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ABSTRACT: The Empirical Green Function (EGF) technique, using
the small earthquakes, recorded by a temporary seismological network,
was applied to estimate the effect of the strong seismic motions, due to
probable future great earthquakesin Tehran. The reconstruction of two
earthquakes strongly felt in Tehran in the recent years, namely that of
Changureh-Avaj (22/06/2002) and Kojour (28/05/2004) provide us the
occasion to study the sensitivity of our simulations and to calibrate the
considered parameters. Four reasonable scenarios, were considered,
including the occurrence of a strong earthquake on the Mosha,
North-Alborz and Garmsar faults. For these three faults, an earthquake
of magnitude MW= 7.1 was simulated. For the last one, an event
with magnitude MW= 7.6, corresponding to the historical earthquake
reported for this fault was also considered.
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1. Introduction

I nvestigation of seismic waveformsin broad-frequency
band is one of the most important tasks in modern
seismology and the outcome of such researches is
indispensable for engineering seismol ogy.

For an area of strong seismic activity like Tehran,
it is possible to estimate the seismic scenarios apply-
ing various information like the historical seismicity,
or of the deterministic methods using geological data
on the active faults. It remains, however, much of
uncertainties such as the absence of unguestionable
documents on the historical seismicity and the lack
of knowledge about the exact behavior of the
known activefaults, their kinematics, exact length and
deformation velocity.

In addition, for the adapted structure design, the
civil engineersneed to know the compl ete seismogram,
or at least its response spectrum. This is not directly
accessible except for the well instrumented areas
where a strong earthquake was already recorded.
For the case of Tehran, although the important risk of
major earthquakes is known by historical and
geological evidences, no strong movement is still
recorded.

The idea of strong motion prediction using
recorded small events as Empirical Green Functions
(EGF) was proposed first by Hartzell [14]. The
method can be applied in reverse or direct problems.
The reverse applications are very numerous and
various, finding the focal mechanism, the source
function, the complete moment tensor, or the distri-
bution of dlip on the fault [7, 8, 28, 29, 35]. Itsusein
direct problem is mainly intended to the simulation of
the seismic movements due to a strong earthquake
in future, or to strong motion estimation associated
to a great earthquake occurred in the past [3, 18, 22,
24, 25, 26, 34]. The principal idea behind EGF
method is that the weak events contain complete
information on the transfer properties of the medium
existing between a given source and the station
(crustal propagation and the site effects).

2. Data

The data used in this study is taken from a seismologi-
cal survey, conducted in the city of Tehran, from
February to June 2002, in the framework of a
French-Iranian collaborative project. The experiment
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involved the installation of 13 portable seismological
stations to record at 14 different sites, shown in
Figure (1), the seismic ground motion due to earth-
guakes and ambient noise. Two of these stations, JAM
and CHA were installed on the rock and the others
over areas of different geotechnical characteristics,
see Figure (1).

The main objective was the experimental estima-
tion of the amplification effect of the local geological
condition [11-12].

Five small events were selected as empirical
Green functions. This choice was carried out accord-
ing to the quality of the recordings, the localization
of the events on or near the mgjor faults, and finaly
the possibility of carrying out “calibrations’” on major
recorded events. Figure (2) shows the location of
selected events and the mgjor faults of the region
and Table (1) shows their characteristics.

We also chose to reconstruct the seismic signal
of two large events strongly felt and well recorded
in Tehran to calibrate the input parameters. The first
one is Changureh-Avgj earthquake (22/06/2002, Mw
= 6.5) recorded on our temporary seismological
network and the second one is Kojour (Baladeh)
earthquake (21/05/2004, Mw = 6.3), recorded by
the national accelerometric network of Iran, manipu-
lating by Building and Housing Research Centre
(BHRC). These two events are presented by stars
with the letters A and K respectively, as shown in
Figure (2).

3. Outline of the Applied Model

The method described in Pavic [30] and Pavic et d
[31] was followed in this study, using the correspond-
ing computer code. The main characteristics of the
applied modd are:

Figure 1. Location of seismological stations (triangles) used in this study. The geological base map was compiled by Jafari et al
[21] based on Abbasi et al [1] and Tehran geological quaderangle (Geological Survey of Iran).

