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ABSTRACT: The Bam earthquake of 26 December 2003 (Mw6.5)
occurred at 01:56:56 (GMT, 05:26:56 local time) around the city of
Bam in the southeast of Iran. The Bam earthquake of 26/12/2003
(Mw6.5) has demolished the city of Bam, having a population of about
100000 at the time of the earthquake The Bam fault-which was mapped
before the event on the geological maps-has been reactivated during
the 26/12/2003 earthquake It seems that a length of about 10km
(at the surface) of this fault has been reactivated, where it passed
exactly from the east of the city of Bam. The fault has a slope towards
the west and the focus of the event was located close to the residential
area (almost beneath the city of Bam). This caused a great damage in
the macroseismic epicentral zone; however the strong motions have
been attenuated very rapidly, specially towards the east-and west
(fault normal) direction. The vertical directivity effects caused the
amplification of the low frequency motions in the fault-normal
direction as well as the greater amplitude of the motion on the vertical
direction. Two strong phases of energy are seen on the accelerograms.
Thefirst comprises of a starting sub-event with right-lateral strike slip
mechanism which is located south of Bam. The mechanism of the
second sub-event is reverse mechanism. The comparison of observed
and ssimulated ground motion indicates that rupture started at a depth
of 8km, south of Bam and propagated toward north.

Keywords: Bam; Strong Motions; Data processing; Source param-
eters; Simulation; Stress drop; Velocity; Displacement; SH waves;
Sub-events

1. Introduction

The Bam earthquake of December 26, 2003 (Mw6.5)
demolished the city of Bam in the southeast of Iran,
see Figure (1). The earthquake happened at 5:26am
local time when most of the inhabitants were asleep,
that was one of the causes of the great life losses. The
number of victims was declared officially to be about
than 26500 at the time of the preparation of thisarticle
(19/01/2004). More that 50000 peoplewereinjured and
about 100000 people remain homeless.

The damage was limited to the city of Bam and to a
smaller city, Baravat, which is located east of Bam.
The inhabitants of the villages located near Bam have
left their houses after the earthquake, due to the fear of

greater earthquakes (aftershocks) and because of
extensive to moderate damage to their buildings.

The city of Bam is well-known for the historical
citadel of Arg-e-Bam, which is about 2000 years old.
It was almost destroyed in the 2003 Bam earthquake,
see Figure (1) [1]. Arg-e Bam is the biggest known
mud-brick complex in the world. This historical
monument is located on an igneous hill, on the verge
of the Silk Road. It has an area of some 240,000
square meters. There is no information about the
exact date of its construction but according to Persian
history it goes back to 2000 years. It has been repaired
several times, and was inhabited until 150 years ago.
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Figure 1. The location map of the Bam earthquake epicentral
region in SE of Iran.

Since there is no report of the earthquake occurrence
near the city of Bam, in the Iranian histor 22!
earthquake catalogue, it seemsthat it wasthefire tir.e
during the last 2000 years that a disastrous ean. qu. '«@
has taken place due to the reactivetion<".the 3am
fault. The date(s) of the previous €. th-quake(s)
should be determined throuch p-.c seis ological
studies on the Bam faullt.

This paper is prepared t© sumr, rize the latest
studies of strong ground moti: ns. Tt : strong motions
recorded in this event ~ e intruuuced and most of
the paper is focus~d on the  aurce parameters and on
the frequency cor. ent « ““e accelerogram recorded
in Bam station, wh " was located at the Bam city
center.

2. Seismotectonics of the Studies Area

The southeast Iran is an active seismic zone, see
Figure (2). The Bam city itself had no reported
great historical earthquake before the 2003 event [2].
Northwest of Bam, 4 major earthquakes with
magnitudes greater than 5.6 have shaken the cities
and villages between 1981 and 1998 [3]. The trend
of the main faults (including the Bam fault) in this
region is North-South, and NW-SE, see Figure (1) [1].
These two systems intersect in western Lut area. The
NW-SE faults (Kuhbanan and Ravar faults) and the
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Figure 2. The seismotectonic map of the Bam Region (The base
topographic =~ . “om USGS Global Digital Data
Series [4].ocal me “hanism from: CMT solutions,
Harvard ¢ ~iversity we site [5]).

