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ABSTRACT

The classical seismic hazard analysis is based on two independent simplified assumptions including the statistical distribution of mag-
nitude (usually Gutenberg-Richter 1958) and the distance distribution (equal probability in each point of a given source). However, the
interaction between the two distributions is rarely discussed in past researches. Therefore, a joint M-R distribution has been implemented
in this paper in order to shed light into these simplified assumptions. The Tehran metropolis is considered as the case study since it lo-
cates in a highly active seismic region. Three seismological datasets were used in this study, i.e. the observed dataset, the simulated
dataset based on the Han and Choi 2008 methodology, and the simulated dataset based on the EqHaz software platform. Then, the clas-
sical seismic hazard analysis results are compared with the results obtained based on the joint M-R distribution. The results show that
the classical seismic hazard analysis is always conservative when compared with the results based on the simulated data.

1. INTRODUCTION

Seismic Hazard Analysis (SHA) is an important and
timely issue in the performance-based earthquake
engineering (McGuire, 2004), i.e. especially in high
seismic regions such as Iran plateau (Berberian, 2005).
The main aim of SHA is to forecast ground shaking
characteristics such as Peak Ground Acceleration (PGA),
Peak Ground Velocity (PGV), spectral ordinates and so
forth [Baker, 2008]. Gutenberg-Richter is one of the

most important empirical-observation relationships
within the classical SHA (Richter, 1958; McGuire, 2004).
Several modifications were proposed in the literature in
order to enhance this relationship [Cornell, 1968;
Rosenblueth and Esteva, 1966; Isacks and Oliver, 1964;
Bazzurro and Cornell, 1999]. Various Gutenberg-Richter
distributions are depending on the treatment of the
Maximum Magnitude (M., [Kagan, 2007]. The
correlation between magnitude and distance is,
obviously, not present in this relationship. The
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hypothesis of this research is that if whether the joint
distribution of the magnitude and distance will result
in different conclusions in the case of seismic hazard
when compared to the classical approach? Therefore, a
joint distribution of M-R has been employed in this
paper in order to assess this hypothesis. The Tehran
metropolis is considered as the case study in this
research since this capital is located in the highly active
seismic region and the SHA results in this area will be
informative for engineering and research purposes. For
this aim, two catalogues are gathered including (1) the
observed events which are collected from the previous
studies [Shahvar and Zare, 2013; Berberian, 1994], and
(2) a simulated set of events based on the Han and Choi
approach [Han and Choi, 2008]. All the observed and
simulated events are within the 220 km rectangular area
of the capital centre. The foreshocks and aftershocks are
eliminated based on the Gardner and Knopoff approach
[Gardner and Knopoff, 1974]. Finally, 273 observed data
are available for further investigations. The whole area
is divided into 11 seismic sources, and then, the seismic
characteristics are calculated for each seismic region,
i.e. Mpax, B (seismicity rate) and A, (the rate of
earthquakes with magnitudes higher than mg) [Wells
and Coppersmith, 1994; Kijko and Sellevoll, 1992]. The
seismic characteristics are compared with the available
findings in the literature [Tavakoli and Ghafory-
Ashtiany, 1999]. The classical PSHA has been performed
based on Equation (1), and the results are compared
with the available SHA results in the region [Gholipour,
et al., 2008].

A(IM>x) =

Nsources max rmax

=;,1(Mi >mmin3n f | Of P(IM>x | mr) (1)

fm(M)fr(R)dmdr

where IM is the intensity measure, A(IM>Xx) is the rate
of IM>x, M is the moment magnitude, m,;, is the lower
bound for the moment magnitude, A(M;>m,;,) is the
rate of occurrence of earthquakes greater than my;,
from the source, P(IM>x|m,r) comes from a given
Ground Motion Prediction Equation (GMPE), f(M) and
f(R) are, respectively, the probability density functions
for magnitude and distance.

A set of events is also generated by employing the
Han and Choi approach (Han and Choi, 2008) for
different return periods, i.e. 104, 10°> and 10° years. This
approach uses a random generation procedure based on
the occurrence rate parameter which will be described
in details in the following sections. The other seismic

characteristics, such as My,,x and Ao, are kept identical
to the observed catalogue. Hence, the generated
catalogue has a kind of inherent epistemic uncertainty
which makes it different from the observed data. The
PSHA approach is, then, performed again for the
simulated cases and the results are compared with the
classical hazard curve as shown in Figure 1. As seen in
Figure 1, both of the hazard curves are close together
except in the middle part which corresponds to the
moderate return period values, i.e. between 10 years and
3500 years return periods which is a relatively wide
range of interest in practice. As seen in Figure 1, the
hazard curve based on the observed data is always
higher than the hazard curve based on the simulated
events which indicate that the hazard curve based on
the observed catalogue is still on the safe side. It is
worth mentioning that this difference is not meaningful
when Equation (1) being employed, however, the
difference rise up when a joint distribution between
magnitude and distance is taken into consideration. This
difference is the main focus of this paper and will be
discussed with details in the next sections. It is worth
mentioning that the author’s findings show that the
SHA results based on using f,(M).f,( R) meaningfully
differ from the results found on the implementation of
finr(M, R) within Equation (1).

