.9 (being -0.17+0.9x5.66) assuming b=0.9. The rate of recurrence
of M>5 events is accordingly 2 - 3 in an area of 1,000,000 km? and exposure period of 50 years.

The normalised event count of 2 - 3 for both land and sea is somewhat lower than the figures
presented in Fig. 1 (being typically in the range 5 - 6) which are based on event counts on land. It
is noted that studies of intraplate seismicity in oceanic regions over the period 1963 - 1980 by
Bergman and Solomon (1980) revealed as few as 1 - 2 intraplate events occurring in oceans (based
on the full catalogue) when normalised to an area of 1,000,000 km? and exposure period of 50
years. Oceanic areas adjacent to India have the highest count (3 - 4) whereas areas adjacent to
Africa have the lowest count (<1). The normalised counts of events on land (continents) alone as
listed in Table 1 is therefore expected to be somewhat higher than the 2 - 3 inferred from the
Global Strain Rate model of Bird et al. (2010). In summary, seismicity estimates on the global
scale as represented by Table 1 and the Bird model are consistent.

The broad source zone modelling approach assuming a global average rate of recurrence of
intraplate activities (as derived in this section) draws upon the vast landmass of a number of stable
continental (intraplate) areas around the globe to compensate for their individual lower rates of
seismic activity. This is expected to provide a much more robust representation of seismic activity



Minimum loading requirements for areas of low seismicity 545

compared with locally developed models in stable continental regions. Essentially, the modelling
approach as described herein serves to reduce uncertainties as much as possible in the prediction of
events exceeding M5. Given that the great majority of intraplate earthquakes are only up to M5.5,
and that the predicted hazards associated with a M>6 event has only very minor contributions to
the total hazard (as demonstrated later in the paper), the accuracies of the model predictions would
not be compromised a great deal by uncertainties in the prediction of the b-value.

However, the rate of occurrence of intraplate earthquakes is actually not uniform in space and
time (contrary to the assumption of the broad source zone model). Seismicity within a region can
also be subject to both spatial and episodic variations (Leonard et al. 2007). In the absence of a
definitive emerging seismicity pattern there is a great deal of uncertainty over the size and location
of the earthquake generating sources. Thus, the broad source zone model presented herein is
primarily intended to set a minimum threshold value of intraplate hazard and not be used to
accurately predict the spatial, or temporal, distribution of seismic hazard within a region.

There are situations where the rate of earthquake recurrence in an intraplate area may exceed
the predicted global average. For example, the spatial distribution of earthquake activities in
Central and Eastern United States (CEUS) show that some 80 - 90% of the epicentres of
earthquakes exceeding M5 were located within only one-third of the area according to results of a
regional seismological survey study (Kafka 2007). These relatively active parts of the CEUS have
2.5 - 3 times more earthquakes per unit area than that estimated by the assumption of uniform
seismicity across the entire region of CEUS and the PSHA method can be used with some
confidence given the high number of seismic events recorded. In contrast, the broad source zone
modelling approach based on the estimated average global rate of recurrence of intraplate
earthquakes is potentially of good practical value in other parts of the world where a reliable
prediction of threshold hazard cannot be derived from the analysis of local seismicity data alone.

3. Probabilistic seismic hazard assessment based on predicted rate of recurrences

This section is concerned with explaining how ground motion intensities are derived as
function of the return period and parameters which characterise a broad source zone in the
presented simplified approach. The analysis of seismic hazard at a pre-defined location in an area
where uniform distribution of seismic activities is assumed only need to consider one source zone
which can be circular and centred at the site under consideration (Fig. 2). Rmax is the distance limit
beyond which the intensity of the transmitted ground motions is deemed negligible. In this study
the value of Rmax Was taken as 200 km.The probability density function for source-site distance R
(spatial distribution of seismicity) within the source zone can be expressed as follows

2R
f(R)=—— @

Rmax

The earthquake recurrence relationship assuming a doubly-truncated exponential function can
be expressed as follows

N(M) = UeXp[_ﬂ(M — M min )] = €Xp[= BM max =M min)]
1-exp[- B(M max =M min)]

(3a)
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Uniform
distribution of
activities
within the zone
assumed