north-so:.u: fa 'ts (Nayband, Chahar-Farsakh,
Anduhj’ rd, ©ow:  warvestan and Bam faults) have
determinea the border of the north-south structures
i the Lut arca with the NW-SE structures. These
in.csection zones are the main sources for the
dis ttre s earthquakes. The Gowk fault system is
repre: ntative for its surface ruptures during 1981,
1o09 and 1998 earthquakes as well as a hot spring
system nearby Sirch. In the west of Golbaf-Sirch
valley, there is the Lut depression, where a vertica
topographic offset of more than 4000 meters is
evident. Four great earthquakes have shaken the
region during the recent years. Golbaf earthquake of
11 June 1981, M6.6, Sirch earthquake of 28 July
1981, Ms7.0, South Golbaf earthquake of 20
November 1989, mb5.6 and the North Golbaf
(Fandogha) earthquake of 14 March 1998, Mw6.6.
The Golbaf earthquake of June 11, 1981 has struck
the region of Golbaf in the southern parts of the Golbaf
valey (with the strike of N5-15E). This earthquake
which was associated with a fault rupture along the
Gowk fault resulted in alifeloss of 1071 persons. The
event caused great damage in Golbaf region. The
Sirch earthquake of July 28, 1981 occurred 49 days
after the Golbaf earthquake and caused 877 deaths. It
seems that it started as secondary faulting along
the Gowk fault (N-S trend), or was triggered by
activation of the Gowk fault in the hidden continuation
of the Kuhbanan fault (NW-SE trend), in their
intersection zone. Such conditions may have lead to
the great earthquakes around Sirch in 1877 and 1981
(both with magnitudes greater than 7.0). South Golbaf
earthquake of November 20,1989 killed 4 people
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injured 45 and caused some damage in Golbaf. Some
surface faulting and folding have been reported to be
related to this event. During the North Golbaf
earthquake of March 14,1998 5 people were killed
and 50 injured. The event was associated with surface
faulting (about 20km length) in northern Golbaf.
The focal mechanism of these earthquakes show the
compressional and strike dlip mechanisms along the
Gowk and Kuhbanan fault systems, see Figure (2).

2.1. Focal Mechanism

The focal mechanism of December 26, 2003 Bam
earthquake was reported as strike slip fault CMT
solution, Harvard university, web site [5]), see
Figure (2), which coincides well with the surface
evidence of right-lateral strike slip movement of the
Bam fault. The reactivated fault plane had a near
north-south direction and sloped towards the west.
The focal mechanism reported by Harvard University
shows a small reverse component for the fault
plane as well. The focal mechanisms reported for the
earthquakes which occurred in the region around
Bam, see Figure (2), show that most of the earth-
guakes, which occurred between 1975 and 2003 h J
strike-dlip to compressional mechanisms.

2.2. Bam Fault Scarp

The Bam fault has created a major tog gicuilic
dislocation in the eastern Bam plun tow's Jaravat,
see Figure (3). This fault scarp shu s the vertical
displacement of about 10<> 70 n. tersin different
places. It consists of 3 maic. segments. The total
length of such segmented ” ault syste n is about 100km.
The fault escarpment »vas  ‘<siter. several times after
the earthquake but o major earthquake related

City -:af'_I:*a.l_n-
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Figure 3. The Bam fault scarp from air (photo by M. Zare,
February 2004).

displacement could be found in its vicinity. The
surface fissures, however, are found along this fault
zone.

The earthquake induced surface fissures were
found in a region between Bam and Baravat and in
the vicinity of the Citadel of Arg-e Bam, aswell asin
the eastern parts of the city of Bam. There was no
appearance of the surface displacement on the
surface, possibly due to the depth of the earthquake
(8km) and because of the small dimensions of the
source of an earthquake of such magnitude (Mw6.5).

2.3. Source Parameters

Based on a preliminary estimation of the seismic
moment, aMw=~F.015. ~sessed for the Bam earthquake.
The focal de ith of the 2003 Bam earthquake is
estimated to be ¢ 'm anr the hypocentral distance for
the recora htained . . the Bam station is then 12km
(Basru on a_~. 2 estimation on the record obtained
fror. .t=_ ma 1shock). The seismic moment is
estimated bv.*1e author to be based on thefast Fourier
*ransformations using the Haskell method [6] applied
1. the accelerogram recorded at the Bam station. The
< “escdrop is estimated to be 480 bars.

Section 2.4. (Seismic Gap | s Eliminated)
2.4. Aftershocks

The aftershocks recorded by 25 stations of a
temporary network installed by 1 EESwithin3 months
after the earthquake are mostly located towards the
west of the Bam fault, which is consistent with

the slope of the Bam fault towards the west. Most of

the focal mechanisms estimated for these aftershocks
(for the events having at least 5 well recorded
seismograms) show similar mechanisms the CMT
solution (Harvard University), see Figure (2), for the
mainshock. Therefore, the reactivated Bam fault

(with a slop towards west and a strike of NNW-SSE)

was active for 3 months after the mainshock, and

most of the aftershocks were focused in the central

and southern parts of the Bam fault (east to south of

Bam).

3. Recorded Strong Ground Motions

The strong motions of this event were recorded at 22
stations of the nationa Iranian strong motion network
(according to Building and Housing Research Center,
BHRC web site) [7], see Figure (4). The strong
motion records are studied and processed and the
preliminary results are presented mostly based on the
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Figure 4. The BHRC strong motion stations that recorded the
Bam earthquake.

mainshock and aftershock records obtained at Bam
station. All of the strong mation data obtained during
the Bam earthquake were recorded by digital
Kinemetrics SSA-2 accel erographs. The attenuation of
the strong motions was studied based on the records
with good signal to noise ratio at 6 stations. The
isoseismal map of the region is presented based on
the site visits.

