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Probabilistic seismic hazard analysis is a technique for estimating the annual rate of exceedance of a
specified ground motion at a site due to the known and suspected earthquake sources. A Monte-Carlo
approach is utilized to estimate the seismic hazard at a site. This method uses numerous resampling of
an earthquake catalog to construct synthetic catalogs to evaluate the ground motion hazard and its
uncertainties. The method has been tested for peak ground acceleration and spectral response

accelerations of 0.2 and 1.0 sec for sites in Tehran and the surrounding area. The disaggregation
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technique of seismic hazard provides relative contribution to hazards from sources of different
magnitudes, M, distance, R and a measure of the deviation of the ground motion from its median value,
¢, as predicted by an attenuation relationship. In different sites in Tehran, the major contribution comes
from moderate and large magnitudes, at close distances.
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1. INTRODUCTION

Quantitative estimation of earthquake ground motion at
a specified site may be carried out by deterministic or
probabilistic approaches. If the earthquake loads for an
engineering project at a particular site are estimated
using deterministic seismic hazard analysis (DSHA),
one or more earthquake scenarios are defined as part of
the process. The DSHA consist of a postulated
occurrence of a controlling earthquake taking place at a
specified source-to-site distance. The probabilistic
seismic hazard analysis (PSHA) includes one or more
independent variables based on earthquake statistics and
probabilistic numerical calculations. Probabilistic
concepts allow the uncertainty in the timing, location,
and magnitude of future earthquakes to be explicitly
considered in the evaluation of seismic hazard. In the
PSHA, the contribution over all possible earthquake
occurrences and ground motion around the site are
integrated to calculate the ground motion that has a
particular probability of not being exceeded at that place
during some period of time. A principal advantage of
the probabilistic method stems from the nature of
Cornell’s scheme [1] that systematically combines the
contributions to hazard from all the earthquakes
generated by the seismic sources of engineering
significance to the investigated area. One major
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weakness of PSHA, which results from the integrative
nature of this approach, is the impossibility of directly
calculating parameters characterizing a design
earthquake  [2].  Probabilistic  seismic  hazard
disaggregation techniques introduced and formulated
over the previous decades could be an answer to these
technical problems. Disaggregation is a process that
allows the identification of individual earthquake
scenarios that contribute to a hazard for a given ground
motion parameter at a selected annual frequency of
exceedance (AFE). A first, application of disaggregation
was introduced by McGuire and Shedlock [3] to
perform sensitivity analysis on models and parameters
in hazard computations. Successively, Ishikawa and
Kameda [4], Stepp et al. [5], and Chapman [6]
introduced new applications of the disaggregation
procedure to select ground-motion time histories
compatible with the hazard calculated using
probabilistic methods. But, these approaches are not
satisfactory as they do not address the problem of
uncertainties in the attenuation. In 1995, McGuire [7]
introduced a disaggregation method that finds an
earthquake, the “beta earthquake”, as a representative of
the disaggregated uniform hazard-response spectrum.
Bazzurro and Cornell [8] analyzed possible choices for
disaggregation computation with particular attention to
their relevance and their influence on the computed
results.
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One of the main tasks in Monte-Carlo (MC)
approach is the generation of random numbers from
prescribed probability distribution to incorporate the
uncertainty. The use of MC simulation to compute
hazard involves taking a standard seismic source model
and using it to generate a large number of synthetic
earthquake catalogues representing possible future
outcomes of regional seismicity in a period representing
the lifetime of the structure being designed [9].
However, a realistic probability distribution is required
to fit each uncertain variable. Previous studies to
estimate seismic hazard in other areas showed that the
MC approach has many advantages over conventional
PSHA [9-13]. Application of MC simulation in seismic
hazard analysis is rooted in actual -earthquake
occurrence within each synthetic catalogue.