A genericcircular
Zone model

Fig. 2 Circular source model for PSHA assuming uniform distribution of seismicity

where N(M) is the number of earthquakes with magnitude greater than M, occurring in a fixed time
interval and within the circular source area of radius Rmax. © is the total number of earthquakes
with magnitude greater than Mmin, occurring in a fixed time interval and within the circular source
area. f=2.3b, in which b is the slope of the Gutenberg-Richter relationship. The corresponding

probability density function is defined as follows
expl— (M —M
f(M) = B p[ B( min )] (3b)
1_eXp[_ BM max =M min )]

For every combination of M and R, seismic intensities are predicted by employing suitable

ground motion prediction equations (GMPEs). Finally, the total seismic hazard of the site
encompassing all the considered M-R combinations can be computed using the conventional
Cornell-McGuire approach (Cornell 1968, McGuire 1976) which is represented by the following

integral
PZ > z]= vl PlZ > 2M,R]f (M) f (R)dMdR @)

The implementation of the computational algorithm on an EXCEL spreadsheet based on sub-
dividing the circular source into ring sub-sources to facilitate analyses on a spreadsheet has been

demonstrated in Lam et al. (2015) and a summary presented in the appendix of this paper.
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4. Response spectra derived from published Ground Motion Models

4.1 Use of conventional ground motion models developed from strong motion data

Once the recurrence behaviour of local earthquakes has been modelled suitable ground motion
relationships have to be selected as part of the PSHA procedure. The great majority of strong
motion data used in most empirical ground motion prediction equations (GMPEs) are from
tectonically active (high seismicity) regions. Next Generation Attenuation models of Western
North America (NGA-West2) were developed by sourcing the service of five reputable groups of
researchers to work on a common pool of strong motion data that have been collected in
tectonically active regions. The literature references for the five GMPEs along with their acronyms
are listed in Table 2.

Table 2 Literature references and acronyms to conventional ground motion models

Literature citations Acronyms in legends Remarks
Abrahamson et al. (2014) AS14 Earthquake Spectra v30
Boore et al. (2014) BAl4 Earthquake Spectra v30
Campbell and Bozorgnia (2014) CB 14 Earthquake Spectra v30
Chiou and Youngs (2014) Cy 14 Earthquake Spectra v30
Idriss (2014) ID 14 Earthquake Spectra v30
0.4
— A5 14 NGA model
—— -BA14 NGA model
03 1__ .cB14 NGA model
= e CY14 NGA maodel
%—‘” 0.2 |——ID14 NGA model
0.1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Return Period (years)
(a) 0.3 s period
0.2 -
— 4514 NGA model
— BA14 NGA model
= CB14 NGA model
w = Y14 NGA model
j;f 0.1 | ——ID14 NGA model
0 0.02g

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Return Period (years)
(b) 1.0 s period
Fig. 3 Results of PSHA on rock for LogioN=5.2-0.9M (i.e., Kp=1) for NGA-West2
Mmin=4 and Mmax=7 (response spectral values are based on 5% viscous damping)
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Fig. 4 Results of PSHA on rock for LogioN=5.5-0.9M (i.e., Kp=2) Mmnin=4 for NGA-
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Results from PSHA as derived using Egs. (2)-(4) can be presented in the form of elastic
response spectral acceleration (RSA) values as function of return period for a given level of
seismicity defined in the Gutenberg Richter form (Eq. (1)). RSA (g’s) values have been calculated
for each of the five NGA-West2 models at various natural periods. Median predictions of the RSA
(g’s) values are presented in Figs. 3(a) and 3(b) for periods of 0.3s and 1.0s based on the rate of
recurrence as defined by: a=5.2 and b=0.9 (i.e., Kp=1).

Predictions shown in Figs. 3(a) and 3(b) for the individual models are broadly consistent and
particularly for higher natural periods (i.e., 1.0 s) (Fig. 3(b)). However, larger inter-model
discrepancies are shown at lower natural periods (i.e., 0.3 s) (Fig. 3(a)) even when a common pool
of data has been employed in the model development.

Sensitivity analyses have been carried out to reveal differences in the estimated hazard when
different magnitude ranges are considered. It is shown in Figs. 4(a) and 4(b) that contributions by
earthquake scenarios exceeding M6, and M7, were generally insignificant in low seismicity
conditions.