3.1. Strong motion Data Processing

The record obtained at Bam station, see Fig\r<9)
-after band-pass filtering between 0.11 and 'Ok
shows the PGA of 775 and 623cm/sec 2t the
east-west and north-south horizontal « mponents,
respectively, and 992cm/si~2/jor *he vertical
component. This processing is.hc formeu based on
the estimation of the signal t'/ noise:rc.io, see Figure
(6). The Fast Fourier trarsfor. »atior ., see Figure (7)
shows more energy at  ager periods for the fault
normal horizontal cononeri

A comparison « € tb” i,V ratio obtained at Bam
station during the r. ainshock and 13 aftershocks,
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Figure 5. The Bam accelerogram after filtering (between 0.11
and 40Hz).
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which occurred in the first 24 hours after the earth-
quake, see Figure (7) shows very well low frequency
amplification between 0.1 and 0.2Hz which is
evident in the mainshock and it is not evident in
the aftershocks. This may be taken as an evidence for
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Figure 7. The H/V ratio for a) the mainshock and b) aftershocks
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the vertical directivity effect [18]. The vertical
directivity might be explained in the Bam earthquake
with the rupture propagation from the depth to the
surface with an inclination towards the north. This
effect can be assigned to the Bam earthquake fault
rupture propagation towards the surface and obliquely
towards the north. A strong fault-normal (east-west)
motion is created during the mainshock as well.
The demolished walls and buildings of Bam are
representative for such effects in the up-down
(vertical) and east-west directions (fault-normal).
The Bam residents that survived the quake explained
for the reconnaissance team members that they felt
strong up-down displacements during the mainshock.
The site class however may be taken for class “3”

The spectral accelerations for 5% damping are
shown in Figure (10) for the three-component
acceleration recorded at Bam station. The predominant
period is the period corresponding to the highest
peak in a response spectrum. The response spectra
in Figure (10) shows the predominant periods of 0.1
second for vertical and 0.2 second for 2 horizontal
components. Figure (10) also shows higher spectral
ordinates for the vertical and for the fault-normal
components of motion.

The records obtained at the BHRC stations around
the epicenter, see Figure (4), were processed and the
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(FN), 10b) fault parallel (FP) and 10c) vertical
components are shown. The response spectra for
the damping value of 5% are compared for different
components in figure 10d.
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Figure 10. Continued ...

acceleration time-histories obtained at Bam, see
Figure (5), Abaragh, see Figure (11), Mohammadabad-
e Maskun, see Figure (12), Jiroft, see Figure (13),
Golbaf, see Figure (14), and Sirch, see Figure (15)
were selected for the detained strong motion
studies. These records were filtered according to
their corresponding signal to noise ratio and the
band-pass filters are selected are shown in Table (1,
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Figure 11.

Those /strone=~C ‘on records obtained at the
stations ; .auhjerr , see Figure (16), Cheshmehsabz,
s2Figure (17 3dvard, see Figure (18), Mahan, see
F e (19), Bardsir, see Figure (20), Hurjand, see
T oure (21), Joshan, see Figure (22), Kahnuj, see
Figu. 2 (23), Kerman-Maskan, see Figure (24),
Jerran-Farmandari, see Figure (25), Laehzar, see
Figure (26), Zarand, see Figure (27), Nosratabad, see
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The processing of the record obtained at Abaragh station (56km hypocentral distance): filtered acceleration time-

history (above-left); the signal to noise ratio (above-right); the FFT of acceleration before filtering (below-left) and

the H/V ratio (below-right).
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Figure (28), Ghaehganj, see Figure (29), Shahdad,
see Figure (30), Rayen, see Figure (31) and Ravar,
see Figure (32) for which the signal to noise ratios

Figure 12.

Figure 13.
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Table 1. The strong motion parameters estimated for 5 records having better qualities (part-1).
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Figure 16. The ¢ .. 'aration t. =-history (above) and signal to
noise -atio - . '“e record obtained at Anduhjerd

(138kn v .ocentral distance).

3.2. Strong Motion Parameters

The strong motion parameters estimated for five
selected strong motion records are presented in Tables
(1) and (2). The estimated parameters for the sel ected
records are explained briefly herein.

3.2.1. Peak Acceleration, Velocity and Displacement

The peak acceleration is the maximum absolute
value of acceleration. The peak acceleration providesa
useful measure of the strength of the higher frequency
components (about 1 to 10H2) of a ground motion.

Accaleration (chises ses)
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Figure 17. The acceleration time-history (above) and signal to
noise ratio for the record obtained at Cheshmehsabz
(96km hypocentral distance).

Peak Velocity is the maximum absolute value of
velocity. The peak velocity provides a useful measure
of the strength of the intermediate frequency
components (about 0.5 to 5HZ) of a ground motion.
Peak Displacement is the maximum absolute value of
displacement. The peak displacement provides a
useful measure of the strength of the lower frequency
components (about 0.1 to 1HZ) of a ground motion.
These values are presented in the columns 8 to 16 of
Table (1).
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Figure 19. The acceleration time-history (above) and signal to
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noise ratio for the record obtained at Mahan (145km
hypocentral distance).

JSEE: Special Issue on Bam Earthquake

Fiau

S/M Ratic

Accsarstion {om'sac.sa)

T
pf el
.lu i i 'NJ "ﬂﬂl
= 1 Ir",l [ s o J‘-'
Ea vy

2 L 140
ul

Arca etalion (CMEEC.EEC)

Bardsir 5t.. 26/723003, Mw=58.5. Rh=194km
T T [ T T I T T T T [ 1

\Z2 i T

N
s

'
LA

dn D ndkeaih s

=

Tirr= (soC)

5™ Ratio-C=zhed Line tor Wert.

