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Abstract Dammam City was affected by strong earthquakes
from Zagros fold-fault belt of subduction zone. These distant
earthquakes of magnitude greater than 6.0 produced great site
effects on the sedimentary layers that in turn significantly
influenced earthquake ground motions in the area. Site effect
in terms of fundamental frequency (f0) has been estimated
using microtremor measurements and borehole geotechnical
data. Microtremor measurements were carried out at 113 sites
distributed well through Dammam City. These sites present
two peaks of f0. The 1st peak ranges from 0.25 to 3.0 Hz,
while the 2nd one ranges from 4 to 8 Hz. The 1st peak is due to
the impedance contrast between the limestone and the over-
lying sediments, while the 2nd peak originated from the upper
most surface sediments and the underlying layer. Tests to
ensure that natural origin of these peaks were conducted.
The northwestern and southeastern parts of Dammam City
have the lowest f0 indicating great thickness of sediments.
Whereas, the rest zones have higher f0 values illustrating
shallow depths of bedrock. In addition, the geotechnical data
in terms of shear wave velocity, density, and soil thickness of
different layers have been compiled at 30 boreholes where f0
and average shear wave velocities up to 30 m depth have been
calculated. Results of borehole data clarified that the funda-
mental frequencies range between 2.9 and 7 Hz, which corre-
lated well with that of microtremor measurements. These
results can be used for land use planning, preparedness

purposes through improving of building design code in
Dammam City.
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Introduction

Dammam is the largest city in the eastern province of Saudi
Arabia, where the judicial and administrative bodies of the
province and several government departments are located in
the city. In urban planning and development, the local site
conditions have important implications where it controls the
distribution of damages due to strong earthquakes. Many
studies (Ohta et al. 1978) applied the Borcherdt’s approach
(1970), using ambient seismic noise instead of earthquake.
This approach stated that the spectral characteristics of
microtremor are associated with the site conditions (Katz
1976; Katz and Bellon 1978; Kagami et al. 1986). It became
well known that with microtremors, it is possible to identify
the fundamental frequency of near surface soil deposits.

Nakamura (1989) hypothesized that site response could be
estimated from the horizontal to vertical spectral ratio of
microtremors. This technique was tested, experimentally and
theoretically, at many sites all over the world, by different
authors (Bard and Tucker 1985; Ohmachi et al. 1991;
Gutierrez and Singh 1992; Lermo and Chavez-Garcia 1993,
1994; Lachet and Bard 1994; Field and Jacob 1995;
Malagnini et al. 1996; Teves-Costa et al. 1996; Theodulidis
et al. 1996; Konno and Ohmachi 1998; Mucciarelli 1998;
Mucciarelli et al. 2001; and Bard 2000). Results of
Nakamura’s technique support such use of microtremor mea-
surements for estimating the site response of surface deposits.
Other studies (Field and Jacob 1993; Wakamatsu and Yasui
1996; Coutel and Mora 1998; and Fnais et al. 2010) indicate
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that the Nakamura method has already proved to be one of the
cheapest and most convenient techniques to, reliably, estimate
fundamental frequency, and it needs more work to understand
the factors influencing the amplification factor.

The eastern province of Saudi Arabia (Fig. 1) suffered
from, to great extent, by the active tectonics of Zagros-Bitlis
subduction belts. The convergence tectonics in this area orig-
inates commonly the damaging earthquakes and represents
one of the most seismically active belts (Kanamori 1986).
These distant earthquakes can produce major damage in
Dammam City due to local site effects. Hence, the assessment
of these site effects will contribute, to great extent, in reducing
the earthquake damage in this important city especially in case
of increasing the population and new urban communities in
this city.

Geology of Dammam City

The oldest rocks in the area are the Rus Formation exposed at
the core of the Dammam dome (Fig. 2). These exposed parts
represent the topmost part of the formation and consist of
chalky dolomite, chalky limestone, and marl. The Dammam
Formation conformably overlies the Rus Formation (Al-
Sayari and Zoetl 1978). It is exposed at the edges of the

Dammam dome and in small-scattered parts northwestward
of the dome. It consists of dolomite, dolomitic limestone,
limestone, marl, and shale. The rocks within the Dammam
dome are very gently dipping and locally covered by
Quaternary deposits. The Hadrukh Formation uncomfortably
overlies the Dammam Formation. It consists mainly of quartz,
feldspar, and calcareous materials with very small grains of
chert and small quantities of anhydrite. The youngest tertiary
formation in the study area is the Dam formation that uncon-
formably overlies the Rus Formation in small part in the
northwestern part of the Dammam dome.

The elevation varies from west to the east where, it ranges
from 150 m at the Dammam dome to 1 m (above sea level) at
the flat areas. The Dammam dome is the main geomorpholo-
gic feature through the eastern province with some hills of
carbonate rocks exposures. It forms an anticlinal gently dip-
ping structure. Sedimentary strata dip gently eastward and
may interrupt locally by a series of north–south-oriented folds.
A sequence of continental and shallow marine sediments
extends along the Arabian Gulf with relatively low-relief
terrain. The Upper Cretaceous and Eocene rocks represented
by limestone and dolomite, while Quaternary sequences are
composed of sandstone, sandy marl, and sandy limestone of
nonmarine origin. These sequences dip gently toward the east
and northeast below the thrusting of the Zagros Mountains

Fig. 1 Location map of Dammam City
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Fig. 2 Geologic map of Dammam dome (after Weijermars 1999)
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(Al-Sayari and Zoetl 1978). The Umm er Radhuma Formation
of Paleocene and lower Eocene age forms a wide belt extend-
ing ∼1,200 km from south to north with a width of 60–
120 km. The exposures of the Umm er Radhuma Formation
forms a gently undulating but rough surface with low altitude
isolated hills and benches. Outcrops of the Dammam
Formation of lower and middle Eocene age are restricted to
the Arabian Gulf coastal region.