Tehran is a large, rapidly growing and important city
located at the foothills of the Alborz Mountains and is
bounded by several active faults [14]. The existence of
several active faults [15] and destructive historical
earthquakes associated with active faults near Tehran
[16] all indicate the necessity of the evaluation of the
severity of earthquake occurrences. Previous PSHA
studies have calculated values for design-basis
acceleration at greater levels than the value suggested
by the seismic code [17-21]. Nateghi [22] demonstrated
that a 0.35g scenario could produce a dramatic outcome
in Tehran, with extensive damage of buildings and
significant numbers of deaths and injuries. Some efforts
have recently been made using the DSHA for the
simulation of expected earthquake scenarios that affect
Tehran [23, 24]. Their results encourage the application
of the DSHA as a supplementary tool for region-specific
ground motion prediction in the Greater Tehran area.

The objective of this study was to take advantage of
the MC simulation in preparation of seismic hazard
maps in Tehran and surrounding areas for three different
ground motion parameters. These are peak ground
acceleration (PGA), 0.2, and 1.0 sec response spectral
acceleration (SA) for ground motion having 10%
probability of exceedance in 50 years. This level
earthquake produces the most commonly used values in
the probabilistic approach for specifying a design basis
earthquake (DBE), and it is the criterion used for the
Iranian seismic code [25] in terms of the design basis
acceleration. Then, we include the effect of
uncertainties in the hazard estimates and show the
contribution of the earthquake magnitude, M, and
distance, R, to the seismic hazard at a site from
disaggregation  studies based on Monte-Carlo
simulation.

2. MONTE-CARLO PROBABILISTIC SEISMIC
HAZARD ANALYSIS

For the same local soil condition, the intensity measure

of the ground shaking at the site (Y) depends mainly on
the magnitude, M, and source-to-site distance, R, of the
causative event. For the same M and R values, however,
empirical recordings have shown a great deal of scatter.
Such variability is captured by a (standardized
Gaussian) variable called epsilon, ¢, which is defined
here as the number of (logarithmic) standard deviations
by which the (logarithmic) ground motion deviates from
the median value predicted by an attenuation
relationship given by M and R. The procedures for
conducting a PSHA are summarized as follows [26].
First, a probability density function is created that uses
the distance from the rupture to the site to quantify the
earthquake’s location, and conditions for the source
property (magnitude) are defined. Second, for each
seismic source, the probability density function of
magnitude is characterized to parameterize the
earthquake source. The temporal distribution is modeled
using recurrence relationships; in general, a Gutenberg—
Richter relationship is used for sources, and a
characteristic earthquake model is used for active faults.
Third, an evaluation of seismic hazard requires an
estimate of the expected ground motion, an attenuation
relationship, at the site of interest. Mathematically,
based on the aggregated hazard from N sources located
at different distances and capable of generating events
of different magnitudes, the PSHA methodology allows
computation of the mean annual frequency of
exceedance, 4, at a site of a specified level x of Y

[8]:
A = 2 [[] Fu (M) Fo (N T, (2)

>x !

PIY > x|m,r, zJdmdrd (1)

where v; is the mean annual rate of occurrence of
earthquakes generated by source i with magnitude
greater than some specified lower bound. Functions of
fu(m) and fr(r) are the probability density of earthquake-
site distance and earthquake-magnitude, respectively. It
should be observed that ¢ is stochastically independent

of M and R, and then f (¢)=(1/27)exp(—£%/2)
represent the standard  Gaussian  distribution.
PLY > x|m,r,£] is an indicator function for the Y of a

ground motion (generated by source i) of magnitude m,
distance r, and ¢ standard deviations away from the
median with respect to level x.

Analytically, the effects of all earthquakes of
different sizes, occurring at different locations within
different earthquake sources and having various
frequencies of occurrence, are integrated into a single
seismic-hazard curve that shows the frequencies of
different levels of ground shaking being exceeded at a
site during a specified period of time. The MC
simulation uses randomly generated points in the
simulation of stochastic processes to cover the range of
values that enter into a calculation. The technique has
the advantage of being relatively easy to implement on a
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computer and allowing uncertainty in the input
parameters to be dealt with in a very powerful way by
the generation of random numbers. The essence of the
MC simulation is the generation of (pseudo) random
numbers from a prescribed probability distribution to
incorporate the uncertainty. Figure 1 schematically
represents the application of MC simulation in PSHA
[11]. Each hypocenter location within the source fault is
determined randomly so that the possible range of
source-site distance will be Ry, < R < Rpa for each
fault; as a result, any location within the fault has a
seismic equal probability.
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Fig. 1. A typical model of Monte-Carlo seismic hazard
assessment