Ir';J:'I o
i Lr/\lﬂw ST

L
.--'f".
H o 2

el L
4 &8 , ¥ 4
160

vl :
4 BE 7
1n

[rae ancy (Hz)

i »20. The acceleration time-history (above) and signal to
noise ratio for the record obtained at Bardsir (194km
hypocentral distance).

Hurjand 15t 251 252003, Mw=35.5, R1=210«m

4 [T

i
-2

-4

2

:
]
ey

5

n
-n -

-1h 1
z 5 1 5 3 25
ime {zec)

BN Ralic-Dashed Lineg G Yeal,

T .| S |
i3 4 E¥ 4 2 4 &8 . 2 E |
in 11 1
Frampu gy (Hrel
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Figure 23. The acceleration time-history (above) and signal to

noise ratio for the record obtained at Kahnuj (142km
hypocentral distance).
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Farmandari (180km hypocentral distance).

JSEE: Special Issue on Bam Earthaueke ¢ 43



M. Zaré and H. Hamzehloo

Lalehzar St., 26!12/:2008. Kvw=5.5, Rh=151km
i

wE ! I :
=5
Bl
3 ' | | | '
S -5
; 1n
-;E — L
a 10 20 30
Tinka {scc)

St Fal o-Dlashed Lindg lor Vel

ErM Ralis

I recjlueney (He )

Figure 26. The acceleration time-history (above) and signal to
noise ratio for the record obtained at Lalehzar (154km
hypocentral distance).
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hypocentral distance).
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Figure 30. The acceleration time-history (above) and signal to
noise ratio for the record obtained at Shahdad (157k .1
hypocentral distance).

Saye 5L 26122003, Mw=25, Fh=1234kn
: | : ]

2
1
1

L [ L)
|

5] g
P T T T
= gl R
% 1 " T
S

_5 ne

-14 ] ] ] ]

a 10 20 i
T )

L N Ralic-Daghed Ling for Vart.

]
) |
[
|
1l
r'l

LA L

2™ Ralie

Ll IIIlII L il IIIII 1 L
] F 4 H A 7] ER
104 104

Fracuaroy (kz)

Figure 31. The acceleration time-history (above) and signal to
noise ratio for the record obtained at Rayen (104km
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3.2.2. Root Mean Square (RMS) Acceleration

The RMS acceleration is a single parameter that
includesthe effects of the overall amplitudes of astrong
motion record

My =

&
= [l T2

)

where Td is the duration of the motion. Because the
integral is not strongly influenced by large, high
frequency accelerations (which occur only over a
very short period of time) and because it is influenced
by the duration of strong motion, the RMS accelera-
tion can be a useful parameter for engineering
purposes. In the present study we used Trifunac's
definition of the duration for computation of the
RMS acceleration. The estimated values of RMS
acceleration for the selected records in this study are
presented in columns 4 to 6 of Table (2).

3.2.3. Arias I ntensity

The Arias Intensity, |_[9], that is influenced by
amplitude, frequency content, and duration, of strong
motion. It is defined as
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Table 2. The strong motion parameters estimated for 5 records having better qualities (part-2).
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where a (t) is the acceleration time-history. The Jlet?dT

Arias Intensity has units of velocity and is usualy
expressed in meters per second. Sinceit is obtained by
integration over the entire duration, rather than over
the duration of strong mation, its value is independent
of the method used to define the duration of strong
motion. The estimated values of Arias intensity for
the selected records are given in columns 7 to 10 of
Table (2).

3.2.4. Response Spectrum | ntensity

The response spectrum intensity =
[10] is defined as

2

SHE) = [PSVIETAT
L1

2 (LainPae

L1l
[=]

]

(3)

i.e., the area under the pseudo-veloc: . response
spectrum (PSV) between peric s Jf 0.7 .second and
2.5 seconds. The response s2ac.im intensity is
computed here for a structur. | damying ratio of 5%.
It captures overall spectrd am, ‘it ues (in the range
of primary importance 1.~ structures) in a single
parameter. The v 'uec >f. velucity response spectral
intensity are given ii cumns11 to 13 of Table (2) for
the selected records.

3.2.5. Trifunac Duration

The Trifunac duration [11] is defined as the time
interval between the points at which 5% and 95% of
the energy in a ground motion have been delivered.
Numerically, it corresponds to the time between the
5% and 95% points on a Husid plot. A Husid
plot [H (t)] shows how the energy of the ground
motion is distributed in time. Mathematicaly, it is a
plot of normalized cumulative squared acceleration,
i.e.
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where a(t) is tF2 accelel tion time history. The
estimated durations ~f seler .ed records are presented
in columns 1. 0 15 of . “ole (2).

4. Atte uati<.i <" rong Motions

The Attenuation Jf strong motions is studied in terms
¢ t"ie processed records obtained at 6 stations (with
the ¢ ~epted level of signal to noise ratios) at Bam,
Aba g, Mohammadabad-e Maskun, Jirof, Golbaf
and ¢irch. The attenuation of strong motions was
studied by Zaré [12] in Iran based on the strong
motions recorded between 1974 t01996. A cataogue
of lranian strong motions is published in Bard et &
[13]. The attenuation of strong motions recorded at
these 6 stations is compared with the values obtained
for previous empirical relationships [12] for the
Mw6.5 earthquake for horizontal and vertical
components. The results are shown in Figures (33)
and (34) respectively. These figures show very well
the coincidence of the estimated and observed values
specidly for the far-field records.