Table 1. Characteristics of the selected EGFs.

o Lo [ DT | Lo T o [Om0 e | it
1| SW Semnan 22%(:)%(:);13 35385 | 53.117 | 122 | 44 | Gamsar
2 | N Tehran 2031(:):215?;.2(? 35734 | 51809 | 163 | 27 | Mosha
3 | AlborzCentral | 2020521 | 35316 | 51672 | 182 | 41 | N.Alborz
4 |Ava Aftershock | 2020922 | 35,906 | 49237 | 18 | 39 Eﬁ\qﬁ;&
5 |Avaj Aftershock | 300572 | 35578 | 49072 | 109 | 42 E'act’:‘qﬁ;i
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Figure 2. Location of the small events, selected as EGF with respect to the active faults of the region.

Source model: The applied model for the present
study uses a rectangular source model derived
from the Kostrov crack model. The final dlip at
the end of the rupture is maximum in the centre
of the crack, and vanishes with an ellipsoidal
dependence on crack edges, while the slip
function exhibits a sharp square-root disconti-
nuity at the slip onset and a shorter total rise-time
close to crack edges [31].

Green functions summation method: There are
two various families of EGF techniques regard-
ing the Green function summing way. The first
group is based on a statistical summation of the
small events with applying a time lag between
them, without trying any direct relationship to
the fault plane geometry or the rupture kinemat-
ics. The only imposed condition is to respect
the w? law [34, 38]. Irikura [18-19], Bour [4]
Hutchings [15], and Irikura and Kamae [20]
are the representatives of the other family of
EGF technique with a kinematic modeling of the
target earthquake. The code used in this study
belongs to this second family and is based
particularly on work of Hutchings [15].
Suppression of high-frequency artifacts: There
is an inherent over-estimation of target/EGF
spectral ratio with the EGF method for the
high frequencies [5, 9, 30]. In particular, the
high frequency level of the source function
spectra tends to scale as (M/m,)"? instead of
(Molmo)”3 for the frequencies higher than corner
frequency of EGF (fc). Pavic [30] proposed a
specific and rather artificial processing on the
high-frequency part of the source function in
order to recover the theoretical ratio, (Molmo)”3,

between the complex Fourier spectra of the
target smulation and the EGF [30-31].

Input parameters value selection: Existing
uncertainties on input parameters will be neces-
sarily reflected on the results (accelerograms and
response spectra of target earthquake among
others). This difficulty had already led Hutchings
et al [16] to make a parametric study which in
that, instead of fixing the rupture parameters,
they vary them independently by chance within
the “reasonable” physically limits. A purely
random selection of the various values of a
parameter can not give the representative
results; therefore the method known as Latin
Hypercube Sampling [27] was adopted to select
the various values of the parameters by Pavic
[30].

*,
o

4. Input Parameter sDeter mination

The input parameters can be divided into two
categories: fixed parameters and uncertain param-
eters. The first group is consisted of the parameters
which can be given in a relatively precise way, by a
single value: depth of the EGF, epicentral distances,
source-receiver azimuth and the rigidity modulus of
the crust and seismic moment of the target earthquake.
The second category corresponds to the parameters
(10 in total) containing an important uncertainty:
strike and dip of the fault, seismic moment of the
EGF, length of the EGF, fault shape factor (L/W) for
target earthquake, stress drop of target earthquake,
S-wave velocity (V ), normalized rupture velocity
VIV, and the relative rupture nucleation coordinate
X/L and Y/W. For each of these parameters, it is
necessary to define the probability law, which one can
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choose normal, lognormal or uniform. The definition
mode of most important input parameters, namely
the seismic moments, fault lengths, stress drop and
position of the nucleation point has been shown
below in detail.

4.1 Seismic Moment

The selsmic moments of the target event and that used
as Green function are very important parameters
because they control the number of summations to be
carried out. In this study, two different relations were
used to determine the seismic moment. Thefirst isthe
theoretical relation connecting the seismic moment
to the low frequency flat level of the displacement
spectrum:

Mo = 4p.mVoRW, (1)

In which, M seismic moment in Nm; pi: the crust
rigidity; Vs: mean S-waves velocity of the crust; W, :
flat level of the displacement spectrum, determined
below the corner frequency and R is the hypocentral
distance. In certain cases, the determination of the
corner frequency is not easy, particularly for the small
events or when the rupture mechanism is complicated.
Thus, the Kanamori [23] relation was a so used, which
corresponds to the moment magnitude definition:

logMy, =1.5M,+9.1 2

The magnitude scale used to characterize the
selected EGF for most of the cases is the MI. But
one can consider that for magnitudes Ml lower than
5.5, magnitudes Ml and Mw are close together [17],
a necessary but perhaps biased choice. For simulation
of the main-shocks of Chnagureh-Avaj and Kojour
(Baladeh) earthquakes (both of magnitude slightly
higher than 6), the teleseismic seismic moments were
available. The computed values reported by USGSwere
used. The seismic moment of the target event (M) is
one of the fixed parameters and the seismic moment
of the EGF (m,) is defined by alognormal distribution
with a variance equal to 2 which means that 68.26%
of the values of m, are located in the interval [m0/2.0,
2.0mQ].