Sensitivity analyses have also been undertaken to track the changes in the RSA values as the Kp
value of 1 was increased to 2 (corresponding to the doubling of the rate of recurrence of M>5
events for a given area of landmass over a fixed period). Interestingly, the corresponding increase
in RSA values at a return period of 2475 years was only about 37.5%.

Results have been calculated for return periods of up to 5000 years and presented in Figs. 5(a)
and 5(b) in the form of return period (Kp) factors and compared with recommendations by codes of
practices (e.g., AS1170.4, 2007). It is shown that the value of K,for a return period of 2475 years
is of the order of 3.0 in comparison with the code specified value of 1.8. K, values calculated for
0.3 s and 1.0 s periods are shown to be very similar.

4.2 Use of NGA-East Ground Motion Models

Results presented in Section 4.1 were derived from Ground Motion Models (GMMSs) that were
developed mainly from strong motion accelerogram data collected in tectonically active regions.
Thus, results of PSHA based on the use of those GMMs cannot automatically be taken to be
representative of places located in tectonically stable regions such as Central North America,
Australia, and Southern India. Thus, alternative GMMs that have been developed from an intra-
plate seismo-tectonic environment need to be sought for realistic hazard predictions in areas of
low-to-moderate seismicity.

The Next Generation Attenuation of eastern North American (NGA-East) database comprises
29000 records from 81 intraplate earthquake events that were recorded from 1379 stations (PEER
2015/04). Ground Motion Models (GMMSs) derived from this database (which is at present the
most elaborate database of intraplate earthquakes) should be taken to be indicative of the intrinsic
source characteristics of earthquakes generated in an intraplate environment. A literature review of
seismological studies of ground motion models of Eastern North America (ENA) identified some
40 models that were developed in the period 1983-2014. A subset of 22 models were selected
based on quality and age of data. Further screening managed to reduce the 22 models into 6
representative models (PEER 2015/04). The acronyms for the six selected published ground
motion models (Table 3) are namely: (i) AB95 (ii) SGDO02 (iii) A04* (iv) BCA10d (v) BS11 (vi)
AB14*. Models labelled with an asterisk feature a geometrical attenuation factor of R™*2 within
about 50 km site-source distance as opposed to the conventional factor of R

The mainstream methodology that has been adopted for deriving GMMs for NGA-East is
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stochastic simulations of the seismological model. The credibility of a proposed GMM is best
tested by matching simulations from one of the seismological models with representative recorded
field data. The matching is often not straightforward because of trade-offs between various factors
of the attenuation relationship in order that solutions based on the best match are non-unique. The
source factor in the seismological model controls properties of seismic waves radiated from the
source of an earthquake, and is mainly characterised by the stress parameter (which has also been
described as “stress drop”) which is indicative of the rate of fault slip and hence the rate of energy
release in an earthquake. The higher the value of the stress parameter the higher the slip
rate/energy release and the higher is the frequency content of the radiative shear waves which are
then translated into earthquake ground motions as the wavefront reaches the ground surface.
Earthquakes in tectonically active regions (i.e., interplate earthquakes) usually have stress
parameter values lower than 100 bars. In contrast, much higher stress parameters values have
been found with intraplate earthquakes. The frequency content of an earthquake as reflected in
RSA values at low periods in particular are controlled by the stress parameter value.

In the evaluation work of Boore (Chapter 2 in PEER 2015/04) stress parameter values were
calibrated in order that simulations from the respective seismological model match with individual
earthquakes recorded in Central North America (CNA). In a calibration study involving nine
intraplate earthquakes of M4.4 - M6.8 recorded in CNA that were compared with published point
source simulation models of Atkinson and Boore (1995), Boatwright and Seekins (2011) and
Boore et al. (2010) (abbreviated herein as AB95, BS11 and BCA10d respectively) very well
constrained geometrical mean calibrated stress parameter values of 137 bars, 173 bars and 185
bars were found. The calibrated stress parameter values of any individual earthquake never
exceeded 400 bars with these point source models (except for the anomalous Saguenay earthquake
of 1988). The other two models marked with an asterisk featured exceptionally high stress
parameter values of 900 bars - 1200 bars to compensate for the rapid diminution of energy
enforced by the R geometrical attenuation factor. Given that stress parameter only controls the
high frequency behaviour of radiated seismic waves, the lower frequency wave components are
not as well compensated. Thus, GMMs in this category has been found to be understating ground
motions at period of 1 s and above.