The Quaternary deposits include sabkhah, coastal deposits,
surface carbonate deposits of sand and pebbles, and eolian

sand. Sabkhah deposits covered by relatively thin sheet of
eolian sand. The marine deposits overlie the sabkhah. Most of
the marine deposits are 1 to 3 m wide from the shoreline. The
surface carbonate deposits are formed in the flat areas and in
the depressions within the carbonate rocks exposures. The
eolian sand, exist in the form of sand dunes ranging in height
between 5 and 15 m. The dominant dunes in the area are
barchans, barchanoid ridges, parabolic, and dome dunes. Thin
sand sheets cover large area including parts of other unit like
sabkha and rocks.

Fig. 3 Microtremor measurements in Dammam City
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Table 1 Sites of microtremor measurements in Dammam City

Site code Latitude Longitude Date Start time
GMT

End time
GMT

Duration
(min)

Sensor
type

Sampling
frequency

DM1 26.4663 50.0758 10 February 2011 07:50 08:20 30 T.C. 100

DM2 26.4559 50.0627 10 February 2011 13:30 13:55 25 T.C. 100

DM3 26.4539 50.0844 10 February 2011 15:00 15:20 20 T.C. 100

DM4 26.4513 50.1302 11 February 2011 06:30 07:05 35 T.C. 100

DM5 26.4674 50.1274 11 February 2011 08:16 08:46 30 T.C. 100

DM6 26.4646 50.1147 11 February 2011 09:43 10:09 26 T.C. 100

DM7 26.4344 50.1304 11 February 2011 11:09 11:35 26 T.C. 100

DM8 26.4227 50.1278 11 February 2011 12:21 12:53 32 T.C. 100

DM9 26.4302 50.1139 11 February 2011 13:30 13:50 20 T.C. 100

DM10 26.4495 50.0969 12 February 2011 10:05 10:48 43 T.C. 100

DM11 26.4315 50.0971 12 February 2011 12:31 12:51 20 T.C. 100

DM12 26.4326 50.093 13 February 2011 06:33 07:08 35 T.C. 100

DM13 26.4288 50.079 13 February 2011 08:30 09:00 30 T.C. 100

DM14 26.4139 50.07 13 February 2011 10:00 10:25 25 T.C. 100

DM15 26.4359 50.0715 13 February 2011 11:20 11:54 34 T.C. 100

DM16 26.4404 50.0896 13 February 2011 12:35 13:00 25 T.C. 100

DM17 26.4416 50.1189 13 February 2011 14:00 14:30 30 T.C. 100

DM18 26.4247 50.1169 14 February 2011 09:00 09:31 31 T.C. 100

DM19 26.4649 50.0876 8 April 2011 05:40 06:10 30 T.C. 100

DM20 26.4678 50.0812 8 April 2011 07:11 07:41 30 T.C. 100

DM21 26.4577 50.0828 8 April 2011 13:10 13:40 30 T.C. 100

DM22 26.458 50.0891 8 April 2011 14:04 14:35 31 T.C. 100

DM23 26.4545 50.089 8 April 2011 14:58 15:28 30 T.C. 100

DM24 26.4583 50.0954 8 April 2011 17:25 17:52 27 T.C. 100

DM25 26.4583 50.121 9 April 2011 04:27 04:47 20 T.C. 100

DM26 26.4652 50.1227 9 April 2011 05:33 05:53 20 T.C. 100

DM27 26.4573 50.1292 9 April 2011 06:15 06:35 20 T.C. 100

DM28 26.4586 50.1139 9 April 2011 07:00 07:27 27 T.C. 100

DM29 26.4515 50.1258 9 April 2011 08:03 08:23 20 T.C. 100

DM30 26.4449 50.1313 9 April 2011 08:50 09:12 22 T.C. 100

DM31 26.4398 50.1308 9 April 2011 09:35 09:55 20 T.C. 100

DM32 26.4515 50.1183 9 April 2011 12:00 12:20 20 T.C. 100

DM33 26.4449 50.1249 9 April 2011 14:12 14:35 23 T.C. 100

DM34 26.4403 50.1249 9 April 2011 15:00 15:20 20 T.C. 100

DM35 26.4334 50.1255 9 April 2011 16:00 16:20 20 T.C. 100

DM36 26.4333 50.1183 9 April 2011 16:50 17:10 20 T.C. 100

DM37 26.4537 50.1041 10 April 2011 05:20 05:40 20 T.C. 100

DM38 26.4535 50.0973 10 April 2011 06:08 06:28 20 T.C. 100

DM39 26.4541 50.0735 10 April 2011 07:00 07:20 20 T.C. 100

DM40 26.4498 50.0694 10 April 2011 09:00 09:20 20 T.C. 100

DM41 26.4474 50.0648 10 April 2011 10:10 10:30 20 T.C. 100

DM42 26.4474 50.0804 10 April 2011 12:00 12:20 20 T.C. 100

DM43 26.4352 50.0874 10 April 2011 13:00 13:22 22 T.C. 100

DM44 26.4443 50.0968 10 April 2011 16:03 16:23 20 T.C. 100

DM45 26.4449 50.114 11 April 2011 05:50 06:20 30 T.C. 100

DM46 26.4389 50.1133 11 April 2011 06:48 07:18 30 T.C. 100

DM47 26.4395 50.1068 11 April 2011 07:55 08:25 30 T.C. 100

DM48 26.4411 50.065 11 April 2011 14:26 14:48 22 T.C. 100
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Table 1 (continued)