4.2. EGF Length

This length is supposed to follow lognormal distribu-
tion, with a variance of 1.6. The average length is
determined using empirical formula of Brune [6],
valid for acircular fault of ray r that relates the length
to the corner frequency f_ of the earthquake:
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The fault is being considered as square form and
its length | is determined by supposing that is of the
same surface as the circular fault (I =rp¥?). The
value of the corner frequency is usually determined
visually using the displacement Fourier spectra of the
recorded Green functions. This visual estimation is
rather delicate and subjective. The calculated length
was compared with an empirical relation [39]:

M,, =0.9In(Lr)+3.66 4

In which “Lr” is the length of the rupture. Although
there are other empirical relations such asfor example
that of Wells and Coopersmith [37], and that these
empirical relations are valid a priori only for the
earthquakes of moderate size, we considered it
sufficient to use these two formulas in the estimation,
taking into account the strong variance value for this
parameter. In addition, our calibration study did not
highlight a significant sensitivity of the results to the
EGF length, at least in the range obtained by the
various formulas.

4.3. Stress Drop

The stress drop is defined in a given point of a fault
as the difference in stress state before and after the
rupture. For a fault with the length L, of width W
and an average slip D, the average stress drop is
defined by:

_ D
Ds =Cm=

In which C is a “constant” (near to 1) depending
on the geometry of the fault and L, a characteristic
dimension of the rupture (generally smallest, W, or
the ray). One can thus relate the stress drop to seismic
moment:

Ds = C¢I\_/I—?? (6)
L

In which C' is another constant also taking into
account the relationship between width and length
of the fault. Stress drop for empirical Green functions
in this study is calculated theoretically according to
the relation (5) by taking c =16/7p (circular fault)
and L =|. For the target earthquakes, it is defined like
afixed parameter.

4.4, Position of the Nucleation Point

The position of the nucleation point is determined
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by dimensions of the fault. It is supposed that the
X-coordinate of the nucleation point follows a
uniform distribution on the interval [0, L], and its
Y-coordinate, follows a uniform distribution on the
interval [0, 2/3W]. L and W are the length and the
width of the fault and the origin of axis is located
in-depth on thelower edge of the fault. For Changureh-
Avgj earthquake, L is estimated using the distribution
of the aftershocks and observation of the earthquake
rupture on the ground surface. For other target events,
the empirical relation of Zaré [39] presented in Eq.
(4) was used, while comparing with the formula
rising from the scaling law that relates the seismic
moment to dimensions of the fault.

M, = mC,C?L3 (7)

In which, m is the rigidity modulus of the crust
(approximately 3 10%°Pa), C1 and C2 are the
constants of the scaling laws; approximately 0.5 for
C1, and of 5 10° to 10" for C2. The C1 corresponds
to the average ratio between width (W) and length
(L) for the dip-dlip earthquakes. This WIL ratio is
defined according to a lognormal distribution with
the median value 0.5 and variance of 1.3. The C2
corresponds to the mean ratio of average slip and the
characteristic dimension of the fault, or in other
words, to average stress drop.

4.5.Mechanical Parameters of the Fault and
Rupture Vel ocity

The mean S-wave velocity at the depth of the
hypocentre was fixed at 3000mv/s, supposing that it
follows a lognormal distribution, with a variance of
1.1. The rigidity modulus n is related to S-waves
velocity by the relation m=rV2 and was considered
3 10'°N/n?. The rupture velocity, Vr, is variable and
is defined through Vr/Vs ratio, supposing that it
follows a uniform distribution on the interval [0.65,
0.95].

5. Resaults

In this section, first the results of calibration test,
namely the simulation of Changureh-Ava and Kojour
earthquakes, are shown. Then the simulation results
of an earthquake with magnitude 7.1 for 3 different
faults: Garmsar, Mosha and North Alborz using the
EGF 1 to 3, shown in Figure (2), are presented.

The calibration step reveals that the most crucial
parameter is stress drop for the target earthquake. The
values of Ds lower than 10 bars, corresponding to the
computed value for the Avg earthquake by Sadeghi

et a [32] up to values higher than 100 bars, were
tested and the simulated response spectra were then
compared with the recorded response spectra.