2. INPUT DATA

21 SEISMIC CATALOGUE

The seismic catalogue was collected based on three
data resources including: (1) the historical data
[Berberian, 1994]; (2) The data provided by [Shahvar
and Zare, 2013] in which contains the moment
magnitude; and (3) The BHRC data available at its
website (see Data and resources).

Tehran metropolis is located in 35.69N and 51.42E
(see Data and Resources section). Initially, the seismic
data were gathered in the region 37N to 43.3N and
49.7E to 53.1E in which provides a rectangular area
with the dimension equal to 150 km around Tehran
metropolis. The possible active faults, as well as the
distribution of the collected seismic data, are shown in
Figure 2 (see also Data and Resources section).
Furthermore, it was found that a set of active faults are
located in the borders of the considered region.
Therefore, the part was extended to 33.8N to 37.5N and
49.2E to 53.6E which provides a rectangular area with
the dimension equal to 220 km (see Figure 2).

The active faults were identified consisting of four
linear and seven areal seismic sources as seen in Figure
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FIGURE 1. The hazard curves in Tehran metropolis by using the observed classical catalogue and Han and Choi simulated catalogue.

Focal mechanism solutions of earth
occurring in the interval 1948-1976.

Focal solutions of
occurring in the interval 1976-2002.

Horizontsl component of slip vector
i of
(maximum principal stress)

Fault mechanism and notation
Thrust and reverse fault

Fault without specification

Strike-slip fuult with sense of motion

HELT e

m : .
&"‘% .o . o o

FIGURE 2. The active faults as well as the distribution of the collected seismic data in Tehran metropolis.

3. Different magnitude definitions in the seismic [Scordilis, 2006] was employed in order to convert
catalogue were transformed into the moment magnitude surface wave and body wave magnitudes into the
definition (My). To clarify, the Scordilis relationship moment magnitude. The local magnitude (M;) was
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FIGURE 3. The 11 available seismic sources around Tehran metropolis.

transformed into the moment magnitude by using the
Shoja-Taheri relationship [Shoja-Taheri and Naserieh,
2007]. Additionally, the distance between the event
epicentres to the centre of the given region is calculated
by using the Haversine relationship [Sinnott, 1984].

2.2 SEISMIC DE-CLUSTERING

Three different methodologies were implemented to
eliminate foreshocks and aftershocks in the gathered
earthquake database. The methodologies consist of (1)
Gardner and Knopoff method [Gardner and Knopoff,
1974]; (2) Grounthal method [Van Stiphout et al., 2012];
and (3) Uhrhammer method [Uhrhammer, 1986]. The
three mentioned methods use a window scheme in order
to recognize foreshocks and aftershocks. Since the
results based on the three pre-mentioned methodologies
were quite close together, the authors decided to use the
Gardner and Knopoff method [Gardner and Knopoff,
1974] for further investigations in this study. In the case
of each seismic source, the Gardner and Knopoff
method uses a linear regression between time and
magnitude as well as a linear regression between
magnitude and distance. The events which are below
the regression lines are considered as foreshocks and
aftershocks and were eliminated from the seismic
database. However, the Gardner and Knopoff method is
limited to the magnitudes up to 6.4 [Gardner and

Knopoff, 1974]. Therefore, the Van Stiphout relationship
[Van Stiphout et al., 2012] was implemented in the case
of magnitudes higher than 6.4. Finally, after elimination
of the foreshocks and aftershocks, 237 data were
obtained as shown in Figure 4.