Site code Latitude Longitude Date Start time
GMT

End time
GMT

Duration
(min)

Sensor
type

Sampling
frequency

DM49 26.4416 50.0701 11 April 2011 15:21 15:46 25 T.C. 100

DM50 26.4404 50.0766 11 April 2011 16:15 16:35 20 T.C. 100

DM51 26.4344 50.0845 12 April 2011 05:57 06:22 25 T.C. 100

DM52 26.4419 50.0814 12 April 2011 06:45 07:09 24 T.C. 100

DM53 26.4291 50.0697 12 April 2011 09:07 09:37 30 T.C. 100

DM54 26.4227 50.0684 12 April 2011 14:52 15:02 10 T.C. 100

DM55 26.4249 50.124 11 May 2011 16:54 17:14 20 T.C. 100

DM56 26.4202 50.1237 11 May 2011 17:33 17:58 25 T.C. 100

DM57 26.4137 50.1261 11 May 2011 18:15 18:38 23 T.C. 100

DM58 26.4145 50.1138 11 May 2011 19:44 20:04 20 T.C. 100

DM59 26.4134 50.1083 12 May 2011 02:19 02:39 20 T.C. 100

DM60 26.413 50.1024 12 May 2011 03:05 03:30 25 T.C. 100

DM61 26.4199 50.1109 12 May 2011 03:57 04:22 25 T.C. 100

DM62 26.4188 50.1047 12 May 2011 04:43 05:08 25 T.C. 100

DM63 26.4249 50.1105 21 May 2011 15:50 16:10 20 T.C. 100

DM64 26.4196 50.0976 3 June 2011 16:26 16:47 21 T.C. 100

DM65 26.4254 50.0974 3 June 2011 17:10 17:30 20 T.C. 100

DM66 26.4159 50.0893 3 June 2011 17:50 18:10 20 T.C. 100

DM67 26.4114 50.0811 3 June 2011 18:25 18:45 20 T.C. 100

DM68 26.4134 50.0763 3 June 2011 19:00 19:20 20 T.C. 100

DM69 26.4164 50.0664 3 June 2011 19:40 20:00 20 T.C. 100

DM70 26.4194 50.0714 3 June 2011 20:22 20:42 20 T.C. 100

DM71 26.4231 50.0738 4 June 2011 06:15 06:35 20 T.C. 100

DM72 26.4246 50.0791 4 June 2011 06:51 07:11 20 T.C. 100

DM73 26.4197 50.0837 4 June 2011 15:30 15:50 20 T.C. 100

DM74 26.4243 50.0835 4 June 2011 16:12 16:32 20 T.C. 100

DM75 26.4302 50.0833 4 June 2011 17:04 17:24 20 T.C. 100

DM76 26.4205 50.0902 4 June 2011 17:48 18:08 20 T.C. 100

DM77 26.4218 50.0942 4 June 2011 18:30 18:50 20 T.C. 100

DM78 26.4272 50.0936 4 June 2011 19:11 19:31 20 T.C. 100

DM79 26.4281 50.0887 4 June 2011 19:50 20:10 20 T.C. 100

DM80 26.4341 50.0889 4 June 2011 20:25 20:45 20 T.C. 100

DM81 26.4384 50.0961 4 June 2011 21:06 21:26 20 T.C. 100

DM82 26.4247 50.0889 5 June 2011 13:54 14:15 21 T.C. 100

DM83 26.4341 50.1096 5 June 2011 14:37 15:00 23 T.C. 100

DM84 26.4292 50.1211 5 June 2011 15:20 15:42 22 T.C. 100

DM85 26.4449 50.1203 5 June 2011 16:06 16:26 20 T.C. 100

DM86 26.4563 50.1255 5 June 2011 16:55 17:15 20 T.C. 100

DM87 26.4613 50.1253 5 June 2011 17:38 17:58 20 T.C. 100

DM88 26.4612 50.1178 5 June 2011 18:20 18:40 20 T.C. 100

DM89 26.455 50.1172 5 June 2011 19:02 19:22 20 T.C. 100

DM90 26.4496 50.1141 5 June 2011 19:52 20:12 20 T.C. 100

DM91 26.4499 50.1084 6 June 2011 13:10 13:35 25 T.C. 100

DM92 26.4488 50.1044 6 June 2011 13:55 14:15 20 T.C. 100

DM93 26.4303 50.0742 6 June 2011 16:20 16:44 24 T.C. 100

DM94 26.4269 50.0643 6 June 2011 17:10 17:40 20 T.C. 100

DM95 26.4443 50.0857 6 June 2011 18:15 18:35 20 T.C. 100

DM96 26.4426 50.0915 6 June 2011 18:56 19:16 20 T.C. 100
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Microtremor measurements

Dammam City bisected on a grid of 500×500 m, each com-
prising a discrete measurement site. Microtremor measure-
ments have been acquired through the period from February
to June 2011. Figure 3 illustrates the locations of 112 measur-
ing sites. At each site, the microtremors were recorded con-
tinuously for, almost, 1 h.