5. SH Wave Analysis

The analyses of teleseismic and strong ground motion
data have been used by different investigators to infer
and identify about the complex rupture process and
sub-events [14-15]. It is expected that the energy
releases from these sub-events will be identifiable
in the near field strong motion data and an attempt
can be made to study their properties. For this
purpose, a method of Sarkar et a [15] has been
used to estimate fault plane parameters using strong
ground motion data pertaining to SH wave only. This
method is based on a point source representation
and non-linear least square formulation which estimates
the strike, dip and rake of the causative fault and agrid
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search technique nat provides separate estimates of
the strike, dip an. rake. The analysis confines to
H-waves because these are minimally affected by
crustal heterogeneity [16]. Further, use of SH-waves
minimizes the need for corrections for the mode
conversion at the free surface and other heterogene-
ities disregarded in the model used here. The spectral
amplitudes at various stations are measured at the
longest wavelength (lowest frequency) permitted by
the data [15]. This is done in order that the point
source approximation may be as appropriate as
possible.

The observed spectral amplitudes of the
acceleration are picked at acommon freguency “f” on

al stations for a particular event, which lies in the
flat portions of the spectra and converted into the
corresponding values of the spectral displacements.
The values are then corrected for geometrical
divergence. The corresponding theoretical estimates
of SH-wave amplitudes of displacement are obtained
from the formulae for the radiation pattern of SH-waves
in afull space (see for instance) [17-18]. The error
function E (strike, dip, rake) is written as:

E (strike, dip, rake) = S, (A - A,)? (5)

Here A, and A, denote the observed and
theoretical amplitudes of the near field SH-wave
displacement at the selected frequency at the i"
station. The s uncion is over all stations that
recorded the‘varticulai sub-event. The non-linear
Newton techniy. » has/.een used to simultaneously
obtain tho. values ' srike, dip, rake which minimize
E (st ke, dip. . ~ke) in the least square sense.

F ar =7 urop: ae selection of SH-wave components
of the recorsad data the radial (L) and transverse
/T) components of recorded acceleration and
v.~olacement are suitably rotated so that correspond-
19 stimates along and perpendicular to azimuth
di’ ection are obtained. The rotated transverse
components provide acceleration and displacement
data of SH-waves, recorded at each station. The
H-wave accelerogram records for the 2003 Bam
earthquake are shown in Figure (35).

5.1. Fault Plane Parameters of Sub-Events

It was observed in Rudbar-Manjil earthquake that
strong ground motion data exhibits three strong
phases which were interpreted to be related to three
asperities [15]. It is expected that the energy releases
from these sub-events will be identifiable in the near
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Figure 35. The SH- wave accelerogram records from the four
stations of strong motion array.
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field strong motion data and an attempt can be made
to study their properties. For this purpose, we rotate
the observed horizontal component accelerograms
appropriately and derive the transverse component
accelerograms. These approximately represent the
SH-wave accelerograms. We next identify the strong
phases on these derived accelerograms as signatures
of the sub-events. Our assumption here is that a
particular phase recorded at a station represents the
radiation from the related asperity on the fault. We
next consider each strong phase, available from those
particular accelerograph stations that recorded it

distinctly and the corresponding SH-wave spectral

amplitude data, in an ensemble. We compensate for
geometric divergence, anelastic attenuation, and free
surface effect in this data. Then we conduct a
non-linear least square inversion on the spectral

amplitude in the high fidelity band of the observed
spectrum to obtain an average estimate of the strike,

dip and rake of the corresponding rupture. In the case
of Bam earthquake two strong phases can be seen in

recorded strong ground motions, see Figure (35).

In the absence of a common time code, it was not
feasible to locate independently the hypocenters of the
two sub-events on the basis of the accelerogram data.
However, a master event technique was employed to
estimate the hypocentral location of the sub-event'iror .
where the Sl phase of energy was possibly ra ~=d.
Generdly, a value of two-thirds is usualy as imeu
for the ratio between vertical and horizor..'.: 2ak
accelerations. It has been observed howe. > in recent
earthquakes that in near-field ti e s i 1 a potential
for significant vertical component ' € grourid shaking.
The Bam station recorded ver’ cal perk ucceleration of
992cmysec?, which is larear 1o 7, two horizontal
components. It seemsat L ' station astrong up-down
motion has occu 7' This .rong up-down motion
was also reported i v/ th = oucervers.

At the time of * n earthquake, the damage is
maximum in the epicetral region, where the ground
experiences intense shaking. Therefore, it is assumed
here that the chosen master event viz. the sub-event
corresponding to the release of the S2 phase was
located near 58.35° and 29.09° at depth of 8km
(below the Bam strong motion station). Considering
this as location of S2 phases, acceleration time
histories from the four stations viz. Bam, Abaragh,
Mohammadbad and Jiroft, see Table (3) have been
used to estimate that the Sl phase of energy was
released from 29.02°N, 58.30°E, at a depth of 8km
depth, about 8 second before the release of the S2
phase of energy.
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Table 3. The salient features of recording stations.