2.5 SEISMOGENIC ZONES AND MAGNITUDE-FRE-
QUENCY DISTRIBUTION

The seismicity characteristics, for each seismic source,
were calculated by considering historical data. The Kijko
method [Kijko and Sellevoll, 1989; Kijko and Sellevoll,
1992], which has been implemented in the Kijko2001
software platform (see Data and Resources Section), was
used to calculate the B and A,y parameters. The
maximum credible earthquake is calculated by using
Equation (2) [Wells and Coppersmith, 1994]. The Surface
Rupture Length (SRL) uncertainty is equal to 20 percent
of the fault length [Wells and Coppersmith, 1994] and at
least 50 km [Biasi and Weldon, 2006]. The seismic source
mechanism is obtained based on the Iranian active faults
map. The results are shown in Table (1). It is worth
mentioning that the current results are compared, as
seen in Table (1), to the Tavakoli and Ghafory Ashtiany
[1999] results as a verification procedure.

M =a+ b xlog(SRL) (2)
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FIGURE 4. The distribution of the earthquake data in Tehran metropolis after foreshocks and aftershocks elimination.

Seismic No. of Rupture ¥ Tavakoli and Ghafori-Ashtiany
Source earthquake length Slip type (“T;]X B* 1999
name events (Km) Zone  Mpax(My) B
1 Mosha 28 165 Strike-Slip 0.46 7.3 1.94 15 7.9 1.41
2 North-Alborz 54 428 Reverse 0.61 7.36 1.79 15 7.9 1.41
3 Astaneh /Kandovan 35 180/85 Strike-Slip 0.55 7.07 2.04 15 7.9 1.41
| Reverse
4 Siah-kuh 12 145 Reverse 0.39 7.07 1.92 8 7.4 1.99
Eyvanakey Reverse | Reverse
5 / Garmsar | Pishva 17 95/ 70/ 40 / Normal 0.29 7.07 1.96 15 7.9 1.41
6 Gugerd-kuh 14 70 Reverse 0.26 7.07 2.2 8 7.4 1.99
7 Khazar 17 295 Reverse 0.32 7.16  2.11 20 7.5 2.32
Kushk-e-Nosrat
8 | Eshtehard / Ipak 25 27205 / 17200/ /NR()JVTfS]e/ /R]SZ:;Z] 038 7.07 1.48 8 7.4 1.99
| Parandak-South
Rudbar / Bonan Reverse [/ Normal
9 | Masuleh 19 75/70/ 95 / Reverse 0.37 7.1 1.96 15 7.9 1.41
10 Indes / Tafresh 18 98/ 120 Reverse / Normal 0.39 7.07 2.02 9 7.3 1.94
1 Alamurt-rud 12 135/75  Reverse | Reverse 0.7  7.07 2.2 15 7.9 1.41

| Qazvin-north

Amo is the rate of earthquakes with magnitudes higher than m0
* B is the seismicity rate obtained by the Gutenberg-Richter relationship

TABLE 1. The seismicity characteristics for each seismic zone in the study region.
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where M is moment magnitude; SRL is the surface rupture
length; a and b are constants as shown in Table (2).

Slip type

Strike-Slip 5.16 1.12
Reverse 5 1.22
Normal 4.86 1.32

TABLE 1. a and b values employed in Equation (2).

3. SEISMIC CATALOGUE SIMULATION

31 SIMULATION OF CATALOGUE BY USING THE HAN
AND CHOI ALGORITHM

The Han and Choi algorithm (Han and Choi, 2008) is

utilised in order to generate a simulated earthquake

catalogue. The algorithm procedure is shown in Figure 5.

The earthquake catalogue consists of 237 events in 62

years. Therefore, to keep the seismicity rate constant,

[ Collect past carthquake records for a given period of time ]
!

[ Divide area by 0.1x0.1 of degrees grids ]
)

[ Assign address (i.j) to each grid point ]
)

[ Estimate occurrence number of earthquakes Nm(i,j) having M=>m0 ]
U

[ Calculate annual occurrence rate of earthquake (m) having M>m at (i,j) ]
)

l Smoothing process forim (i.j) J
v

[ Select time period for simulating future earthquakes ]
l

[ Calculate total number of earthquakes for selected period of time ]

Convert .m(i.j) into P(ki.j)

of magnitude FM(m)

Estimate Cumulative distribution function
Fstimate cumulative distribution funetion

[ Generate ith random numbers representing FM(m) , FA(kij) i= I-N ]

using the estimated Fi.(ki.j)

Determine ki.j for each random number (i) ’

using the estimated FM(m)

it 118 T 4110

[ Determine m for each random number (i) W

[ Plot M at (i) ]

FIGURE 5. The Han and Choi algorithm (Han and Choi, 2008).

3822 events are needed for every 1000 years.

