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The site amplification characteristics of the 2003 Bam, Iran, earthquake
were investigated based on geological studies as well as geophysical,
microtremor and aftershock measurements conducted by IIEES in the study
area. A site effect microzonation map was prepared classifying the ground
conditions of the city into five distinct categories, based on their stiffness,
thickness, and frequency characteristics. The highest percentage of damage
was concentrated in sites with stiff shallow and medium depth soils, which
possessed considerable amplification potentials in high frequency
ranges. �DOI: 10.1193/1.2098266�

INTRODUCTION

The city of Bam in the southeastern part of Iran was struck by a Mw=6.5 earthquake
at 5:26 AM �local time� on 26 December 2003. It is well established that ground motions
are strongly influenced by source, path, and local site effects. This paper investigates the
local site effects of the Bam earthquake on strong ground motion. Based on existing
geological data and geophysical, microtremor, and aftershock data measurements con-
ducted by IIEES, a site effect microzonation map of the Bam city was developed.

Geologic deposits can amplify strong ground motions depending on the physical
properties of the soil as well as their three-dimensional geometrical distribution. De-
tailed information for the region on the three-dimensional distribution of materials was
not available to be incorporated into maps showing variations in ground response. Con-
sequently, site effects were studied based on variation of surface layers. The methodol-
ogy of the site effect assessment throughout the study area adopted here consisted of the
following steps:

1. Revising the existent geological map utilizing field observations and aerial
photo studies.

2. Defining the representative geophysical groups based on the geological map and
geophysical investigations.

3. Estimating the nonlinear amplification capability of the representative geophys-
ical groups using the latest empirical correlations between the site type and the
relative amplification factor.

4. Estimating the site frequency characteristics in the study area based on mi-
crotremor and aftershock measurements.
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5. Preparing the site effect microzonation map based on the conducted geological
and geophysical investigations, as well as the aftershock and microtremor data
analysis.

The above steps could be incorporated into the category of Grade 2 zoning methods,
according to the Japanese TC4 zoning manual. The preliminary results of this study
were presented in the Journal of Seismology and Earthquake Engineering �JSEE� spe-
cial issue on Bam earthquake �Askari et al. 2004�. The final results of the study are pre-
sented in this paper.

LOCAL SITE CONDITIONS

The site effect microzonation map of Bam was prepared based on the geological data
of the study area and also on complementary site investigations conducted by IIEES
�2004�. These complementary field investigations included geophysical, microtremor,
and aftershock measurements. For this purpose, eight geoelectrical profiles and ten seis-
mic refraction surveys were carried out. Data from eight constant seismic stations, to-
gether with 18 temporary microtremor stations, were analyzed using spectral ratio analy-
sis.

AMPLIFICATION POTENTIAL OF SURFACE LAYERS

GEOLOGICAL CONDITIONS

Figure 1 shows the geologic map of the study area prepared by the Geological Sur-
vey of Iran �1993�. This map was slightly modified using field observations and aerial
photo studies. This map shows that most parts of Bam �and Baravat� are constructed on
Quaternary alluvial. The Arg-e-Bam, located at the northwest of the city, is the only site
where a rock outcrop can be observed. The Quaternary materials can be divided in into
four groups based on general and special characteristics. These groups are: recent allu-
vial deposits in rivers and channel beds �Qal�; young fan deposits �Qf2�; and early Qua-
ternary materials �Qm1 and Qm2�. These types of deposits covered most parts of Bam and
Baravat. Eocene volcanic rocks are the only outcrops that consist of less than 1% of the
surface in the study area.

The Qm1 deposit is observed, along the Bam fault, to have about a 5° dip toward the
east. The compaction of this layer is lower than that of the other deposits, although it is
older. The geologic map shows that most parts of Bam and Baravat are covered with Qm2

deposits, including gravel, sand, and silt. There are some thin layers of fine grain sedi-
ments as lenses inside these deposits. The thickness of these dense layers varies from a
few meters to more than 50 meters, depending on their location. A weak cementation
caused by infiltration of surface water can be observed in some parts of these deposits.
The alluvial fan �Qf2� is another Quaternary deposits in the eastern part of Bam. It is
formed by coarse grain sediments having a thickness up to 100 meters. Finally, the
youngest layers of alluvium in the Bam area are alluvium fans and terraces �Qal� ex-
tended along the seasonal river. These sediments are quite loose without cohesion and
cementation.
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GEOPHYSICAL INVESTIGATIONS