The microtremors have been collected at the measuring
sites with the following precautions according to Nakamura
(1996);Mucciarelli et al. (2001);Mucciarelli (1998); and Bard
and SESAME-Team (2005); (1) Using a 1-s (or higher) triax-
ial velocimeter, for analysis at periods longer than 1 s carried
out measurements; (2) Avoid long external wiring, which may
bring in mechanical and electronic interferences; (3) Avoid
measurements in windy or rainy days. Wind causes large and
unstable distortions at low frequencies; and (4) Avoid record-
ings close to roads with heavy vehicles, which cause strong
and rather long transients.

Digital records were obtained in the range of 0.2–25 Hz
band-pass filter with a sampling rate of 100 samples per
second. Table 1 presents the parameters of these measurements
at the various sites. The length of recording for each measure-
ment is an important parameter, where too short a period will
result in unreliable average spectral ratios. The sensors used
were calibrated before recording and installed in good cou-
pling with soil. Furthermore, it was isolated thermally against
temperature changes using thick foam box and covered to

reduce the interference of wind. Then, these sensors were
oriented horizontally (N–S and E–W) and vertically leveled.

Borehole data

Shear wave velocity is a critical factor to identify stiffness of
the sediment in determining the amplitude of ground motion
(Joyner and Fumal 1984; Boore et al. 1993; Anderson et al.
1996) and might be a useful parameter to characterize local
geologic conditions quantitatively for calculating site re-
sponse (Tinsley and Fumal 1985; Park and Elrick 1998;
Wills et al. 2000). As an alternative, the relations between
shear wave velocity and several other physical properties (i.e.,
standard penetration test) can be identified; this can be
mapped more readily on a regional scale (Fumal 1978;
Fumal and Tinsley 1985). By using the method of assigning
shear wave velocities to the mapped geotechnical parameters
showing the engineering geologic and geotechnical parame-
ters that correlated with shear wave velocity, such as the
texture and standard penetration resistance for unconsolidated
sedimentary deposits. These correlations can be applied to
areal distribution, physical properties, and thickness of the
geologic units to estimate and map shear wave velocity po-
tential that is useful for seismic zonation studies. The method
herein identifies soil profiles in site characterization and
merges in situ measurements of dynamic properties with
geologic information according to design code of ICC-IBC

Table 1 (continued)

Site code Latitude Longitude Date Start time
GMT

End time
GMT

Duration
(min)

Sensor
type

Sampling
frequency

DM97 26.4441 50.1009 7 June 2011 04:00 04:20 20 T.C. 100

DM98 26.4356 50.1 7 June 2011 04:51 05:11 20 T.C. 100

DM99 26.4227 50.0999 7 June 2011 05:45 06:05 20 T.C. 100

DM100 26.4491 50.0919 7 June 2011 15:10 15:30 20 T.C. 100

DM101 26.4529 50.0923 7 June 2011 16:00 16:20 20 T.C. 100

DM102 26.4448 50.1259 8 June 2011 14:00 14:05 5 T.C. 100

DM103 26.4496 50.0988 8 June 2011 14:45 14:50 5 T.C. 100

DM104 26.44 50.1102 8 June 2011 15:30 15:35 5 T.C. 100

DM105 26.4446 50.0726 8 June 2011 17:08 17:13 5 T.C. 100

DM106 26.4398 50.0754 8 June 2011 17:35 17:40 5 T.C. 100

DM107 26.4287 50.1062 9 June 2011 14:42 14:48 6 T.C. 100

DM108 26.4301 50.1041 9 June 2011 15:05 15:10 5 T.C. 100

DM109 26.4277 50.0943 9 June 2011 15:35 15:40 5 T.C. 100

DM110 26.4155 50.0779 9 June 2011 15:55 16:00 5 T.C. 100

DM111 26.4252 50.071 9 June 2011 16:30 16:46 16 T.C. 100

DM112 26.4271 50.0696 9 June 2011 17:00 17:15 15 T.C. 100

T.C. trillium compact
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(2006). Thirteen of the boreholes were conducted through
Dammam City (Fig. 4). The maximum penetrated depth of
these logs is about 30 m. Table 2 presents the parameters of
these boreholes. SPT was performed every 1.5 m depth in
every borehole according to ASTM 1992, and soil profiles
and SPT blow counts are shown.

Measurements of ambient noise have been carried out very
close to or directly at drilling sites where detailed information
about the subsurface structure, namely the thickness of the
sediments, is available. At that point, we could combine the
borehole information with the observed site response

functions to develop a 1-D model of the subsurface and
calculate the values of S-wave velocities for the soils that
characterize the investigated region.

Data processing and interpretation

Microtremor measurements

The collected data have been processed through the
Geopsy_software developedwithin the framework of the great

Fig. 4 Conducted boreholes in Dammam City
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European project SESAME. At each site, the field mea-
surements sheet proposed by the SESAME European
project (SESAME Guidelines 2004) was conducted in
terms of time, date, operator name, coordinates, etc. All
the necessary and recommended information about the
recorded signals were applied according to these
guidelines.