This 62 year is a meaningful restraint in the current
study, but it is unavoidable. However, the Kijko method
tries to consider this lack of data in the estimation of the
seismicity rate. The whole region is divided into a
refined rectangular mesh with an increment of 0.1
degrees in longitude and latitude. Each cell in the mesh
is defined by two indices, i.e. (i,j) in which i is the row
(latitude) number and j is the column (longitude)
number. Then, the annual occurrence rate of Mmin is
calculated for each cell and denoted by A4(i,j). The
distribution of A, is shown in Figure 6 in which the
Frankel method [Frankel et al., 1996] was used to
smooth it. The weighting matrix is written in Equation
(3) based on [Frankel et al., 1996]. Then, Equation (4) is
used to smooth the annual occurrence rate matrix by
ten iterations [as done in Han and Choi, 2008].

1/16 1/8 1/16
w=|1/8 1/4 1/8 3)
1/16 1/8 1/16

+1 4l

A4(0)) =Z ZM(L]) X Wi_(i-2)m-j-2) (4)

I=i-1 m=j-1

For simplicity, the annual occurrence rate matrix is
transformed into a set of vectors by using Equations (5)
and (6). Then, the cumulative distribution function
(CDF) of this vector is calculated by using Equation (7)
as shown in Figure 7.

To simulate the new location of the earthquake, a
random number between 0 and 1 is generated as a
random CDF number. Then, the corresponding F, is
obtained based on Figure 7 (Equation 7). By using
Equation (5), i and j numbers are derived which are
corresponding to the row and column in the simulated
annual occurrence rate matrix.

For the magnitude of the simulated catalogue, the
same strategy as the location simulation is used. The
only difference is that the CDF (Equation 7) of
magnitude, as written in Equation (8), is replaced
instead of the location CDF. The simulation process is
done for three sets of catalogues consisting of 10%, 10°
and 10° seismic events.

Kij= (i-1)N+j (5)

Ag (Kij) = A4 ((i-1) N+j) = A4 (0)) (6)
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FIGURE 6. The annual occurrence rate based on the available catalogue in the considered region after.

F; (Ky)= ZP (Kip) (7)
i=1

Amg = Am
Imo

Fy(m) = P[M<m | M>m,] = 8)

where Fyy(m) is the CDF of magnitude (m); mg is the
magnitude lower bound; A, is the rate of earthquakes
with magnitudes higher than m; A,y is the rate of
earthquakes with magnitudes higher than m,,

3.2 SIMULATION OF CATALOGUE BY USING EQHAZ
SOFTWARE PLATFORM

The EqHaz platform [Assatourians and Atkinson,
2013] is an open-source software which was introduced
for earthquake catalogue simulation by using Monte-
Carlo [Ulam, 1961] method. The input data for the
EqHaz consist of (1) seismicity rate of a given fault; (2)
the rate of earthquakes with M>=m; and (3) maximum
magnitude. The algorithm within the EqHaz is based on
the Monte-Carlo simulation method. In other words, the
Monte-Carlo method
distribution of magnitude, distance and time to re-
generate new earthquake catalogues. The data based on

simulation employs the

Table (1) is used as input to the EqHaz platform, and
three bins of catalogues generated including 62, 10* and
10° years.

4. SEISMIC HAZARD ANALYSIS

41 CLASSICAL SEISMIC HAZARD ANALYSIS

The classical Probabilistic Seismic Hazard Analysis
(PSHA) is performed by using Equation (1) [McGuire,
1995]. The magnitude Probability Density Function
(PDF) is calculated by using Equation (9) [Cornell, 1968;
Green and Hall, 1994]. The distance PDF is based on the
assumption that the probability of earthquake
occurrence is equal in all mesh grids. The Boore and
Atkinson GMPE [Boore and Atkinson, 2008] has been
used in this study. The fault mechanism is available in
Table 1, and the soil shear wave velocity is obtained
based on [Zare et al., 1999] and BHRC data (see Data
and Resources section). The linear faults are divided into
20 km segments, and the area sources are divided into
10km X 10kmcell. Therefore, all the seismic sources are
divided into 662 sections in which the distance between
the cell centre and the city centre is calculated by using
the Haversine relationship (Sinnott, 1984).
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FIGURE 7. The cumulative distribution function of the yearly occurrence rate vector.