These comparisons showed that in order to obtain
a good agreement between observations and simula-
tions, it is necessary to choose a median stress drop
value, much higher than that given by equation (5.12;
at least 30 bars for Avg earthquake and 100 bars for
Kojour earthquake). It should be noted that these high
values of stress drop are in agreement with the values
estimated by Zaré [39] for the strong mationsin Iran.

Two general remarks are essential before the
detailed presentation of the results:
< Duetothehigh level of noisein high frequencies,
it was necessary to filter the EGF signals. The
lower filter limit was always fixed to 0.1Hz, but
for its upper limit, it was necessary to be adapted
for each case and station (almost 6-8Hz). The
obtained results are thus valid only in these
frequency bands.
Due to the uncertainties, a great number of
simulations (48 for each event at each station)
were carried out. However, here only the average
values and the standard deviations for the
considered stations, as well as the representative
simulations in time domain are presented.

*,
o

5.1. Simulation of Changureh-Avaj Earthquake

The Changureh-Avaj earthquake of 22 June 2002
(02:58GMT) with magnitude MW = 6.5 (according
to the USGS), stroke a region 200km west of Tehran.
It claimed 261 dead, 1300 injured and alot of damage.
This earthquake, strongly felt in Tehran, occurred on
a reverse fault, unknown before the quake, called
Abdarreh fault, (name of a village completely
destroyed) by Walker et al [36]. The main shock as
well as a significant number of aftershocks were
recorded by the stations installed in Tehran within
the framework of this study, and can thus be used to
validate the EGF approach and to calibrate certain
input parameters.

The two aftershocks of 22 June 14:27:17 and
21:33:27, with magnitudes 4.2 and 3.9 (ml) respec-
tively, were used to simulate the main-shock. The fault
parameters were adapted from Walker et a [36], and
also those stated by Sadeghi et a [32], Soleymani and
Feghhi [33] which is summarized in Table (2).

Figure (3), for stations MOF and JAM, shows the
global results of the simulation using the aftershock
of 14:27.

The whole results obtained using these two after-
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shocks for all stations are summarized in Table (3) in
terms of maximum acceleration and Figure (4) in
terms of response spectra. Figure (5) compares the

simulated representative time histories with recorded
ones. The values of maximum accelerations resulting
from simulations are rather close to the observations,

Table 2. Input parameters for simulation of Changureh-Avaj earthquake (Mw= 6.5) using two aftershocks.

T Aftershocks 14:27:17 | Aftershocks 21:33:27
Parameter Distribution Type Avg. |St. Deviation| Avg. | St Deviation
Strike (deg.) Normal 110 20 110 20
Dip (deg.) Normal 40 20 40 20
Long. Target (Km) Fix 26 26
M, Target (N.m) Fix 6.910® 6.910"®
m, of EGF (N.m) Lognormal 2510° 2.0 8.9 10* 2.0
Long. EGF (Km) Lognormal 1.6 13 12 13
Depth EGF (Km) Fix 11 18
Ds Target (bar) lognormal 60 2.0 30 20

Table 3. Comparison of recorded peak acceleration (in m/s?) of Changureh-Avaj earthquake simulated ones (average of 48

simulations (NS components)).

Station ABM | CAL | CHA | JAM | MOF| SHL | TAP |SUD
Recorded Acc. 0.08 | 0.12 | 0.04 | 0.07 | 0.13 | 0.23 | 0.13
Simulation Using Aftershock Avg. 0.13 ] 0.08 | 0.07 | 0.08] 0.19 | 0.27| 0.17 | 0.17
of 14:27:17 Representative Sim. | 0.09 | 0.07 | 0.04 | 0.05| 0.14 | 0.22] 0.10 | 0.13
Simulation Using Aftershock Avg. 0.16 | 0.12 | 0.07 | 0.09 | 0.23 | 0.3 | 0.17 |0.21
of 21:33:27 Representative Sim. | 0.15 | 0.12 | 0.07 | 0.16 | 0.19 | 0.31] 0.24 | 0.22
m‘I— _l .
w LLY] 1 wr - T il wu
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Figure 3. Simulation of Changureh-Avaj earthquake using aftershock of 22 June 2002 at 14:27:17 for NS component at JAM and
MOF stations. Left plots show the response spectra of 48 simulation. The right plots compare the simulated average
spectrum (continuous egf curve), its standard deviation (dotted curves), with recorded spectrum (dashed curve) and

EGF spectrum (egf curve).
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Figure 4. Simulation of Changureh-Avaj earthquake using aftershock of 22 June 2002 at (14:27:17 up), and aftershock of 22
June 2002 at 21:33:27 (down). For each station, the simulated average spectrum (continuous black curve), their standard
deviations (dotted), recorded spectrum (light gray) and EGF spectrum (egf) were presented.

and reproduce well amplification effect for stations
installed on the alluvia deposits comparing with the
two stations installed on the rock.