Hraton Lat. | Leng [Lhe | L7 direction
Abatngh 2034 | Fvad | iodd T2:162
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[Jital 2EAT | 34 | 273 I RS0
Mobimmb Al | 2890 [ 5788 [ 149] FEIED

The acceleration spectra have been obtained for
each of the Sl and S2 phases using relevant time
windows on the appropriately rotated transverse
component accelerograms. These spectra were
obtained using Fast Fourier Transform (FFT) along
with a Hamming-Turkey window so as to reduce the
effect of data truncation. We performed several
variations on the wi='~w sizes and placement to
confirm the stabili’y of the. » spectrain terms of their
general structure . A frequ: acy content. The spectra
for SL and <> are she. v in Figures (36) and (37),
respective’y.

The' ault<ia solution corresponding to the Sl
sub-event, see Fi7,dre (38) estimated using spectra at
Z stations is as 10llows: strike=174°N, dip=85°, rake=

1F+a Abaragh
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Figure 36. The observed acceleration spectra for S1 sub-event.
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Figure 37. The observed acceleration spectra for S2 sub-event.
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Figure 38. Fault plane solution of two sub-events, total solution
from analysis of SH-wave and fault plane solution
reported by NEIC and HRV.

170°. The standard error of estimate is 0.50. As
mentioned earlier, this event was surmised to have
occurred at 29.02°N, 58.30°E, 8km.

For the causative fault of the 2 sub-event, see
Figure (38), spectral datafrom four stations have bee:
used to estimate the following parameters; strike =
172°N, dip=65°, rake=110°. The standard error ot
estimate is 0.18. We have earlier estimatec tha the
epicenter of this event islocated at 29.09° |, 7,.34° =
km and occurred about 8 seconds after the « vent S1.

Thetotal fault plane parameters, see Fiyw: (38) by
considering the SH-wave spectrawhic.includes both
Sl and S2 are as follow. st 1ke= 72", dip=72°,
rake=156°. The standard error * estimate is 0.32.

6. Simulation Method

Ground motion recc. 's from the epicentral region
can be of grec 2'n in w Jerstanding the earthquake
process as effe ts £, uaismission path are minimal
and rupture on 1. 2 causative fault can be modeled.
The strong motioi, simulation procedures play an
important role in complementing traditional approaches
to the estimation of strong ground motions. They
provide a means of augmenting to the relatively sparse
set of strong motion recording close to large
earthquake, giving more confidence in the estimation
of ground motion characteristics. Simulation
procedures also provide a means of estimating the
dependence of strong ground motions on variationsin
specific fault parameters. Simulation procedures
provide a means of including specific information
about the earthquake source, the wave propagation path
between the source and the site and local site response

in estimation of ground motion [19].

The strong ground motions have been simulated by
considering the fault plane parameters reported by
NEIC, HRV and estimated parameters from SH-wave
analysis. Strong ground motion has been simulated
using a hybrid method, which combine stochastic and
Empirical Green's Function (EGM) methods. For this
purpose small event has been simulated using a
stochastic method based on seismological model. This
method has been applied to simulate small event
because the source size of the small event is small
enough to neglect the rupture propagation effect. The
Fourier amplitude spectrum of small event, AS(f,r),
used in a seismological model [20, 21, 22, 23, 24]
can be expressed ~=.~ oroduct of a source factor, f),
a geometrical attenua. on factor, Dgeo(r), a whole
path attenuac an fact'r, D, (f,r), upper crust
attenuatic > factor,r “f)and site effects factor, Z(f) as
follow

AS(N='5(1) Dy (0. DL (EN.P(D.Z(T)  (6)

The Fowiier amplitude spectrum derived from
gismological model defines the frequency content of
tho =arthquake ground motion. Then, the synthetic small
€. ntisgenerated using procedure given by Boore[21]
ar.d Safak [25]. Finally strong ground motion from the
target earthquake are ssimulated by applying the EGF
method of Irikura [26] at selected observation points.
The simulated ground motion then is compared with
observed ground motion based on the basis of peak
ground acceleration, duration and root mean square
error (rmse) between observed and simulated response
spectra for 5% damping.

A design engineer is aways interested in knowing
about the maximum force that the structure will
experience in the event of an earthquake. For this
purpose, the concept of response spectrum is
important. In the case of Fourier transform, given a
Fourier spectrum, Inverse Fourier Transform (FT)
can be performed to determine the accel erogram, which
gaveriseto that Fourier transform. Although thereisa
unique response spectra for each time history, the
reverse is not true. This implies that inverse mapping
of accelerogram from response spectrum is not
possible as more than one time histories can be
compatible with a response spectrum. In the present
study root mean square error is computed using
Eq. (V) as measure of goodness for comparison
between simulated records from three different

models.
.

e =X (R Ro)i Ropd 177 (7)
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where R and R, = are the observed and simulated
response spectra, respectively. For an objective choice
from amongst the many models, the following two
criteria are used for choosing the preferred model;

1. Themode that gives a maximum number of
extracted features (P.G.A and duration) that have
aless than 10% difference between observed and
simulated records i.e., the match for each
variableis at least 90%.