The obtained hazard curve based on the classical
PSHA is shown in Figure 8a.

fM (m) =K ﬂe—ﬁ(m—mmm)’ Muin M < Mypax

k = [1-eAtMuumun)]-1

(9)

------------ Classic PSHA in this study

T Classic PSHA via 10° years Simulated Cataloge by Han & Choi Algorithm
Gholipur et al.(2008)

Annual rate of exceedance
N
[=]
.

a)

where f(M) is the magnitude PDF; § is the seismicity
rate obtained by the Gutenberg-Richter relationship;
My, and my,,, are, respectively, the lower and upper
bounds for the magnitude; and k is a constant value.
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FIGURE 8. a) The comparison of hazard curves for the site located in 35.75N and 51.45E based on this study and Gholipour et al.(2008);
b) The comparison of hazard curves based on this study and EqHaz (Assatourians and G.M. Atkinson, 2013), the two curves
are completely overlapped.
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4.2 SEISMIC HAZARD ANALYSIS BY EMPLOYING THE
MAGNITUDE-DISTANCE JOINT DISTRIBUTION

To use the joint distribution of magnitude-distance,
the considered region is divided into a rectangular
mesh. Each square mesh cell has a dimension equal to
10 km. The magnitude range is between M,,;, equal to
4 and M,,,x with an increment of 0.5 where M, is
different for each seismic source (see Table 1). For each
magnitude value, a Geometrical Earthquake Occurrence
(GEO) matrix is assigned in which each cell contains the
number of events occurred in this location. The GEO
matrix dimension is the same as the area mesh as
schematically written in Equation (10).

|> NOw:  NOw  NOw: o .. NOw
.. Now
. Now
( NOus  NOus NOws ... NOwus
I” NOys
NOw:  NOw  NOw: ... NOw:
NOy:
NOw» .t
NOu:  NOz  NOwi ... NOu: NOu
NOy: .
NOws  NOw: NOwi ... NOu
NOwi  NOwi  NOw ... NOuw
Number of Occurance = L Mo
NOu:
NOui  NOxu NOuw ... NOu

where NO stands for the Number of Occurrences in each
cell and i is the latitude number, j is the number of
longitude division, and k is the number of matrix layer
that is equal to the magnitude discrete value range. For
example, Equation (11) is written in the case of linear
seismic source No. 1 for the magnitude between 4.75 to
5.25 and using the Han and Choi method [Han and
Choi, 2008] for generation of 10° simulated records.

0 0 0 0 0 0 0 0 0 0 0
0 0 2290 2282 0 0 0 0 0 0 0
2268 2268 2309 0 2327 O 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 2413 0 0 2323 0 0 0 0
Number of occurrence=| 0 0 0 0 0 0 0 0 0 0 0
0 0 2388 0 0 0 7064 0 0 0 0

0 0 0 2230 0 2292 7097 2288 0 0 0

0 0 0 0 0 2320 0 2374 2320 2277 0O

0 0 0 0 0 0 2277 0 0 2278 0

L 0 0 0 0 0 0 1130 0 0 0 0]

(11)

Due to the locations of the earthquakes that occurred
in the last 62 years, there are several zero numbers in
Equation (11). This fact illustrates that there is not an
event in the earthquake catalogue in those cells. On the
other hand, for example, 451613 earthquakes are
generated in the case of Equation (11). For example, the

cell which contains 2268 number value in Equation (11)
corresponds to the 0.005 of the earthquake catalogue.

The M-R joint distribution PDF is obtained based on
this fact that the integral of the PDF should be equal to
unity. Therefore, Equation (12) is used to calculate the
Event Rate Coefficient (ERC). The joint PDF is then
obtained by multiplying the GEO matrix by the ERC
parameter as written in Equation (13). The PSHA
integral is re-written in Equation (14) by implementing
the joint distribution of magnitude-distance.

Fno (i,j,k) = [Numberofoccurrence] x -

j i

k
- Coff.NO.| Z Z Fno (k) =1

z=1 y=1 x=1
k™ i

— Coff.NO. x z

z=1 y=1 «x
k

]

Numberofoccurrence (i,j,k) =1

Il
i

Z Numberofoccurrence (i,j,k)

x=1

M\.

— Coff.NO. = 1/

[

z=1 y=

(12)

where Coff.NO. is the occurrence rate coefficient, i is the
number of latitude mesh, j is the number of longitude
mesh, k is the number of magnitude intervals, and
Number of occurrence is the occurrence rate matrix.

Fno (i,j,k) = [Numberofoccurrence] x Coff.NO.  (13)

where Fyq is the joint M-R distribution matrix.

AIM>x) =

Nsources mmax rmax

=Z/1(M[ S f P(IM>x | m7) (14
i=1 My, 0

fmr (M,R)dmdr

where all the parameters definition are identical to
Equation (1) except which is joint M-R PDF identical to
Fno in Equation (13).