Criteria for reliability of results

SESAME project recommended several criteria for reliability
of results as follows;

f 0 > 10=Iw

According to this condition, at the frequency of interest,
there is at least ten significant cycles in each window. If the
data allows, but this is not mandatory, it is always fruitful to
check whether a more stringent condition (f0>20/Iw), can be
fulfilled, which allows at least ten significant cycles for fre-
quencies half the peak frequency and thus enhances the reli-
ability of the whole peak.

nc f 0ð Þ > 200

According to this condition, a large number of windows are
needed. The total number of significant cycles: nc=Iw.f0 is
larger than 200 (which means, for instance, for a peak
at 1 Hz, that there are at least 20 windows of 10 s
each; or, for a peak at 0.5 Hz, ten windows of 40 s
each). In case no window selection is considered, (all
transients are taken into account).

σA fð Þ < 2 for 0:5 f 0 < f < 2 f 0 if f 0 > 0:5 Hz
or σA fð Þ < 3 for 0:5 f 0 < f < 2 f 0 if f 0 < 0:5 Hz

This condition takes into account an acceptably low level
of scattering between all windows.

Criteria for clear H/V peak

According to the SESAME Guidelines, at least five of the
following criteria must be achieved for the clarity of H/V
peaks.

∃ f −∈
f 0
4
; f 0

� �
AH=V f −ð Þ�� < A0=2

One frequency f −, should be lying between f0/4 and f0, such
as A0/AH/V (f−)>2.

∃ f þ∈ f 0; 4 f 0½ � AH=V f þð Þ�� < A0=2

Another frequency f+, should be lying between f0 and 4f0,
such as A0/AH/V (f+)>2.

A0 > 2
f peak AH=V fð Þ � σA fð Þ� � ¼ f 0 � 5%

The peak should appear at the same frequency (within a
percentage ±5 %) on the H/V curves corresponding to mean±
one standard deviation.

σ f < ε f 0ð Þ

σf should be lower than a frequency-dependent threshold
ε(f0), as in Table 3.

σA f 0ð Þ < θ f 0ð Þ

σA(f0) should be lower than a frequency-dependent thresh-
old θ(f0), as in Table 3

Table 2 Parameters of the col-
lected borehole data through
Dammam City

G.W.L ground water level (m)

Borehole no. Name Latitude Longitude Max. depth (m) G.W.L (m)

DB1 Al Zahour School 26.4539 50.0913 6.45 3.50

DB2 Al Maarif Primary School 26.4162 50.0944 10 9.00

DB3 Yazeed Al-Shibani Primary School 26.4288 50.0880 10

DB4 Girls’ School 26.4496 50.0988 10 1.10

DB5 School 26.4342 50.0971 10 3.30

DB6 38 Primary Girls’ School 26.4446 50.0726 8.5 1.20

DB7 Girls’ School 26.4448 50.1259 10 1.20

DB8 General Girls’ Education 26.4495 50.0969 10.5 4.50

DB9 Girls’ School 26.4309 50.0742 8 1.10

DB10 Zaid Bin Al Khattab School 26.4104 50.0785 10 7.00

DB11 Intersection 26.4411 50.0650 25 0.60

DB12 Intersection 26.4251 50.1146 35 2.70

DB13 Civil Defense. 26.4301 50.1041 12 2.60
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where,

Iw Window length
nc Iw.nw.f0 is the number of significant cycles
fsensor Sensor cutoff frequency
σf Standard deviation of H/V peak frequency

(f0±σf)
ε(f0) Threshold value for the stability condition

σf<ε(f0)
A0 H/V peak amplitude at frequency f0
AH/V(f) H/V curve amplitude at frequency f
θ(f0) Threshold value for the stability condition

σA(f)<θ(f0)
Vs, surf S-wave velocity of the surface layer
Hmin Lower-bound estimate of h
nw Number of windows selected for the average

H/V curve
f Current frequency
f0 H/V peak frequency
f− Frequency between f0/4 and f0 for which

AH/V(f
−)<A0/2

f+ Frequency between f0 and 4f0 for which
AH/V(f

+)<A0/2
σA(f) “Standard deviation” of AH/V(f); σA(f) is the

factor by which the mean AH/V(f) curve
should be multiplied or divided

σlogH/V(f) Standard deviation of the log AH/V(f) curve;
σlogH/V(f) is an absolute value which should
be added to or subtracted from the mean
log AH/V(f) curve

Vs,av Average S-wave velocity of the total deposits
H Depth to bedrock

Microtremor results

At each site, the microtremor data file was divided into several
time windows of 30–50 s for spectral calculations. This time
window is sufficiently long to provide stable results. The
selected time windows were Fourier-transformed using cosine
tapering before transformation. The spectra were then
smoothed with a Konno and Ohmachi algorithm (Konno
and Ohmachi 1998). After data smoothing, and in order to
obtain spectral ratios, the spectra of an EWand NS channels at
a site were divided by the spectra of the vertical channel
(Nakamura estimate). However, in most cases, due to the
influence of sources from the dense population, high traffic,
and various industries, the fundamental frequency cannot be
directly identified from microtremor spectra (Duval et al.
2004).

Figure 5 presents average horizontal to vertical spectral
ratio for this point no. 26. As shown, the dominant peak is
near 7.2 Hz. The observed amplification factor is about
5. The solid line presents the average. The fundamental
frequencies at all measurement sites in Dammam City
are summarized in Table 4 and Fig. 6. The site response
functions of the soil sites exhibit peaks at fundamental
frequencies between 0.3 and 7.8 Hz. The lower f0
values (range from 0.3 to 3.9 Hz) were attained at the
northern part, while the higher f0 values (range from 5.2
to 7.8 Hz) are presented the southern part of the study
area.