Yazdani and Kowsai [27] examined a range of time-
and magnitude-dependent earthquake occurrence
models. They found that the Poisson model is adequate
since the last earthquake occurrence exceeds the mean
recurrence interval and the fault exhibits a very regular
interval of earthquake occurrence. It is assumed that
earthquakes, with a probability of occurrence described
by the Gutenberg-Richter relationship, can occur
anywhere. For each fault, the seismic recurrence
relationship shows that the range of possible magnitudes
will be Mpin < M < Mpa. The use of Monte-Carlo
simulation to compute hazard involves taking a standard
seismic source model and using it to generate a large
number of synthetic earthquake catalogues representing
possible future outcomes of regional seismicity in a
period representing the lifetime of the structure being
designed [9]. An attenuation relationship is a
mathematically-based expression that relates specific,
strong motion parameters to one or more seismological
variables of an earthquake. For each earthquake, the
ground motion at site can be simulated from knowledge
of the attenuation and the scatter of the attenuation.
From observation of the effects of a very large number
of simulations, probabilities can be calculated by merely
counting the number of results exceeding a critical value
[11]. As a simple illustration, when the highest ground
motion value from 1000000 generated data is sorted by
size, one can determine the ground motion value with a
10 annual probability of being exceeded by just
picking the 1001 value in the sorted list.

The disaggregation of hazard results, which shows
the calculation of different magnitude distance pairs,
allows the identification of individual earthquake
scenarios that contribute to the hazard for a given
ground motion parameter at a selected annual frequency
of exceedane [7-10]. The disaggregation based on MC
simulation is rooted in actual earthquake occurrence
within each synthetic catalogue to calculate design
ground motion at the sites. By performing any sort of
analysis on the resulting earthquake set, the
characteristics of the earthquake most likely can be
determined.

3. SEISMICITY PARAMETERS OF TEHRAN

3.1. Tectonic Setting Alborz is an active, EW
trending mountain 100 km wide and 600 km long,
which was formed when a piece of the Gondwana
collided with Eurasia in the Late Triassic. The Alborz
range is bounded by the Talesh Mountains to the west
and by the Kopet Dagh Mountains to the east [28].
Several active faults affect the Central Alborz [28-30].
Tehran is an important city located in the southern
foothills of the Alborz Mountain range. In the south of
the Alborz range, the main active faults are the North
Tehran, Mosha and Niavaran faults. The North Tehran
fault clearly appears as a thrust fault and the other two
have behaved as left-lateral strike slip faults during the
Quaternary [31, 32]. To the south of Tehran, the
Kahrizak, Garmsar, North and South Ray, and Pishva
faults also exhibit mostly oblique-reverse left-lateral
motion [31]. The locations of the most significant faults
in the vicinity of Tehran can also be seen in Figure 2.
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Fig. 2. Active faults in the vicinity of Tehran [15]