5.2. Simulation of Kojour (Baladeh) and an Earth-
guakeof Magnitude7.1for theNorth- AlborzFault

The destroying earthquake of 28 May, 2004, known
as “Kojour (Baladeh)” earthquake with magnitude
MW = 6.3 (USGS), occurred in approximately 70km
north of Tehran. This earthquake was strongly felt
in Tehran with some small cracks in the buildings in
the north-western part of the city. This earthquake
was recorded by many accelerometers installed in
Tehran by BHRC within the framework of the
national accelerometer network of Iran.

Supposing the North-Alborz fault as a causative
fault for this earthquake, we could make a scenario

for the occurrence of alarger earthquake on this fault.

The event of 21 May 2002 (10:48:36.0) was
chosen as EGF to reconstruct the Kojour earth-
guake for the sites studied during this project. This
earthquake had a magnitude ml = 4.1, and the
epicenter close to that of Kojour earthquake. The
input parameters of simulation are presented in Table
(4). The fault parameters were selected based on
Ghaitanchi [10].

The simulated response spectra for each station of
our temporary network are compared to observe
response spectra at the nearest BHRC stations, see
Figure (6) and Table (5). For CHA station, we
compared the result to Tehl7 and Teh38 stations
installed on the rock in the east and the south of the
city. This comparison reveals a good agreement
between simulations and the observation particularly
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Figure 5. Comparison of accelerograms obtained from simulation n°34 (among 48) of Changureh-Avaj earthquake (middle) using
aftershock of 22 June 2002 at 14:27:17, with EGF (up) and recorded ones (down). Scale of accelerations changes
between EGF and simulated and the recorded mainshock.

Table 4. Input parameters for the simulation of Kojour earthquake and an earthquake of MW = 7.1 on North-Alborz fault using an
event of ml = 4.1 located near the epicenter of Kojour earthquake.

Parameter Distribution Type Simulation of Mw = 6.3 | Simulation of Mw = 7.1
Avg. Std Avg. Std
Strike (deg.) Normal 120 20 120 20
Dip (deg.) Normal 50 20 50 20
Target Long. (Km) Fix 20 46
M, Target (N.m) Fix 3.6510% 5.6310%
M, of EGF (N.m) Lognormal 5.71°14 20 5.7110" 20
Long. EGF (Km) Lognormal 0.723 13 0.723 13
Depth EGF (Km) Fix 18.2 18.2
Ds Target (bar) Lognormal 70 20 70 20

Table 5. Average of maximum accelerations (cm/s2) of 48 simulations for two different scenarios on North-Alborz fault, and
recorded values on the closest BHRC sites (component NS).

BHRC Site TehO1 | Teh38 | Teh33 | Tehl3 | Teh30 | Tehl3 | Teh35 | Tehl3 | Tehll | TehOl
Acc. 217 85 156 | 285 | 168 | 285 | 164 | 285 | 273 | 27.7
Station AZP | CHA | DAR | GHP | JAM | MOF | PAR | SHL | TAP | TAR
Simulated Kojour Eq. | 20.7 85 | 549 | 225 | 298 | 246 | 131 | 415 | 417 | 211
Simulated Mw=7.1 | 519 | 19.0 | 109.1 | 56.1 | 634 | 66.8 | 29.0 | 812 | 832 | 54.2
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Figure 6. Simulation of Kojour earthquake. For each station, the average simulated response spectrum (continuous black curve),
their standard deviations (dotted lines), the response spectrum of the EGF (egf) and the recorded spectrum (light
gray) on nearest BHRC site are superimposed. BHRC sites corresponding to each station is indicated in Table (5). Stations
TAP and PAR were equipped with the sensor L22 (2Hz); thus simulations are only valid beyond this frequency.

for four sites (CHA, MOF, TAP and JAM) when a
stress drop of 70 bars was used. This value of stress
drop is very close to the value of 64 bars calculated
by Ghaitanchi [10].

Stations AZP and TAR show response spectra
lower than recorded one on the TehO1 station located
at the west of TAR. This difference is in agreement
with the result of site effect study in Tehran [11-12]
concerning the increase of amplification towards the
west for the southern part of the city.