Locations of the geoelectrical soundages and the seismic refraction profiles con-
ducted by IIEES are indicated in Figure 1. Based on the geoelectrical soundages, the
thickness of deposits increases from north to south generally, although some irregulari-
ties at bedrock may exist at the southern part of Bam city because of the inherent at-
tributes of volcanic rocks and faulting. The thickness of unconsolidated materials ranges
from zero in the north to up to 300 meters south of Bam. Deep geoelectrical surveying
at the site shows a similar subsurface condition at higher depths �Abkav Consulting En-
gineers 1973�. Based on geophysical studies, the maximum depth of Quaternary alluvial
in the study area is estimated at about 300 m.

Figure 2 shows the 10 geoseismic refraction profiles measured in the study area. The
obtained shear wave velocity profiles could be categorized into the following four dis-
tinct geophysical groups: Group 1 represents rock sites with soil thicknesses of less than
a few meters; Group 2 represents stiff shallow sites with a soil thickness of
8 to 15 meters, high shear wave velocity gradients, and considerable contrast ratios of 2

Figure 1. Geological map of Bam, including stations of geophysical surveying, aftershock and
microtremor measurements. Co-seismic ruptures during recent earthquake are adopted from
Hessami et al. �2004�.
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to 3 with respect to the seismic bedrock; Group 3 represents stiff sites with a higher soil
thickness of 14 to 25 meters, lower shear wave velocity gradients, and lower contrast
ratios with respect to the seismic bedrock, compared to the second group; Group 4 rep-
resents medium to dense sites with a comparatively high thickness of more than
30 meters, low gradients of shear wave velocity, and much lower contrasts in the surface
depth of 30 meters. The seismic bedrock is the same as the geological bedrock in geo-
physical Groups 1 and 2, and lies in a higher depth than the geological bedrock in geo-
physical Groups 3 and 4.

SITE AMPLIFICATION FACTORS

Borcherdt �1994� proposed a site classification scheme in which the ground condi-
tions were classified into six distinct classes with acceleration dependent short-period
and long-period amplification factors. The site classification scheme adopted by the
1994, 1997, and 2000 NEHRP provisions, �BSSC 1994, 1997, and 2000�, the 1997 Uni-
form Building Code �UBC� and the 2000 and 2003 International Building Codes �IBC�
were primarily based on Borcherdt’s scheme. Seed et al. �2001� proposed a somewhat

Figure 2. Seismic refraction profiles of Bam.
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more detailed site classification scheme that consisted of eight main classes and several
subclasses, with acceleration dependent peak ground surface amplification relative to
competent rock sites. All these amplification relationships were based on available em-
pirical data from the 1985 Mexico, 1989 Loma Prieta, and 1994 Northridge earthquakes,
and on calculations using both equivalent linear and fully nonlinear site response meth-
ods.

Table 1 indicates that these four geophysical groups could also be categorized ac-
cording to the above mentioned site classification systems. Figure 3 shows proposed am-
plification factors as functions of peak rock acceleration �PRA� for the geophysical
Groups 1 through 4. Figure 3a indicates that geophysical Group 1, which is the well-
known competent seismic bedrock introduced by almost all building codes, has an am-
plification factor of 1.0, irrespective of the PRA. Figures 3b and 3c indicate that al-
though the amplification factors proposed for geophysical Groups 2 through 4 show
some difference with the site classification schemes, but as expected, the amplification
factor decreases as the PRA increases. Proper curves were fitted to the maximum values
of the proposed amplification factors for geophysical groups 2–4. These conservative ac-
celeration dependent correlations provided the required basis for preparing the PGA dis-
tribution map of the study area.

SITE FREQUENCY CHARACTERISTICS

Identification of soil amplification characteristics on surface records was typically
carried out by calculating spectral ratio in the frequency domain �Field et al. 1992; Steidl
1993�. Two techniques are popular in site amplification estimation using spectral ratio
analysis; reference site, and horizontal to vertical spectral ratio analysis �HVSR� tech-
niques. The reference site technique is applicable when a nearby rock site exists. Re-
cently, HVSR, which was originally proposed for microtremors, is widely used in site
effect estimation using surface accelerograms of earthquake data. In this research, the
HVSR was employed for estimation of site amplification characteristics using both
earthquake and microtremor data at the sites.