An independently developed GMM (DASG15) as introduced in Chapter 3 of PEER 2015/04
has also been constructed from a seismological model that had been derived (more recently) from
the broadband inversion of the NGA-East database. The inversions involved 1133 recordings from
53 earthquakes recorded from 41 stations (but only two M>5 events: M5.8 and M5.1). The
DASG15 model was not within the scope of the evaluation study by Boore (Chapter 2 in PEER2
015/04). The calibrated stress parameter value of 120 bars with the DASG15 model (for M5.5 and
above) is in good agreement with the range of stress parameter values reported in the above for the
AB95, BS11 and BCA10d GMMs. An interesting finding revealed from the DASG study is the
stepped increase in the calibrated stress parameter value as the value of M crosses over the M5
limit. This phenomenon is well established with the NGA-West2 data (which shows such a stepped
increase from 26 bars to 53 bars) and has been adapted for use in the point source simulation of
intraplate earthquakes under DASG15 (which assumes a similar stepped increase from 60 bars to
120 bars). The shortcomings of extrapolating ground motion behaviour with magnitude scales
simply by regression analysis are well highlighted.

Other models from reputable sources including the hybrid empirical models (PZCT15%), the
Central and Eastern North America (CENA) finite fault models (e.g., SP15*), and the traditional
empirical model of ANC15 that were derived from macro-seismicity data (that are introduced in
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Chapters 5, 7 and 8 of PEER 2015/04) have also been included in the investigatory study. The
PZCT15* and the SP15* GMMs which are also labelled with an asterisk feature the use of the R
as the geometrical attenuation factor for R up to 50 km.

Results of PSHA showing RSA values at 0.3 s and 1.0 s based on a selection of GMMs of NGA-
East are superposed on the range of predictions based on the GMMs of NGA-West2 (Figs. 6(a)-
6(b)). Clearly, GMMs namely AB95 and DASG15 are more robust than the SP15* and PZCT15*
models in view of inter-model consistencies. An earlier independent review of GMMs developed
for use in ENA by Ogweno and Cramer (2014) also ranked AB95 favorably in view of
consistencies between the model predictions and field recordings. There is no intention to identify
which GMMs are the more “correct” GMM for CENA. It so happens that predictions from the
AB95 and the DASG15 GMMs of NGA-East are overall comparable with predictions from the
NGA-West2 and only marginally higher at 0.3 s.

Table 3 A selection of ground motion models for use in tectonically stable regions
Acronyms in

Literature citations Remarks
legends
Atkinson and Boore (1995) AB95 BSSA article
Pezeshk, Zandieh, Campbell and Tavakoli (2015) PZCT15 PEER report 2015/04
Darragh et al. (PEER, 2015) DASG15 PEER report 2015/04
Shahjouei and Pezeskh (PEER, 2015) SP15 PEER report 2015/04
Al Noman and Cramer (PEER, 2015) ANC15 PEER report 2015/04
Silva, Gregor and Darragh (2002) SGDO02 PEA report 2002
Atkinson (2004) A04 BSSA article
Boore, Campbell and Atkinson (2010) BCA10d BSSA article
Boatwright and Seekins (2011) BS11 BSSA article
Atkinson and Boore (2014) AB14 BSSA article
0.5 T ——DASG15 -
0.45 +=— SP15 . == Rangeof
— PZCT15 .- ’ NGAwest 2
0.4 + .
035 | ANC15 Vs 2880 - generic hardrock . -+ =~ AB9S and DASG15
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225 |
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R . . . . . . . .
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(a) 0.3 s period
Fig. 6 Results of PSHA on rock for Logi1oN=5.5-0.9M (i.e., Kp=2) for NGA-East Mmi»=5 and
Mmax=7 (response spectral values are based on 5% viscous damping)
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Fig. 6 Continued

4.3 Use of ground motion and crustal models for non-cratonic conditions

Crustal conditions of tectonically stable regions can either be cratonic or non-cratonic as
shown in Table 4 for a range of regions around the world. It is shown that two tectonically stable
regions can have different crustal classifications. For example, the crustal conditions in
Southeastern Australia and Peninsular Malaysia are much closer to that of California than to
Central North America. Most ground motion data that have been used to develop ground motion
models of NGA-East were collected from the cratonic crustal region of Central North America
(i.e., region 2 as defined in chapter 1 of PEER2015/04). However, it is a fallacy to consider NGA-
East models to be automatically suited for applications across all intraplate regions.