The detected peaks of fundamental frequencies have
tested for the industrial origin according to (Dunand
et al. 2002) and the SESAME European Project Guidelines
(2004).

The shapes of the empirical site response functions, as well
as good agreement between both horizontal components
strongly suggest that site response functions in Dammam

Fig. 5 HVSR spectra for DM-70
site in Dammam City

Table 3 Threshold values for σf and σA(f0)

Frequency range (Hz) <0.2 0.2–0.5 0.5–1.0 1.0–2.0 >2.0

ε(f0) (Hz) 0.25f0 0.20f0 0.15f0 0.10f0 0.05f0
θ(f0) for σA(f0) 3.0 2.5 2.0 1.78 1.58

Log θ(f0) for σlogH/V(f0) 0.48 0.40 0.30 0.25 0.20
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Table 4 Results of microtremor measurements of Dammam City

Site
code

No. of
samples

(nw) (Iw) (nc) (A0) σA(f) (f0) (σf)

DM1 177,184 25 50 375 3.3 1.8 0.3 0.02

DM2 150,000 16 50 2,480 2.21 1.18 3.1 0.53

DM3 120,000 12 50 3,492 2.53 1.1 5.82 0.35

DM4 210,000 10 50 1,535 1.92 1.15 3.07 0.59

DM5 180,000 11 50 2,002 2.17 1.1 3.64 0.88

DM6 156,000 19 50 4,332 2.7 1.17 4.56 0.43

DM7 156,000 14 50 4,200 2.4 1.16 6.00 0.46

DM8 191,613 12 50 618 1.48 1.35 1.03 0.07

DM9 150,000 16 50 2,480 2.22 1.19 3.10 0.53

DM10 258,000 43 50 16,770 2.66 1.12 7.8 0.35

DM11 120,000 10 15 567 1.95 1.48 3.78 0.49

DM12 210,000 18 50 3,600 1.77 1.13 4.00 0.58

DM13 180,000 15 50 2,850 2.44 1.14 3.8 0.30

DM14 150,000 12 45 2,457 3.15 1.13 4.55 0.52

DM15 203,212 10 35 1,890 2.99 1.25 5.4 0.94

DM16 150,000 18 50 3,600 2.53 1.16 4.00 0.71

DM17 180,000 12 50 3,168 3.39 1.14 5.28 0.25

DM18 180,000 10 50 670 1.79 1.19 1.34 0.17

DM19 180,000 10 30 84 5.9 1.36 0.28 0.04

DM20 180,000 10 35 105 2.00 1.7 0.3 0.06

DM21 180,000 16 50 3,984 3.67 1.1 4.98 0.42

DM22 186,000 10 40 120 2.3 1.5 0.3 0.03

DM23 180,000 10 50 135 1.8 1.4 0.27 0.02

DM24 162,000 10 40 120 3.9 2.3 0.3 0.03

DM25 120,000 10 25 1,250 3.29 1.18 5.00 0.69

DM26 120,000 10 50 2,535 3.14 1.12 5.07 0.51

DM27 120,000 13 50 1,931 2.43 1.12 2.97 0.37

DM28 162,000 10 50 2,470 3.64 1.1 4.94 0.39

DM29 120,000 10 50 1,315 2.45 1.17 2.63 0.37

DM30 132,000 10 45 126 5.5 1.5 0.28 0.03

DM31 120,000 10 45 3,492 3.1 1.25 7.76 0.73

DM32 120,000 10 50 3,305 3.32 1.2 6.61 0.63

DM33 138,000 14 50 3,626 2.79 1.15 5.18 0.31

DM34 120,000 10 25 1,430 2.86 1.16 5.72 0.51

DM35 120,000 10 40 2,060 1.9 1.1 5.15 0.82

DM36 120,000 12 50 1,020 1.25 1.13 1.7 0.087

DM37 120,000 10 35 1,337 1.07 1.09 3.82 0.09

DM38 120,000 10 50 1,315 2.55 1.17 2.63 0.61

DM39 120,000 10 45 1,373 2.61 1.27 3.05 0.34

DM40 120,000 10 50 1,710 2.76 1.09 3.42 0.19

DM41 126,000 14 50 2,401 2.29 1.2 3.43 0.43

DM42 132,000 10 35 1,225 1.68 1.13 3.5 0.14

DM43 120,000 15 50 2,633 1.71 1.17 3.51 0.28

DM44 174,840 20 50 5,030 2.63 1.09 5.03 0.43

DM45 180,000 16 50 2,232 2.15 1.1 2.79 0.24

DM46 180,000 10 50 2,000 1.46 1.11 4.00 0.1

DM47 180,000 10 50 1,960 1.56 1.13 3.92 0.09

DM48 150,000 15 50 2,528 2.85 1.12 3.37 0.28

Table 4 (continued)

Site
code

No. of
samples

(nw) (Iw) (nc) (A0) σA(f) (f0) (σf)