The model that gives maximum number of
stations for which rmse is minimum between
observed and simulated response spectra.

6.1. Simulation Results

Using modeling parameters of rupture plane, see

Absragh

Table (4) and hybrid simulation method strong ground
motion have been simulated at four stations. Strong
ground motion at four station have been simulated for
three models. First model (M,) is according to NEIC
solution. Strike, dip and rake for this model are
considered as 174°, 88° and 178°, respectively. The
second model (M,) is based on HRV solution.
The strike, dip and rake are 173°,63°, and 164°,
respectively. The strike dip and rake for the third
mode! (M,) are considered based on analysis of SH-
wave as 172°, 72° and 156°. The other modeling pa-
rameters, see Table (4) are kept constant for thesethree
models. The simulated and observed records at Bam,
Abaragh, Mohamadabad and Jiroft stations for these
three models are shoi»:in Figures (39) to (41). The
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Figure 39. The observed

ize *al acceleration and simulated records for model M1 based on NEIC solution.
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Figure 40. The observed horizontal acceleration and simulated records for model M2 based on HRV solution.
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Figure 41. The observed horizontal acceleration and simulated records for model M3 ba. ~d on < halysis of SH-wave strong ground

motion.

estimated peak ground acceleration and duration
using Trifunac and Brady (1975) [ 7] for observed and
simulated records for these three models at four
stations are tabulated in Tables (5) and (6). The root
mean square error (rmse) for 1, 2 and 3 sec betwer n
observed and simul ated response spectrafor these fo.
stations are calculated using equation 3 and 4w in

Table4. Modeling parameters of rupt:ire pla. =.

Madelling Paramcters -
Lengzh (k) ‘I?ﬁ b |2,
Yeerehl glom) 1 km 7@
S velociy | O ke
Doupzlume velocily AR T
Flernen dimemnanm Mount er 347
ntelemeat 2
O T FET L]
Table 5. Observe ' and .u... uted peak ground acceleration for
three moc 7.
Staticn Cr coved PUGA Sunulated POGUGA
lemei’] (et
[. T belindil 1| Rlondal 2 | Melindal 3
Abimzh Tad.5 T 217 20k 1t}
Ham T i fiied 47 el
Maharimack Abad] 12001 7 11k 124 104
Tinli EEN T EES EFS 2a.4d

Table 6. Observed and simulated duration for three models.

Chscreed Duration Simeclarcd Duration
Hlaliam Fawid (e
L 1 Suode] 1 Mol 20 8ol 3
Abarazh 15.3 2 14.0 14.4 14.4
Fiam B .7 LA R.A A3
oahomad Abad] 1355 224 135.4) 1249 1249
Jivof 232 259 2040 Z1.5 21.5

Tablc 7 ror th ee different models of M, M, and M,,.

7. Macroseismic I ntensity and | soseismal M aps

“he horth eastern parts of Bam were demolished more

du ing the earthquake. The damage distribution map,
e Figure (42), SERTIT European satellite image),
shows higher damages in the northern Bam, where it
could be related to bad construction material and
older building concentrated in these parts of the city.
The higher damages in eastern Bam, however, could
be related also to the near-fault conditions.

The isoseismal map of the Bam earthquake is
prepared based on a field reconnaissance study [27]
performed in the areaimmediately after the event, see
Figure (43). Based on this study, the macroseismic
intensity of the earthquake is estimated to be 10=1X
(in EMS98 scale), where the strong motions and
damaging effects seems to be attenuated very fast
specialy in the fault-normal direction. The intensity
levels are estimated to be VIII in Baravat, VII in
New-Arg (Arg-e Jadid) and airport area. The intensity
level was estimated to be around V-V in Kerman and
Mahan.

8. Discussion

The Bam earthquake causes greatest human disaster
in 2003 with more than 30000 victims and the
demolishing the city of Bam. The 22 strong motion
records obtained in this event are studied and six
records were selected based on their high signal to
noise ratio. The vertical and fault-normal (horizontal)
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Figure 43. The isosel. n2° map prepared by the IIEES earth-
quake reco 1aissance team [28]. The intensity
values are giv. 1in EMS-98 scale.

directivity effects could be observed based on the
greater damages along vertical and fault-normal
horizontal directions, as well as the long period
amplification in 5 to 10 seconds in the mainshock.
Such effects are evident in the H/V ratios estimated
for the Abaragh, Mohammadabad and Jiroft stations,
see Figures (11), (12) and (13). These figures shows
two major peaks for the H/V ratio at 0.1Hz and
0.6Hz These two peaks could be related to the source
directivity effects. The soil conditions in these
stations probably did not lead to an amplification
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o d 0.1Hz The attenuation of strong motions in
the fault normal direction was higher than in the
fault-parallel direction and the attenuation rate was very
high. The higher attenuation rate could be related to
the high stress drop estimated for this event and low
duration (about 10 seconds).