Adapting GMMs for use in low-to-moderate seismicity countries must take into account factors
controlling the (a) waves generation behaviour at the source of the earthquake in a given tectonic

Table 4 Countries identified with different tectonic and crustal classifications

Tectonic Classification
Crustal Classification

Tectonically Active Tectonically Stable

Western North America
Western South America

Indonesia Southeastern Australia, Central and
Non-Cratonic New Zealand Southern China and Peninsular
Japan Malaysia

Most parts of Southern Europe
and Middle East

Central North America
Parts of Eastern South America,
Cratonic - Central and Western Australia,
Scandinavia.
Southern India and Sri Lanka.
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setting and (b) waves modification behaviour of the earth (basement rock) crusts which are not to
be confused with the modification behaviour of near-surface sediments. Most of the GMMs of
NGA-East as presented in Section 4.2 are implicitly representative of cratonic conditions which
are identified with negligible modifications to seismic waves as they propagate up the crustal
layers. In contrast, a GMM model to be adapted for use in non-cratonic regions requires
substantial modifications to incorporate the amplification and attenuation of waves within the
upper 3 - 4 km of the earth crust.

The authors had experience of combining the source model of AB95 with the (non-cratonic)
crustal model of generic rock (Boore and Joyner, 1997 which is abbreviated herein as BJ97) for
predicting ground motions generated by intraplate earthquakes in what has been described as the
Component Attenuation Model framework (Lam et al. 2000, 2010). The crustal model of BJ97 has
since been made more versatile by parameterising the Vs (30 m) value as an input parameter
(Chandler et al. 2005, Boore 2016) in order that any crustal velocity profiles that are intermediate
between the classical generic rock and generic hard rock limits can be incorporated into an
existing ground motion simulation framework. An alternative crustal velocity profile modelling
approach has also been developed for various crustal conditions (Chandler et al. 2005). Simulated
RSA values for the non-cratonic version of AB95 based on the classical generic rock class of
Boore and Joyner (1997) is representative of non-cratonic regions. The credibility of those
simulations under the framework of the Component Attenuation Model has been established
through demonstrating agreement with field observations from different countries (expressed in
the form of Intensity data) as shown in some earlier journal publications by the authors and co-
workers over the years (e.g., Chandler and Lam 2002, Chandler et al. 2006, Lam et al. 2003, 2006,
Tsang et al. 2010, Yaghmaei-Sabegh and Lam 2010). Predictions by the (non-cratonic) model are
shown in Fig. 7(a) and 7(b) to be significantly higher than the upper limit of predictions by the
NGA-West2 models. Thus, the use of NGA-West2 models or NGA-East models in PSHA could
result in the seismic hazard understated in places like Southeastern Australia and Peninsular
Malaysia.

5. Case study for illustrating the use of proposed minimum loading model

In the case study of Peninsular Malaysia, the broad source zone modelling approach was
applied. The recurrence modelling of potentially destructive earthquakes was predicted directly by
counting the number of M>5 event count (defined herein as Ns) in the 50-year period over an
aggregated land area of 272,000 sq km Given that the tectonic and crustal classification of the
neighboring state of Sarawak and the western part of Sabah are similar to that of Peninsular
Malaysia, the three areas have been combined in the event counting. The event count of 3 is
translated to 11 as the area of the landmass is normalised to 1 million sq km (refer Table 5).

This frequency figure is consistent with statistics of historical earthquakes observed in the
intraplate regions of the Korean Peninsular and Eastern China as presented in Section 2 of this
paper. The recurrence behaviour can be represented by the following expression of the Gutenberg-
Richter form (Eqg. (5)) based on a pre-determined b-value of 0.9 and a (rounded-off) normalised
event count of Ns=10 which corresponds to Kp=2 which is consistent with recommendations made
in Section 2 of the paper.