DM49 126,124 10 50 1,950 2.69 1.11 3.9 0.51

DM50 150,000 15 50 2,978 2.8 1.16 3.97 0.35

DM51 144,000 15 50 2,783 2.42 1.17 3.71 0.42

DM52 138,000 10 50 2,155 2.45 1.18 4.31 0.39

DM53 117,655 10 40 1,780 2.92 1.08 4.45 0.55

DM54 120,000 10 50 500 1.29 1.2 1.00 0.11

DM55 150,000 10 50 825 3.05 1.2 1.65 0.038

DM56 138,000 10 40 620 1.25 1.4 1.55 0.096

DM57 120,000 10 50 165 4.2 1.2 0.33 0.05

DM58 150,000 10 50 800 1.33 1.15 1.6 0.03

DM59 120,000 10 50 3,850 4.19 1.11 7.7 0.55

DM60 150,000 10 50 2,570 2.94 1.15 5.14 0.55

DM61 150,000 13 50 3,471 2.54 1.14 5.34 0.47

DM62 150,000 14 50 3,990 3.18 1.14 5.7 0.14

DM63 120,000 10 35 1,782 1.39 1.14 5.09 0.1

DM64 126,000 20 50 5,260 2.36 1.09 5.26 0.76

DM65 120,000 19 50 4,950 0.92 1.08 5.21 0.13

DM66 120,000 10 30 1,200 1.5 1.32 4 0.1

DM67 120,000 10 50 2,930 2.88 1.07 5.86 1.17

DM68 119,130 16 50 4,000 1.9 1.1 5 0.87

DM69 120,000 15 50 2,828 3.66 1.1 3.77 0.17

DM70 120,000 13 50 2,555 2.97 1.12 3.93 0.23

DM71 120,000 10 50 2,260 2.99 1.13 4.52 0.72

DM72 120,000 13 50 3,328 2.46 1.13 5.12 0.49

DM73 120,000 14 50 3,794 2.14 1.11 5.42 0.61

DM74 120,000 14 50 3,325 1.45 1.09 4.75 0.83

DM75 119,305 18 50 4,437 2.29 1.11 4.93 0.54

DM76 120,000 15 50 3,675 1.22 1.13 4.9 0.12

DM77 120,000 16 50 3,728 2.4 1.12 4.66 0.75

DM78 117,957 13 50 3,465 2.42 1.1 5.33 0.33

DM79 120,000 11 35 1,964 2.1 1.19 5.1 0.68

DM80 120,000 13 50 2,529 2.12 1.11 3.89 0.27

DM81 120,000 10 45 1,665 2 1.13 3.7 0.51

DM82 132,000 15 50 3,795 2.32 1.11 5.06 0.16

DM83 138,000 10 45 1,395 1.77 1.16 3.1 0.37

DM84 132,000 10 50 140 3.76 1.58 0.28 0.03

DM85 120,000 10 30 1,515 2.52 1.15 5.05 0.89

DM86 120,000 10 50 1,330 3.15 1.22 2.66 0.34

DM87 120,000 10 50 1,580 3.33 1.18 3.16 0.5

DM88 120,000 14 50 3,150 3.23 1.09 4.50 0.53

DM89 120,000 13 50 3,341 3.56 1.1 5.14 0.49

DM90 120,000 14 50 2,954 3.89 1.09 4.22 0.61

DM91 150,000 10 25 1,448 2.22 1.17 5.79 0.66

DM92 120,000 10 50 2,000 1.4 1.13 4 0.1

DM93 144,000 10 50 1,860 3.08 1.09 3.72 0.22

DM94 180,000 10 50 1,910 1.63 1.16 3.82 0.54

DM95 117,105 12 50 2,220 1.52 1.11 3.7 0.49

DM96 115,629 10 35 1,341 2.8 1.15 3.83 0.24
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City are of 1-D nature. It is noticed that parameters of site
effects are remarkably robust: Comparing two neighboring
points, we found that the differences in the location of the
fundamental frequencies and amplification level are small and
the general shapes of the two horizontal components are
similar. These findings significantly increase the reliabil-
ity of the obtained information and emphasize the im-
portance of a dense grid of observation points in
microzoning studies.

Based on microtremor measurements, Dammam City
divided into four zones, each characterized by a funda-
mental resonance frequency of the soil column as fol-
lows; 0.3≤ f0<3.9; 3.9≤ f0<5.2; 5.2≤ f0< 6.5; and 6.5≤
f0≤7.8 Hz.

Borehole results

Recent seismic code provisions have adapted site classifica-
tion using average shear wave velocity and standard penetra-
tion results in the upper 30 m of a site as the sole parameter for
site classification (Borcherdt 1994; Borcherdt and Glassmoyer
1994; Dobry et al. 2000; Parolai et al. 2002). The site

Table 4 (continued)

Site
code

No. of
samples

(nw) (Iw) (nc) (A0) σA(f) (f0) (σf)