5. DISCUSSION OF THE RESULTS

51 CLASSICAL SEISMIC HAZARD ANALYSIS

The classical PSHA is obtained based on Equation
(1) and the dataset in Table (2). The result is shown in
Figure 8a. To have a point of comparison, the obtained
hazard curve in the site located in 35.75N and 51.45E
based on this study is compared with the result in
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[Gholipour et al., 2008] which was a national project.
The assumptions and considered catalogue are not the
same between the current study and [Gholipour et al.,
2008]; however, many common points are present
between them. The two curves show good agreement as
seen in Figure 8a that confirm the accuracy of the
current PSHA results in this study.

5.2 CLASSICAL SEISMIC HAZARD ANALYSIS BY US-
ING THE SIMULATED DATA

The classical PSHA (Equation (1)) is calculated in this
section by implementing the simulated data, i.e. using
the Han and Choi algorithm as well as the EqHaz
platform. The standard hazard curves, based on the
observed data (Table 1) as well as the simulated data,
10% years based on the Han and Choi method, are
compared in Figure 8a in which all show good
agreement together. However, the hazard curve based
on the simulated data is always lower than the hazard
curve based on the observed data in the range of 0.05g-
0.5g regarding PGA. The difference comes from the
value used in Equation (9). As the simulated catalogue
has significantly more data than the observed
catalogue, the regression between magnitude and rate
of occurrences has been changed. In other words, the
seismicity is less in the case of the simulated catalogue
when compared to the observed catalogue. This may be
an effect of generating several large magnitude events
within the simulated catalogue.

The standard hazard curves, based on the observed
data (Table 1) and the simulated data (10° years based
on EqHaz platform [Assatourians and G.M. Atkinson,
2013]), are compared in Figure 8b which are almost
identical. The reason is that the EqHaz uses precisely
the same seismic characteristics as the results obtained
based on the observed catalogue. Therefore, it is evident
that the two hazard curves are identical in Figure 8b.

5.5 CLASSICAL SEISMIC HAZARD ANALYSIS BY US-
ING THE JOINT DISTRIBUTION OF MAGNITUDE-
DISTANCE

In this section, the PSHA is calculated based on

Equation (14) in which employs the M-R joint
distribution. The hazard curves based on the Han and
Choi algorithm (Han and Choi, 2008) in the case of 62,
10%, 10° and 10° years catalogues are shown in Figure
9a. As seen in Figure 9a, the 62 years of simulated
catalogue is not reliable since the duration is too short.
On the other hand, the 104, 10°> and 10° years catalogues
result in nearly the same hazard curves. Therefore, the
hazard curve based on the Han and Choi 10° years
catalogue is used hereafter for further investigations in

10° yeas simulated cataloge
ke 00 years simulated cataloge
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FIGURE 9. a) The comparison of hazard curves in the case of Han
and Choi algorithm (Han and Choi, 2008) for differ—
ent catalogue durations; b) The comparison of hazard
curves in the case of EqHaz platform (Assatourians and
G.M. Atkinson, 2013) for different catalogue durations.

this study. The same data are provided in Figure 9b in
the case of the EqHaz platform in which the hazard
curve based on the 10° years EqHaz simulated catalogue
will be used hereafter.

In order to distinguish the difference between
Equation (1) and Equation (14), three different hazard
curves are shown in Figure 10a consisting of (a) the
classical PSHA identical to Figure 8a which employs
Equation (1); (b) the hazard curve using Equation (14) and
the 10° years simulated data by Han and Choi algorithm
[Han and Choi, 2008]; (c) the hazard curve using Equation
(14) and based on the observed data. The same data are
provided in Figure 10b in the case of using the EqHaz
platform [Assatourians and G.M. Atkinson, 2013].
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and Choi, 2008); b) The comparison of hazard curves in the case of using Equations (1) and (14) based on the EqHaz plat-
form (Assatourians and G.M. Atkinson, 2013).
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As seen in Figure 10a, the classical hazard curve is
upper than the joint distribution hazard curves. The
reason is that the magnitude, as well as the distance
distributions, are based on the observed past events,
however, in the case of the joint distribution function
(Equation (14)); a standard deviation is taken into
consideration in each cell. This standard deviation
makes it possible to consider some events in the
locations that there is not any past event as well as
some magnitudes that did not happen in the observed
catalogue.