Log,,N =5.5-0.9M (5)
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Table 5 Listing of local M>5 events in the Peninsular, Sarawak and South-western Sabah in the 50 year
period 1966 - 2016

. Avrea of the region Magnitgde of . .
Region historical Year of occurrence Location of epicenter
(sq km)
earthquake
Peninsular 130,598 *M4.6 1984 Tasik Kenyir
M5.3 1994 Bukit Mersing
Sarawak 124,450 M5.2 2004 Tubau
South-western
Sabah 16,951 - - -
Total Area = 272,000

*Given the uncertainties in the magnitude estimation of earthquake this event has been included in the count

where N is the event count for earthquake with magnitude > M over a period of 50 year period in a
source area of 1 million sq km.

Given the non-cratonic crustal classification of Peninsular Malaysia and Sarawak the
predictions of RSA can be based on the use of the AB95-generic rock (BJ97) model of Figs. 7(a)
and 7(b). For a return period of 2475 years, a RSA value of approximately 0.25 g is predicted at
period of 0.3s for the recurrence behaviour as defined by Eq. (5) (i.e., Kp=2). The effective peak
ground acceleration (EPGA) is accordingly 0.1 g (being 0.25 g/2.5). The reference EPGA value
based on a notional return period of 475 years (corresponding to 2/3 of predictions at 2475 years)
is accordingly 0.07 g.

This paper is aimed at giving recommendations for incorporating into design codes of practices
which typically stipulate response spectra in the flat-hyperbolic form. This common format of
presenting the response spectrum for use in engineering design features the use of the response
spectral acceleration at 0.3 s to define the flat part of the spectrum, and 1.0 s for the hyperbolic
part. The 1% corner period (T:) value may also be used to control the hyperbolic part of the
spectrum; and a T, value of 0.3s has been found to be sufficiently conservative as it envelopes
response spectral accelerations at periods exceeding 0.3 s. The RSA vs natural period relationships
are accordingly defined by Egs. (6a) and (6b) for a return period of 2475 years, and Egs. (7a) and
(7b) for a notional return period of 475 years. Refer also Figs. 8(a) and 8(b) for schematic
diagrams defining the recommended idealised elastic design response spectra to represent the
minimum loading requirements for the case study area. These response spectra only provide
coverage for acceleration and velocity controlled conditions whereas the higher period part of the
response spectrum for displacement controlled conditions can be defined in accordance with a
deterministic second corner period (T2) value. The high-period behavior of the response spectrum
is beyond the scope of this paper and is the subject matter of an earlier publication of the authors
(Lumantarna et al. 2012)

RSA, 3(g's)=0.25 (6a)
0.075
RSAy35(9's)= — (6b)

whichever is lesser for return period of 2475 years.
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The shortcoming of the broad source zone modelling approach as described is its failure to
capture “hot spots” of destructive historical activities. There is the option of superimposing the
modelled hazard (for the identified hot spots) on a map showing uniform hazard (that has been
derived from the broad source zone model) in order that no area is stipulated with a level of hazard
below a certain hazard threshold. The modelling methodology presented herein provides the
rationale (and transparency) for quantifying this background hazard level or ‘“background
seismicity”. For the Peninsula in particular, and for Sarawak and South-western Sabah, no such
threatening hot spot has been identified. Consequently, the level of hazard to be stipulated for this
part of Malaysia can be based entirely on results derived from the broad source zone model.

6. Conclusions

The objective of this paper is to present the derivation of the background hazard in intraplate
regions based on the rate of recurrences of earthquakes exceeding magnitude 5 observed from
around the globe. The estimated background hazard was derived from results of PSHA assuming
uniform spatial distribution of seismic activities. Results from the survey show that the number of
intraplate earthquake events of magnitudes exceeding 5 occurring in a number of countries that are
remote from any tectonic plate boundaries are typically in the range of 5-10 (i.e., Kp=1-2) when
normalised to a standard area of 1,000,000 km? and an exposure period of 50 years. The
recommended recurrence relationship for Kp=2 is accordingly LogioN=5.5-0.9M. The statistics
presented are generally consistent with the rate of earthquake recurrences inferred from the global
strain rate model of Bird et al. (2010). The use of ground motion models of NGA-West2 and NGA-
East for cratonic conditions (along with wave modifications to account for conditions in non-
cratonic regions) in PSHA enabled response spectral parameters to be derived in probabilistic
terms for different tectonic and crustal environments. In a case study to illustrate the use of the
proposed model for determining the minimum loading requirements for Peninsular Malaysia, an
idealised elastic response spectrum corresponding to an effective peak ground acceleration
(EPGA) value of 0.1 g is recommended for a return period of 2475 years, and 0.07 g for a notional
return period of 475 years.
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Appendix