Table 1. Representative geophysical groups of the study area

Geophysical
Groups

Geophysical
Profiles

Site classification schemes

Borcherdt
�1994�

NEHRP �1994–2000�
UBC�1997�

IBC�2000, 2003�
Seed et al.

�2001�

1 2 I-b B A
2 3,4,5,9 II C A
3 1,6,7 II C AB2
4 8,10 II C AB2
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AFTERSHOCK AND MICROTREMOR MEASUREMENTS

Stations for aftershock and microtremor measurements are shown in Figure 1. The
seismic network, including seven three-component Guralp �CMG-6TD� seismometers,
was installed along the main streets in Bam �referred to as “C” in Figure 1�. One station
is also installed at Baravat City, located southeast of Bam. Each seismometer was ad-
justed to record two horizontal components in NS and EW directions and one in vertical
direction. The portable three-component Guralp �CMG-6TD� seismometers were used

Figure 3. Empirical amplification factors of the representative geophysical groups.
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for aftershock and microtremor measurements. The frequency operating range of these
mid-band seismometers is approximately 0.1 to 50 Hz. The instruments were delivered
with GPS units for synchronization.

The network was operating for nearly two months, from 12 January to 30 February
2004. Due to the high capacity of the flash memory of the seismometers, vibrations, in-
cluding aftershocks and microtremors, were recorded continuously with a sampling rate
of 100 samples per second. The seismometer coordinates and some remarks about site
conditions are summarized in Table 2. The network recorded more than 2,000 after-
shocks, as well as continuously recording microtremors day and night.

In order to increase the accuracy of local seismic microzonation, the microtremors
were also recorded at 18 temporary stations using the same instruments �referred to as
“M” in Figure 1�. The microtremors were recorded for 30 seconds at each station and
the stationary portion of them was selected and used in this analysis.

AFTERSHOCK DATA ANALYSIS

The aftershock data of the Bam earthquake were used to estimate site amplification
characteristics by spectral ratio analysis. In this analysis, the auto-spectrum was calcu-
lated for a 10 s time window of accelerograms for the entire length of the record, be-
ginning from P-wave arrival. The spectra were smoothed using a rectangular moving av-
erage window with a bandwidth of 0.4 Hz. The ratio of two smoothed spectra was then
calculated. Two times in succession, smoothing was applied to the raw spectra. This

Table 2. General specifications of seismic stations

Station
No. Location

Coordinate
Data

Qualitya RemarksE-W N-S El.

1 Arg-e-Bam 58° 22� 08� 29° 06� 57� 1064.3 excellent Installed on the surface
of a rock outcrop

2 Post office 58° 21� 30� 29° 06� 22� 1068.1 moderate Installed in the basement
of 3 stories building

3 Manabe-e-Tabie 58° 19� 25� 29° 06� 26� 1110.3 good Installed on the floor of 1
story building

4 Mokhaberat 58° 20� 34� 29° 06� 29� 1079.8 poor Installed on the floor of 1
story building

5 Komite-e-
Emdad

58° 22� 26� 29° 05� 55� 1058.5 good Installed in the basement
of a 3 stories building

6 Havashenasi 58° 21� 10� 29° 04� 49� 1082.2 moderate Installed on the floor of 1
story building

7 Keshavarzi 58° 21� 18� 29° 05� 43� 1078.2 good Installed on the floor of 1
story building

8 Baravat 58° 24� 12� 29° 04� 15� 1009.2 excellent Installed on the floor of 1
story building

a Index for data quality of microtremors
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number was chosen empirically considering its visual effect on the spectral shape. This
procedure was repeated for the spectral ratio of both components �N/V and E/V�, and the
vector average of two ratios was then calculated.

MICROTREMOR DATA ANALYSIS

Microtremors are also used to identify amplification characteristics at the site. In the
spectral analysis of microtremors, the following steps were processed:

1. Preprocessing: Filtering the signal in the 0.2–20 Hz frequency range.
2. Selection of parameters: To maximize the accuracy of computed fundamental

frequency, selected parameters for the frequency analysis required optimization.
The number of spectral averages and the spectral resolution are important pa-
rameters and, for a finite data record, they are directly related to each other.
However, they have a conflicting influence on the error in the spectral estimates
�Bendat and Piersol 1993�. These calculations revealed that a 0.048 Hz fre-
quency resolution and a 2048 block length yielded the optimum spectrum.