NEIC and HRV have andyzed far field broad band
datato provide estimate of the strike, dip and rake for
the 2003 Bam earthquake. NEIC suggest a strike, dip
and rake of 174°, 88°, and 178°, while the HRV gives
values of 173°, 63°, and 164°, respectively. It is
noticed that the value of strike, dip and rake from
these two studies are in fair agreement with the
estimated strike, dip and rake from analysis of SH
waves of recorded near field data, see Figure (38).
Strong phases related to two sub-events have been
identified on the strong ground motion data. It is
observed that the causative fault for sub-event Sl has
right-lateral strike dlip mechanism, see Figure (38),
while for & it is reverse mechanism with right-latera
strike-slip mechanism. The estimated location of
sub-event Sl is at 58.30 and 29.02 at depth of 8km
and it occurred 8 second before the sub-event 2. The
sub-event 2 islocated at 58.34 and 29.08 at depth of
8km. The high peak ground acceleration, which
was observed at Bam station, can be explained by oc-
currence of the second sub-event with reverse mecha
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nism. The focal mechanisms of sub-events are deter-
mined on the basis of sparsely distributed
accelerographs in relation to the overall size of the
fault. Local strong ground motion records are
generally known to be more sensitive to faulting of
those sections of the fault closest to the station, while
the more distant stations are unable to contribute
suitable constraints for these sections of the fault.

Meanwhile, the results obtained based on SH-wave

analysis of strong ground motion for two sub-events

are in fair agreements with the results obtained from
waveform inversion of teleseismic data reported by

Mostafazzde and Nabant [28]. They also fond that

the first sub-event had right-lateral strike-slip mecha

nism and second sub-event have reverse mechanism.

In the present study the rupture plane for Bam
earthquake has been modeled using different
parameters. Three models were considered based on
NEIC, HRV and SH-wave anaysis and acceleration
time histories were simulated at four stations for which
observation records were available. Comparison
of simulated and observed records based on peak
acceleration, duration and rms between observer’
and simulated response spectra indicate that moc 3
three is the preferred rupture model. This selection
was done on the basis of two criteria:

(i) Maximum number of extracted feal .~ (pe <
ground acceleration and duration) shov ing less
than 10% difference betwe>n obs.." xd and
simulated observed for mos~ i and

(i)  the preferred model giv > maxi. >um number of
stationsfor which rmsZi5lel t between observed
and simulated respc se spe tra.

The peak ground 4 :celerc. 2.1 and duration values
for both observed and s mulated records for the 2003
Bam earthquak » arc ""ulaed in Tables (5) and (6).
Figure (44) sho. « distribution of these values with
distance for mode M3. In general, loca topography,
seismic source, propagation path and local site
conditions will influence peak ground acceleration. It
is observed that the values of peak ground acceleration
at these stations are in fair agreement with observed
values for model M3 compare to models M1 and M2.
The distribution of simulated peak ground acceleration
versus distance shows similar trends to observed peak
ground accel eration.

The duration of simulated records are also in fair
agreement with observed records. Again modd 3 shows
more match with observed compare to model M1 and
mode M2.
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Figure 44. Comparison between observed peak horizontal
acceleration and simulated peak acceleration for
model M?

On tht other i 2d<.ne comparisons of root mean
squar. errc . (rmse) at these four stations for
thre 2 mese s.ows that rmse error between
observed an <.mulated response spectra is less for
model M5, see Table (7). Figure (45) shows response
.nectra for 5% damping for both horizontal

an.onents and simulated records for model M3.

Ci mparison between observed and simulated
.ecords indicate that the rupture started at a depth of
8km and propagated from south toward Bam and
north.

Table 7. Root mean square error between observed and
simulated Response spectra for three models.
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9. Conclusion

The strong motions records and intensities observed
in the Bam earthquake records are representative a
very strong but short earthquake that had the ‘ary
vertical and fault-normal near-fault effects. T'.s
earthquake had no visible surface fault displac me. .2,
but some surface fissures crea.ed uu.'20 the
earthquake are observed aong the Bar. fault scarp.
The shallow depth (8km) an th'z 1cratic: of the
epicenter near the city of Bam, alu. 1 with \ne old and
weak buildings caused the figh lev 's of life and
property losses during thic eve ot

The following concli. ans have emerged from the
analysis of strei.gwarounu motion data for Bam
earthquake:

< Although the ¢ ration of the strong motions in
Bamwas short' (7 to 10 seconds), the long
period (about 10 seconds) large amplitudes of
the motions caused by the directivity effectsin
the fault-normal and vertical directions could be
imagined as a continuationsto the damage caused
by this earthquake.

«  Theattenuation of strong motion was rapid. The
rate of attenuation was even faster in the
fault-norma direction (relative to the fault
parale direction).

% TheBam earthquake was a complex earthquake.
The SH-wave accelerograms exhibited distinct
phases corresponding to the energy released from
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. and

_Jonse  pectra for model M3.

two separate asperities.

10 strong phases of energy are seen on the

xcelerograms. The first is interpreted to

represent a starting sub-event with right-latera
strike slip mechanism and located south of Bam.

The asperity corresponding to the second release

of energy is interpreted to be released 8sec after

first sub-event. The mechanism of the second
sub-event is reverse mechanism.

« The ground motion indicatesthat the rupture
started at a depth of 8km south of Bam and then
propagated toward north. The high vertical peak
acceleration in Bam station was due to occur
rence of the second sub-event, which was
located very close to the recording station.
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