The increase of the response spectra at low
frequency for stations PAR and TAP comes owing to
the fact that these stations were equipped with
L22 (2Hz) sensors. Therefore, the obtained results

"‘\ wril |

AR GHP
[ — 10— 10

e \ -.r_1'| ‘\ 1n=|

are valid only beyond this frequency.

After this calibration test, an earthquake with
magnitude 7.1 on the North-Alborz fault was simu-
lated. The results are summarized in Figures (7) and
(8), and the average values of maximum acceleration
of 48 simulations are presented in Table (5). In
addition to aforementioned remarks about the
simulation of the Kojour earthquake, the observation
of the maximum acceleration values as well as
response spectra leads to another significant result,
namely strong high frequency amplification for DAR
station (compared to JAM). It results in acceleration
higher than 0.1g in the time domain and a spectral
acceleration of 0.4g for periods between 0.2 and 0.3sec.

"\ i

PAR SHL TAR ‘

1" e 10

h @B Y W o |

Figure 7. Average response spectra (continuous black) and their standard deviation (dotted) resulting from the
simulation of an earthquake of MW = 7.1 on the North-Alborz fault in an epicenteral distance from 54 to 84km. The spectra
are compared with those of the EGF used (egf) and those proposed by the Iranian building code (light gray).
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Figure 8. Example of simulation for an earthquake of magnitude
7.1 on the North- Alborz fault (simulation 38 among
the 48). The scale of traces for all stations is like
SHL, except for DAR station.

The obtained response spectra are compared with
those of the Iranian construction code by considering
appropriate type of ground for each station. It can be
seen that the simulated spectra are well below the
proposed standard, which is normal for such a
epicentral distance. However, for some stations like
SHL, MOF and particularly DAR, the spectral values
approach the code values.

5.3. Simulation of the Earthquakes of Magnitude 7.1
and 7.6 on the Garmsar Fault

This scenario was chosen for 2 reasons. on the one
hand the fault of Garmsar is an active fault considered
as the origin of one of the largest historical earth-
quake in the area, Ms~7.6, 3" century BC [2]. In
addition, one of our best recorded events, the South-
west Semnan earthquake (13/05/2002, Ml = 4.4), with
a very good signal-to-noise ratio, on almost all the
stations was located on the east prolongation of this
fault. Thisopportunity enables usto make asimulation
on a rather broad frequency band. The input para-
meters are listed in Table (6), and the results of
simulation are summarized in Figures (9), (10) and
Table (7). The stress drip for the target earthquake is
considered 70 bars as the North-Alborz scenario. The
response spectra are compared at the same time
with the proposed spectra in the Iranian building
code and those of aforementioned simulation on the
North-Alborz. It can be seen that in spite of the
relatively large epicenteral distance (150km), the
spectral values are rather high and comparable with
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Table 6. Input parameters used for the simulation of an
earthquake of MW=7.1 on Garmsar fault using an earth-
quake of ml=4.4, located in the south-west of Semnan.

Parameter Distribution Type Avg. Std
Strike (Deg.) Normal 250 20
Dip (Deg.) Normal 45 20
Target Long. (Km) Fix 46
Mo Target (N.m) Fix 5.6310%
M, of EGF (N.m) Lognormal 8.8510% 2.0
Long. EGF (Km) Lognormal 1.245 13
Depth EGF (Km) Fix 12.2
Ds Target (Bar) Lognormal 70 20

those of the North-Alborz scenario for the sitesin the
south-east of the city.

This remark is important, because in the case of
reactivation of the western segments of this fault, one
can thus expect strong movements in SE sector of
the city. It is at AZP station that the simulated accel-
eration hasthe highest value (87cnmv/s?) and that of DAR
remaining still rather high also for this scenario. We
chose Mw = 7.1 magnitude for the target event to
remain within the limits of the validity of the similarity
law; but also carried out a test for Mw = 7.6 corre-
sponding to the historical earthquake attributed to this
fault. The results are presented in Figure (11) in terms
of average response spectra, which shows that in this
case, the simulated spectra approach the building code
proposed spectra for the stations installed in the south
of the city, as well as for station DAR in the north.