3. The selected time windows were Fourier-transformed using cosine tapering be-
fore transformation. The spectra were then smoothed with a triangular moving
Hanning window �1 time with 15 points�.

4. In order to obtain spectral ratios, the spectra of an EW and NS channel at a site
were divided by the spectra of the vertical channel and the average of each in-
dividual ratio was computed.

DATA ANALYSIS RESULTS

The results of aftershock and microtremor spectral analysis for eight seismic stations
are presented in Figure 4. Spectral ratio variations of the microtremor records for 18
stations are shown in Figure 5. Based on the amplification functions obtained by spectral
analysis �the spectral peak and corresponding amplification factor�, the 26 measurement
stations can be classified into the following four distinct categories: Category 1, which
includes station C1 �Arg-e-Bam�, lies on a rock outcrop and has a fundamental fre-
quency in the range of 0.8–1.2 Hz with an amplification factor of greater than 5; Cat-
egory 2, which includes stations C2, C6, M2, M3, M4, M12 and shows a clear dominant
frequency in the low frequency range �less than 3 Hz�; Category 3, which includes sta-
tions C4, C5, M1, M5, M6, M16 & M17, shows two distinct peaks, one in less than
3 Hz and the other in more than 5 Hz; Category 4, which includes stations C3, C7, C8,
M7, M8, M9, M10, M11, M13, M14, M15, M18, demonstrates a single peak in the high
frequency range �more than 5 Hz�; It is important to note that the preliminary analysis
results from the C1, C2, C3 and C4 stations, which were presented in Askari et al.
�2004�, indicate the necessity of complementary signal processing. Based on these ad-
ditional studies, the C1, C2 and C4 stations were confirmed in their categories, whereas
the C3 station moved from Category 3 to Category 4.

SITE EFFECT MICROZONATION MAP

Although the number of seismic refraction profiles were not sufficient to prepare a
site effect microzonation map, combining them with the results of the microtremor and
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aftershock measurements enabled site classification and provided seismic microzonation
of Bam City. Figure 6 shows the distribution of the representative geophysical groups
through out the study area. From Figure 6, it can be seen that from north to south of the
study area, both shear wave velocity gradient and the contrast with respect to the bed-
rock decrease. From west to east, there are no considerable variations in the materials.

Figure 6 also shows the distribution of the identified natural frequencies throughout
the study area. As can be seen, most stations in the city indicate a high amplification
potential in the high frequency range. Northern and southern parts of the city indicate
the existence of high amplification potentials also in the low frequency range. Based on
these findings, the ground conditions of the Bam city could be classified into the fol-
lowing five categories:

1. Rock-like sites in which the soil thickness is less than a few meters.
2. Stiff shallow sites in which only the low frequency range indicates a consider-

able amplification potential.
3. Stiff shallow sites in which only the high frequency range indicates a consider-

able amplification potential.

Figure 4. The aftershock and microtremor spectral analysis results for eight seismic stations.
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4. Stiff medium depth sites in which both of the high and low frequency ranges
indicate considerable amplification potentials.

5. Stiff to medium stiff deep sites in which only the low frequency range shows a
considerable amplification range.

Figure 6 shows the site effect microzonation map of the city of Bam. As can be seen,
the north part of the city is covered with site classes 1 and 2, the central part is covered
with site classes 3 and 4, and the south part is covered with site class 5.

CONCLUSIONS

In this paper, the site amplification characteristics of the city of Bam were investi-
gated based on geological studies as well as geophysical, microtremor, and aftershock
measurements conducted by IIEES in the study area. A site effect microzonation map
was prepared classifying the ground conditions of the city in five distinct categories ac-
cording to their stiffness, thickness, and frequency characteristics. Highest values of
damage were concentrated in sites with stiff shallow and medium depth soils, which pos-
sessed considerable amplification potentials in high frequency ranges. It is obvious that

Figure 5. The microtremor spectral analysis results for 18 stations.
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more accurate studies of site effect microzonation require more geological, geotechnical,
and geophysical data, as well as consideration of multidimensional subsurface topo-
graphic features.
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