The land surrounding a site where uniform spatial distribution of seismicity is assumed can be
divided into rings each of which can be treated as an individual earthquake source for the purpose
of PSHA (Fig. Ala). The area of the ring is used for calculating the probability of earthquake
events occurring (within the ring) and its distance from the site (the centre) is taken as the value of
R. The conditional probability of a RSA exceeding a targeted value (RSA") for a given earthquake
scenario expressed in terms of magnitude-distance (M-R) combination is given by the following
expression as per log-normal distribution

Pr(RSA> RSA'|MR) =1-(Z") (Ala)
where
z=z" 7?
o(z')= [ e 2dz (Alb)
Z=—0
Z is the zero mean log normalised ordinate
7 InRSA—InRSA (AL0)
OlnRrsa

RSA is the estimate of the mean for the given M-R combination based on the adopted ground
motion prediction equation (GMPE) and o rsa is the standard deviation of the natural logarithm of
the RSA values.

The annual rate of having an earthquake event with magnitude exceeding M generated by an
earthquake source is

A(M)=10""M (A2a)
The annual rate of having a destructive earthquake with magnitude exceeding Mmin IS
AM , )=107"Mm (A2b)

where Mmin=4 is assumed in this study.
As stated in the main text of the paper the value a*=5.2 and b=0.9 (for Kp=1).
For a circular ring

area of ring
1,000,000

a=a +log, 0

(A2c)

where a represents the number of earthquake events occurring in a circular ring.
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Seismicity is quantified in terms of
number of recurrence of earthquakes
per 1000000 sgkm for a 50 year period

area= 236 sgkm

===

Eachring

is considered

to be a seismic

source at a fixed

distance away

from the centre (the site)
with the value of “a” being
a function of the assumed uniform seismicity
and also function of the area of the ring

7 Equal Area

7.91km

area of ring |
1,000,000 |
50 ‘

(a) Schematic diagram showing circular rings (b) An example circular ring of 5-10 km radii
Fig. Al Circular Ring Model for PSHA in areas of uniform seismicity

S——

*
alcircular ring are for one year)= a(1,000,000sqkm for 50 years)+log 10

Take an example circular ring which has an area of 236 sq km and inner and outer radii of 5 km
and 10 km respectively it can be shown that 50% of the area within the ring has distance from the
centre exceeding the median distance of 7.91 km which is denoted as R (Fig. Alb). It can be
shown from Eq. (A2c) that a=-0.126 when a*=5.2.

Consider a situation when a destructive earthquake magnitude (M) has occurred the probability
of the magnitude of the earthquake not exceeding M is denoted as F(M) where

AM)
AM i)

The probability of magnitude of the earthquake falling within the bin Mi-Mi+1 is F(M;)-F(Mi+1).
The conditional probability of a response spectral acceleration (RSA) exceeding a targeted value
(RSA" for a given earthquake of magnitude falling within the bin Mi-Mi. is

Pr(RSA = RSA*)=A(M,,;,)x[F(M,)— F(M,,,)]x Pr(RSA > RSA*| M,R) (A2e)

F(M)=1- =1-107°MMm) (A2d)

where, M=1/2 (Mi+Mi.1), R=7.91 km for the example circular ring.

Result obtained from Eq. (A2e) are to be aggregated for all distance bins (up to 200 km) and
magnitude bins within the range of Mmin=4 to Mmax=7 which is a reasonable assumption to make
for continental regions that are remote from any tectonic plate boundaries such as Australia. The
mathematical expression for the aggregation can be written as follows

Pr{RSA > RSA*)= 3" 3 (M )x [F(M, )~ F(M,,, )] Pr(RSA > RSA*|MR,) (a2

joi
where subscript i and i+1 denote the magnitude range and j denotes the median distance of a
circular ring.

Finally, the Return Period (RP) for any given value of RSA* is accordingly taken as the

reciprocal of the calculated value of Pr(RSA > RSA*) as shown by Eq. (A2g)

1
~ Pr(RSA > RSA*)

RP (A29)
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