5.4. Simulation of an Earthquake of Magnitude 7.1
on the Mosha Fault Using an EGF of Ml = 2.9
(22/03/2002)

For the last scenario, a small earthquake of magnitude
2.9, located near to the Moshafault, was chosen. The
goa was to simulate the effect of a strong earthquake
at an epicentral distance near to the city. This fault
was currently far from active, and only a small Ml =
2.9 event was available, for which the weakness of
the signal/noise ratio led us to use only the recordings
of four stations AZP, CHA, DAR and TAR (JAM
station was broken down at the time). Moreover, for
DAR station, a low pass filtering below 4Hz was
carried out due to the high frequency noises. The
results of simulation for thissite are thus valid only for
lower frequencies.

Considering the important difference in magnitude
between the target earthquake and the EGF, the
direct simulation was not possible in the current
version of the program. An intermediate step, was
thus chosen including the simulation of an earthquake
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Figure 9. Average response spectra (continuous black) and their standard deviation (dotted) resulting from the simulation of an
earthquake of MW=7.1 on the Garmsar fault. The response spectra are compared with those of the EGF used (egf),
those proposed by the Iranian building code (light gray) and with the response spectra, simulated for an
earthquake of magnitude 7.1 on North-Alborz fault (dashed lines). Stations ABM, TAP and PAR were equipped with the

L22 (2Hz) sensors.

Figure 10. Example of simulation of an earthquake of magnitude 7.1 on the Garmsar fault (simulation N°34 among 48). The scale

of the traces is identical to SHL station, except for AZP station.

Table 7. Comparison of maximum simulated accelerations (cm/s?) for the component NS (means of 48 simulations) using the south-

west Semnan earthquake.
Station | ABM | AZP | CHA | DAR | GHP | JAM | MOF | PAR | SHL | TAP | TAR
Mw=71| 26 85 30 60 40 20 50 30 60 45 50
Mw=76| 40 |135| 50 | 100 | 70 | 30 80 | 50 | 100 | 70 | 70
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Figure 11. Average response spectra (continuous black curve) and their standard deviation (dotted lines) resulting from the
simulation of an earthquake of MW = 7.6 on the Garmsar fault. The spectra are compared with those of the EGF
used (egf), those proposed by the Iranian building code (light gray) and those simulated for an earthquake of
magnitude 7.1 on North-Alborz fault (dashed lines). Stations ABM, TAP and PAR were equipped with the L22 (2Hz)

Sensors.

of magnitude MW=5. The input parameters are
presented in Table (8) and the results of simulation
are summarized in Figures (12) and (13). The second
step simulation is carried out using the simulation
number 34 obtained from the first step, which shows
a response spectrum very close to the average of 48
simulations.

As the results reveal, for the alluvia sites, the
response spectra approach very much to the building
code proposed spectrum for certain frequencies, and
the values [average plus standard deviation] exceeded

amost systematically the proposed values. Consider-
ing that the sites presented for this simulation arenot
the sites with high amplification, see [12], one can
expect much more exceedence in the case of high
amplifying site such as MOF and SHL. It is necessary
however, to keepin mind that for an earthquake of
magnitude 7.1 at a near epicentral distance (40km),
the length of fault is important, and the forms of
signals emitted by the various points of the fault can
strongly vary, since, a correct simulation require the
use of more number of EGFs.

Table 8. Input parameters used for the simulation of the earthquakes of magnitude 5.0 and 7.1 on the Mosha fault using an

earthquake of ml=2.9.

Simulation of Simulation of
Parameter Distribution Type Mw =5.0 Mw=7.1
Avg. Std Avg. Std
Strike (Deg.) Normal 290 20 290 20
Dip (Deg.) Normal 50 20 50 20
Target Long. (Km) Fix 4.4 46
Mo Target (N.m) Fix 4.010" 5.62 10"
M, of EGF (N.m) Lognormal 141108 | 20 |4010°| 10
Long. EGF (Km) Lognormal 0.2 13 4.4 13
Depth EGF (Km) Fix 16.3 16.3
Ds EGF (Bar) Lognormal 70 20 70 20
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Figure 12. Simulation of an earthquake of magnitude 7.1 on the fault of Mosha using a small event of M=2.9, in two stages (2.9 ®
5.0 and 5.0® 7.1). Average response spectra (continuous black curve), their standard deviation (dotted lines),
response spectra of EGF (dark gray) and those proposed by the Iranian code (light gray) are presented.
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Figure 13. Example of simulation of an earthquake of magnitude 7.1 on the fault of Mosha: Traces of the EGF (left) and represen-
tative traces obtained for the two stages of simulation (Mw=5 in the middle, and Mw=7.1 on the right).