3.2. Seismicity Parameters The seismic assessment
is based on data on the earthquake occurred in the
concerned region (the historical earthquakes, occurred
before 1900, and instrumentally recorded earthquakes,
after 1900). Usually, the earthquake catalogue in a
radius of 200 km is gathered and processed, assuming
that the earthquake follow a Poisson distribution.
Historical earthquakes in Iran have been reviewed by
Ambraseys and Melville [16] and Berberian [28].
Historical earthquakes were ascribed magnitudes that
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were computed on the basis of a simple linear
relationship between intensities and magnitudes [33].
Early (pre-1964) and recent (after 1964) instrumentally
recorded events are collected from Moinfar et al. [33]
and the global seismological networks [34] for the
period 4" BC to 2011. The final collective catalog in
this study was prepared by eliminating aftershocks,
foreshocks [35] and incorrect reported events from the
data. The cleaned and updated catalog contains
earthquake magnitudes given in several scales. Surface-
wave magnitude (Ms), and body-wave magnitude (mb)
and Richter local-magnitude scales are converted to the
moment magnitude (Mw) according to the relationships
proposed by Utsu [36]. Due to the lack of sufficient
recorded data, it was not possible to assign the
occurrence of the earthquakes to their causative sources;
as a result, estimating the seismicity parameters for
individual fault was not possible and was obtained in an
area with a radius of 200 km around Tehran. The
Gutenberg-Richter recurrence relationship has been
calculated using maximum likelihood regression for the
sources of background seismicity employing events of
magnitude 4.5 < My, < My from 1900 to 2011 from the
catalog. The study area for seismicity parameters is
confined to 33°50-"37°50" N and 49°-53°50" E. The a
and b values were calculated for the whole area and
were found to be 2.25+0.05 and 0.55+0.04, respectively
[20]. The maximum earthquake magnitude (Mpmay) iS
determined based on maximum historical earthquake
and fault rupture length procedures, for which the most
commonly used empirical relationships are relationships
provided by Wells and Coppersmith [37]. In this study,
the maximum magnitude was found to be equal to 7.8
and 7.5 for the North and South Tehran faults,
respectively.

4. HAZARD ANALYSIS AND DISAGGREGATION OF
RESULTS

In this section, the procedure for generating ground
motions at multiple sites of Tehran for a range of AFE
using PSHA and MC simulation are presented. At each
site within this study, and at each AFE of interest, the
PSHA results would need to be disaggregated for the
identification of a few earthquake scenarios that
contribute to the hazard level for given ground motion
parameters. According to the Monte-Carlo method, the
seismic source of the area surrounding Tehran can be
considered to construct different earthquake catalogs. In
order to produce more accurate results, the area of
greater Tehran is divided into one hundred subareas,
and the seismic hazard is evaluated for each subarea. An
earthquake catalog for Tehran region spanning 10,000
simulations of 100 years of data has been generated
using Monte-Carlo simulation, and we include in the
calculation all possible sources of earthquakes that may

occur within a region surrounding the site. The data is
generated using the MC simulation coupled with the
Latin Hypercube Sampling (LHS) technique. The
ground motions from all the simulations were sorted by
size from the largest to the smallest for each site. As a
result, hazard curves can be produced for each site.
Musson [11] showed that, in a MC simulation, the
results with very low AFE may not be accurately
represented and that by performing a large number of
simulations this disadvantage can be overcome. In this
study, two ground-motion attenuation relationships [38,
39], developed for the area of Alborz are used in hazard
analysis and disaggregation. Hazard data depicting the
peak ground acceleration (PGA) seismic map over bed
rocking with a return period of 475 years is presented in
Figure 3. These results based on MC approach is
comparable with a hazard map produced by Ghorati-
Amiri et al. [18] in their PSHA study of Tehran based
on conventional approach, and the two produce
consistent results, with slight difference, mainly due to
the fact that the two studies use different attenuation
relationships and different maximum earthquake
magnitudes. Figure 4 indicate the 5% damped response
for important periods of 0.2 and 1.0 sec spectral
acceleration seismic map over bed rock with a return
period of 475 years.

Fig. 3. Seismic zoning map of PGA over bedrock in Tehran
and its vicinity for 475 year return period