This justification in Figure 10b is different. As seen
in Figure 10b, the classical PSHA still upper than the
other two curves. However, the hazard curve based on
the EqHaz platform show higher seismic hazards in high
return periods when compared to the hazard curve
based on the original observed catalogue. This
phenomenon is vice versa in the low return period
region as seen in Figure 10b. The reason is apparently
coming from the difference between Equation (1) and
Equation (14) which is the magnitude and distance
distributions. For more elaborate with this issue, the
magnitude probabilities are shown in Figure 11(a) to
Figure 11(d) in four cases, i.e. the Gutenberg-Richter
[1958], the observed catalogue, the Han and Choi
catalogue, and the EqHaz catalogue. Figure 11(a) to
11(d) illustrate the magnitude distribution in the case of
four seismic sources, i.e. line sources No. 1 and No.2 as
well as area sources No.1 and No.3. The Han and Choi
magnitude distribution is also nearly exponential in
Figure 11(c). In general, the Han and Choi distribution
is more compatible with the observed distribution when
compared to the EqHaz distribution.

6. CONCLUSION

In this study, the multivariate statistical distribution
of magnitude-distance is altered into the classical
hazard analysis, and the obtained results are discussed.
The classical SHA always depends on the seismicity rate
parameters. For example, the classical SHA for two
regions with the same seismicity rate parameters, but
different earthquake catalogues will result in the same
hazard curves which are seriously challengeable.

The Han and Choi, as well as the EqHaz software
platform, were taken into consideration to obtain
simulated earthquake catalogues. The results show that
the Han and Choi method is more compatible with the
observed data distribution when compared with the
EqHaz results. Also, the hazard curve based on the Han
and Choi algorithm is always lower than the hazard

curve based on the classical SHA. This phenomenon
shows that the classical SHA is still on the safe side at
least within the assumptions and the case study of this
paper. The main reason for this phenomenon is that, in
the classical SHA, only the occurrence probability is
taken into consideration in the locations in which past
recorded data are available in the catalogue. However,
in the case of the Han and Choi algorithm, a variation
is considered around each location and magnitude. In
other words, events are taken into consideration, within
the Han and Choi algorithm, in the locations that there
were no previous events in the observed catalogue.

It is worth mentioning that consideration of the M-
R joint distribution results in meaningful different
hazard curves when compared to the classical SHA
hazard curves, at least within this study’s limitations.
More studies are obviously needed to prove this
hypothesis.

7. DATA AND RESOURCES

The ground-motion records were provided by the
Building and Housing Research Centre (BHRC), Iran
(http://www.bhrc.ac.ir/portal/, last accessed February
2014). Tehran location is 35°41 46 N 51°25 23 E based
on the Wikipedia Internet encyclopaedia (Available at
http:/[www.wikipedia.org, last accessed September 2013).

Iran faults map was provided by International Institute
of earthquake engineering and seismology, Iran
(http://www.iiees.ac.ir/, last accessed February 2014).

Kijko2001 software platform was provided by Council
for Geoscience (CGS), South Africa
(http://www.geoscience.org.za, last accessed September
2013).

REFERENCES

Assatourians, K., and G. M. Atkinson (2013). EqHaz: An
open source probabilistic seismic hazard code based
on the Monte Carlo simulation approach, Seism. Res.
Lett., 84(3), 516-524.

Baker, J. W. (2008). An introduction to probabilistic
seismic hazard analysis (PSHA). White paper,
version, 1, 72.

Berberian, M. (2005). The 2003 Bam urban earthquake: a
predictable seismotectonic pattern along the western
margin of the rigid Lut block, southeast Iran,
Earthquake Spectra, 21(S1), 35-99.

Berberian, M. (1994). Natural hazards and the first
earthquake catalogue of Iran. International Institute



INCORPORATION OF MULTIVARIATE STATISTICAL DISTRIBUTION OF MAGNITUDE-DISTANCE

of Earthquake Engineers and Seismology.

Biasi, G. P., and R. J. Weldon (2006). Estimating surface
rupture length and magnitude of paleoearthquakes
from point measurements of rupture displacement.
Bull. Seism. Soc. America, 96(5), 1612-1623.

Boore, D. M., and G. M. Atkinson (2008). Ground-motion
prediction equations for the average horizontal
component of PGA, PGV, and 5%-damped PSA at
spectral periods between 0.01 s and 10.0 s,
Earthquake Spectra, 24(1), 99-138.

Bazzurro, P., and C. A. Cornell (1999). Disaggregation of
seismic hazard. Seism. Soc. America Bull., 89(2),
501-520.

Cornell, C. A. (1968). Engineering seismic risk analysis,
Seism. Soc. America Bull., 58(5), 1583-1606.
Frankel, A. D., C. Mueller, T. Barnhard, D. Perkins, E.