6. Conclusion

This study was carried out to predict the effect of a
strong motion within the city of Tehran for various
scenarios, by using small recorded earthquake as the
empirical Green functions. Initialy, to calibrate the

calculation, two large events, those of Changureh-
Avagj and Kojour, strongly felt and recorded well in
Tehran, were simulated using two aftershocks for
the former, and an event of magnitude 4.1 which has
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occurred in 21/05/2002 for the latter. This step showed
that the choice of the stress drop for the target events
is of primary importance, and can significantly change
the results of simulation. After various tests with
variable stress drops, the values between 30 and 70
bars led to the most similar results with the real
recordings. Then, three different scenarios were
considered to the occurrence of an earthquake of
magnitude 7.1 on the faults, North-Alborz, Garmsar
and Mosha using small events, supposedly generated
by these faults. For the fault of Garmsar, we also simu-
lated a larger event (Mw = 7.6) corresponding to the
largest historical earthquake, attributed to this fault.
The results of these four scenarios are presented in
Tables (9) and (10) in terms of maximum acceleration
in the time domain, and of spectral acceleration for
three different frequencies (0.5, 1 and 3H2).

These values prove rather significant (i.e. likely to
cause damage), even at relatively large epicentral
distances. These results are in agreement with another
study on seismic strong motion estimation for Tehran
based on synthetic signalscomputed by an hibrid method
[13]. For example, maximum esimulated acceleration
for AZP station in the case of an event of MW =7.10n
the Mosha fault (distance of 40km) is of 0.34g, identi-

cal to that given by the Iranian building code (0.350).

For this last scenario, the values of spectral
acceleration for high frequency (10Hz) was also
presented for three stationsfiltered below 15Hz. These
results show a very important spectral acceleration
for AZP and TAR stations (approximately 1g for AZP).
These values can be very important if we consider
that these two stations areinstalled in  districts where
most of the existing buildings are of one or two storeys,
and are thus characterized by a rather high natural
frequency (5 to 10H2).

In the frequency domain, the response spectra
was also compared with those proposed by the
Iranian building code. For the first two scenarios, the
simulated spectra remained smaller than the code
spectra, but could be exceeded for the scenario of
Mosha. These observations, along with the fact that
the maximum potential magnitudes for the faults in
the region are higher than 7.1 (7.6 for Garmsar, and
for example), as well as the existence of active faults
at very short distance (North-Teheran, for example),
all made us think that certain earthquakes can produce
motions which significantly exceeds the current
Iranian code, especially due to the important site
effects in Tehran.

Table 9. Average peak accelerations estimated using the Empirical Green Function technique for the component NS (cm/s?) in
various sites of Tehran, for an earthquake of magnitude 7.1 located on the faults of North-Alborz, Garmsar and Mosha.

Station ABM | AZP | CHA | DAR | GHP | JAM | MOF | PAR | SHL | TAP| TAR
North-Alborz 50 | 20 | 110 | 55 | 60 | 65 | 30 | 80 | 85 | 55
Garmsar Mw=7.1| 26 | 8 | 30 | 60 | 40 | 20 | 50 | 30 | 60 | 45 | 50
Garmsar Mw=7.6| 40 |135| 50 (100 | 70 | 30 | 80 | 50 | 100| 70 | 70
Mosha 340 | 80 | 110 280

Table 10. Average spectral accelerations were estimated using the Empirical Green Function technique for the component NS

(cm/s?) in various sites of Tehran in various scenarios.

Station Fr. (Hz) | ABM | AZP | CHA | DAR | GHP | JAM | MOF | PAR | SHL | TAP | TAR

05 12| 7 | 45 |37 |16 | 5 | 4| 78| 16| 10

N. Alborz 1.0 32| 14 |70 |32 |27 | 93| 7 | 76| 28| 35

3.0 149 | 43 | 210 | 116 | 97 | 162 | 57 | 144 | 127 | 99

05 12|10 | 33 | 21| 6 | 32 31| 3 | 14

Garmsar Mw =7.1 75 27| 10 | 35 | 26 | 10 | 38 45 | 14 | 26
30 64 | 117 | 28 | 136 | 95 | 30 | 118 | 66 | 135 | 96 | 107

05 5 | 23| 21 | 62| 44 | 14| 65| 8 | 64| 9 | 31

Gamsar Mw=76| 1.0 15 | 52 | 21 | 70 | 54 | 17 | 75 | 19 | 93 | 30 | 52
30 | 105 | 180 | 45 | 213 | 153 | 47 | 191 | 107 | 216 | 143 | 167

05 61 | 30 | 258 65

Mosha 1.0 01| 29 | 254 110

3.0 250 | 138 | 193 262

10.0 945 | 169 695
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