(b)
Fig. 4. Seismic zoning map of spectral acceleration over
bedrock in Tehran and its vicinity for 475 year return period at
a) 0.2 sec, and b) 1.0sec
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Seismic hazard disaggregation has two major
objectives: the first one is to elicit the contribution to a
fixed hazard level in terms of fundamental quantities
and the second is to provide seismological parameters
describing the earthquakes that contribute most to a
fixed hazard value. Subsequently, these parameters can
be used to guide the selection of scenario events in the
site of interest. In this study, we consider return periods
of 475 years for a specific earthquake at a 10%
probability of exceedance in 50 vyears. This level
earthquake criterion is the criterion used for the Iranian
seismic code in terms of the design basis acceleration.
To provide further insight into the contribution to
hazard, we disaggregate the hazard results by magnitude
M, distance R, and ground-motion deviation . The
magnitude-distance-epsilon triple giving the largest
contribution to a predetermined level of hazard is the
most common result computed by disaggregation
analysis. It can be used to select representative time
histories or to generate hazard-compatible synthetic
signals. The dominant scenario is usually determined by
either the mean or the mode of the deaggregated result.
The mean has the advantage in that it is defined
unambiguously and does not depend on the bin size.
The disadvantage is that it may correspond to a scenario
that is not realistic if there are two or more sources with
significant contribution to the hazard. The mode is the
most likely scenario group. It corresponds to the
scenario group that has the most probable parameters.
The mode has the advantage that it always corresponds
to a realistic source [40]. The interval sizes used here
(0.1 on magnitude, 1 km on distance, and 0.1 on
epsilon) appear to work well. Table 1 illustrates the
most likely M, R, and ¢ for combinations causing the
exceedence of the 475 year ground motion for PGA,
0.2, and 1.0 sec spectral acceleration in different blocks
(B1-B8) as demonstrated in Figures 3 and 4. The major
contribution comes from moderate and large magnitude
at close distance and high values of epsilon. The
contribution of the scatter to the hazard is notable. Table
1 carries values for epsilon above the expected value of
the hazard-consistent ground motion. There is
considerable difference between the design values for
different blocks. As might be expected, there is
reasonable agreement between the values for PGA and
0.2 sec, and as it is expected the values for 1.0 sec
would not agree so well.

TABLE 1. Disaggregation of the Sa with 10% probability of
exceedence in 50 years

PGA Sa (T=1.0) Sa (T=0.2)

M | R|&|M]| R | & |M| R &

Bl| 64 7.5 2 6.2 | 125 | 1.3 | 6.2 7.5 1.2

B2| 64 7.5 21 | 66 | 125 | 0.7 | 6.2 7.5 1.5

B3| 7 125 | 11 | 66 | 125 | 11 7 125 | 0.7

B4| 6.2 125 | 0.7 | 6.2 | 125 1 6.2 | 125 | 05

B5| 6.2 125 | -11 |64 | 175 | 11 | 6.2 | 125 | 1.2

B6| 6.6 125 | 14 | 62 | 125 | 0.7 | 6.6 | 125 1

B7| 6.6 75 | -13| 62| 125 | 16 | 66 | 125 | 13

B8| 6.2 75 | -09] 64 7.5 12 | 6.2 7.5 1.6

5. CONCLUSIONS

The Monte-Carlo hazard maps demonstrated that
hazard, PGA, 0.2, and 1.0 sec spectral acceleration, in
greater Tehran decrease from the northeast of the
interested area in both southern and western directions.
The seismic hazard map of PGA on bedrock indicated
that, given the same input data, MC simulation
techniques produce the same output as conventional
PSHA methods. The MC simulation has the advantage
that it is easy to isolate the contributions of different
parameters in the analysis in the estimation of the
uncertainties in the seismic results. Because a simple
model was used for the seismic hazard analysis in this
method, most of the uncertainty in the analysis would be
categorized as an aleatory uncertainty [41]. In the MC
approach, the simulation of long earthquake catalogs
and the use of large sets of generated ground motions
can give an estimate of the size of the inherent aleatory
uncertainty in the seismic hazard values. The PGA
ranges from 0.34g to 0.47g for a return period of 475
years, which is more than the PGA values presented in
Iranian seismic code. The minimum acceleration values
are expected in the south of Tehran where soil deposits
are thick while maximum acceleration values are
expected in the northeast of Tehran where soil deposits
are thin.

The MC approach also has the advantage that it
allows the contribution of individual earthquakes to the
hazard to be calculated explicitly, making the
disaggregation quite simple. The disaggregation results
show the location and the size of the postulated
earthquakes to calculate design ground motion at the
sites. To determine the corresponding parameters at the
surface of the sites, local site effects play an important
role in earthquake resistant design. The seismic hazard
analysis carried out in this paper was based on the
assumption of an ideal bedrock case and therefore no
influence of local soil condition is taken into
consideration.
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