Leyendecker, N. Dickman, N., S. Hanson, and
Hopper, M. (1996). National seismic-hazard maps:
documentation June 1996, 96-532. Reston, VA: US

Geological Survey.

Gardner, J. K., and L. Knopoff (1974). Is the sequence of
earthquakes in southern California, with aftershocks
removed, Poissonian. Seism. Soc. America Bull.,
64(5), 1363-1367.

Gholipour, Y., Y. Bozorgnia, M. Rahnama, M. Berberian,
and J. Shojataheri (2008). Probabilistic seismic
hazard analysis, phase I-greater Tehran regions.
Final report. Faculty of Engineering, University of
Tehran, Tehran.

Green, R. A., and W. J. Hall (1994). An overview of
selected seismic hazard analysis methodologies.
University of Illinois Engineering Experiment
Station. College of Engineering. University of Illinois
at Urbana-Champaign.

Han, S. W., and Y. S. Choi (2008). Seismic hazard analysis
in low and moderate seismic region-Korean
peninsula. Struct. Safety, 30(6), 543-558.

Isacks, B., and J. Oliver, (1964). Seismic waves with
frequencies from 1 to 100 cycles per second recorded
in a deep mine in northern New Jersey. Seism. Soc.
America Bull., 54(6A), 1941-1979.

Kagan, V. Y. (2002). Modern California Earthquake
Catalogs and their Comparison. Seism. Res.
Lett., 73(6), 921.

Kijko, A., and M. A. Sellevoll (1989). Estimation of
earthquake hazard parameters from incomplete data
files. Part I. Utilization of extreme and complete
catalogs with different threshold magnitudes. Seism.
Soc. America Bull., 79(3), 645-654.

Kijko, A., and M. A. Sellevoll (1992). Estimation of
earthquake hazard parameters from incomplete data
files. Part II. Incorporation of magnitude

heterogeneity. Seism. Soc. America Bull., 82(1), 120-
134.

McGuire, R. K. (1995). Probabilistic seismic hazard
analysis and design earthquakes: closing the loop.
Seism. Soc. America Bull., 85(5), 1275-1284.

McGuire, R. K. (2004). Seismic hazard and risk analysis.
Earthquake Engineering Research Institute.

Richter, C. F. (1958). Elementary seismology.

Rosenblueth, E., and L. Esteva (1966). On seismicity. In
Seminar in the application of statistics to structural
mechanics. Dept. of Civil Engineering, Univ. of
Pennsylvania, Philadelphia.

Scordilis, E. M. (2006). Empirical global relations
converting M S and m b to moment magnitude, J.
Seism., 10(2), 225-236.

Shahvar, M. P., M. Zare, and S. Castellaro (2013). A unified
seismic catalog for the Iranian plateau (1900-2011),
Seism. Res. Lett., 84(2), 233-249.

Shoja-Taheri, J., S. Naserieh, and H. Ghofrani (2007). ML
and MW scales in the Iranian Plateau based on the
strong-motion records. Seism. Soc. America Bull,,
97(2), 661-669.

Sinnott, R. W. (1984). Virtues of the Haversine, Sky Telesc.,
68(2), 159.

Tavakoli, B., and M. Ghafory-Ashtiany (1999). Seismic
hazard assessment of Iran. Annali di Geofisica,
42(6), 1013-1021.

Ulam, S. M. (1961). Monte Carlo calculations in problems
of mathematical physics. Modern Mathematics for
the Engineers, 261-281.

Van Stiphout, T., J. Zhuang, and D. Marsan (2012).
Seismicity declustering, Community Online
Resource for Statistical Seismicity Analysis, 10.

Wells, D. L., and K. J. Coppersmith (1994). New empirical
relationships among magnitude, rupture length,
rupture width, rupture area, and surface
displacement, Seism. Soc. America Bull., 84(4), 974-
1002.

Zare, M., P. Y. Bard, and M. Ghafory-Ashtiany (1999). Site
characterizations for the Iranian strong motion
network, Soil Dynam. Earthquake Engin., 18(2), 101-
123.

"CORRESPONDING AUTHOR: Alireza AZARBAKHT,
Department of Civil and Environmental Engineering,
University of Strathclyde, Glasgow, UK.

email: alireza.azarbakht@strath.ac.uk

© 2019 the Istituto Nazionale di Geofisica e Vulcanologia.
All rights reserved




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /CapitalsRegular
    /Charcoal
    /Chicago
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /GadgetRegular
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /HelveticaInserat-Roman
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /Monaco
    /NewYork
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /SandRegular
    /Skia-Regular
    /Symbol
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08250
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