DM97 115,535 10 40 1,496 1.89 1.14 3.74 0.35

DM98 120,000 11 35 1,448 2.27 1.19 3.76 0.25

DM99 120,000 10 50 2,815 1.52 1.13 5.63 0.12

DM100 120,000 16 50 3,040 1.81 1.12 3.8 0.44

DM101 116,668 13 50 4,219 2.85 1.07 6.49 0.68

DM102 30,000 10 20 1,158 3.03 1.4 5.79 0.72

DM103 30,000 10 15 483 1.33 1.2 3.22 0.08

DM104 30,000 11 15 774 1.96 1.29 4.69 0.79

DM105 26,759 10 15 533 2.85 1.19 3.55 0.45

DM106 26,475 10 15 552 2.72 1.17 3.68 0.43

DM107 36,000 10 20 400 1.4 1.14 2 0.27

DM108 30,000 10 15 804 1.98 1.3 5.36 0.58

DM109 30,000 11 10 513 1.77 1.29 4.66 0.73

DM110 30,000 10 10 306 1.79 1.42 3.06 0.58

DM111 96,000 10 50 2,035 2.7 1.11 4.07 0.5

DM112 90,000 10 50 2,010 2.34 1.15 4.02 0.49

Fig. 6 Distribution of the fundamental frequencies in Dammam City
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conditions specified by ICC-IBC 2006 (Table 5) are identical
to the provisions of IBC 2003 and practically distinguish soil
profiles in the five main categories. Each category is assigned
factors appropriate for the site conditions. The average shear
wave velocity and correlated index measurements of the av-
erage standard penetration resistance to 30 m [(Vs (30) and N
(30)] have been calculated in accordance with the following
equations and then used to develop categories for local site
conditions.

Vs 30ð Þ ¼

X
i¼1

n

di

X
i¼1

n di
V si

N 30ð Þ ¼

X
i¼1

n

di

X
i¼1

n di
N i

Where Vsi is the shear wave velocity (m/s), Ni is the standard
penetration resistance (ASTM 1992) not exceeding 100
blows/0.3 m as directly measured in the field without correc-
tions, and di is the thickness of any layer between 0 and 30 m.

Thirteen boreholes have been conducted through Dammam
City including the values of standard penetration resistance for
different depths (Table 6). Then, the standard penetration tests

have been corrected for field testing where, corrections for test
results to compensate the testing procedure were applied
according to the following equation:

N60 ¼ 1:6EmCbCrN

where,

N60 Standard penetration test N value corrected for field
testing procedures.

Em Hammer efficiency (for US equipment, Em is 0.6 for a
safety hammer and 0.45 for a doughnut hammer).

Cb Borehole diameter correction (Cb=1.0 for boreholes of
65–115-mm diameter, 1.05 for 150-mm diameter, and
1.15 for 200-mm diameter holes).

Cr Rod length correction (Cr=0.75 for up to 4 m of drill
rods, 0.85 for 4 to 6 m of drill rods, 0.95 for 6 to 10m of
drill rods, and 1.0 for drill rods in excess of 10 m).

N Measured standard penetration test N value.

Then, the shear wave velocity has been calculated using the
extrapolation method entitled “extrapolation assuming con-
stant velocity” as proposed by Boore (2004) for boreholes that
did not reach down to a depth of 30m. Accordingly, the values
of shear wave velocities ranges from 200 to 500 m/s (Table 6).

After calculation of shear wave velocities, the peaks of the
fundamental frequency (f0) is related to the surface layers both
thickness and velocities. Peaks of these frequencies can be
calculated using the following equation (Bard 2007):

f 0 ¼
β1

4h

where,

β1 The shear wave velocity in the surficial layer
h The thickness of the surficial layer

Table 5 IBC 2006 site class definitions using the average shear wave
velocity and the average standard resistance to 30 m (ICC-IBC 2006)

Site
class

Soil profile name shear wave
velocity, Vs (m/s)

Standard penetration
resistance, N
(blows/0.3 m)

A Hard rock Vs>1,500 N/A

B Rock 760<Vs≤1,500 N/A

C Very dense soil and
soft rock

360<Vs≤760 N>50

D Stiff soil profile 180<Vs≤360 15<N≤50
E Soft soil profile Vs<180

Table 6 Results of the collected
borehole data in the Dammam
City

Vav shear wave velocity, f0 funda-
mental frequency

Borehole no. Name Vav V30 f0 (Hz) NEHRP-class

DB1 Al Zahour School 171 200 4.0 D

DB2 Al Maarif Primary School 267 500 4.6 D

DB3 Yazeed Al-Shibani Primary School 240 365 5.0 C

DB4 Girls’ School 213 375 3.6 D

DB5 School 310 273 3.8 D

DB6 38 Primary Girls’ School 194 448 3.6 C

DB7 Girls’ School 218 316 5.7 D

DB8 General Girls’ Education 284 436 7.0 C

DB9 Girls’ School 192 250 3.8 D

DB10 Zaid Bin Al Khattab School 256 435 5.4 C

DB11 Intersection 177 380 3.5 C

DB12 Intersection 206 353 2.8 D

DB13 Civil Defense. 186 313 5.0 D
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Accordingly, f0 at these boreholes are presented in Table 6
and Fig. 7. Accordingly, Dammam City has been categorized
into four zones as follows: 2.9≤f0≤3.9; 4.0≤f0≤5.1; 5.2≤f0≤
6.3; and 6.4≤f0≤7.0;

Conclusions

Estimation of the fundamental frequency has been applied as an
aid to perform earthquake hazard microzoning in intensely pop-
ulated city of Dammam. One hundred twelve measurements of
microtremors were carried out to produce map of the fundamen-
tal frequency of site response. The horizontal to vertical spectral
ratios obtained from microtremors proved valuable tool deter-
mine frequencies for deep and shallow soft soils with multilayer
distribution and linear behaviors. There is a good correlation
between results of microtremor and borehole geotechnical data
(Table 7). Furthermore, the fundamental frequencies determined
in the present study correlated well with the thickness of the
sediments in Dammam City. These sediments are deeper on the
northern part and some localized parts at the central part (site
response spectra exhibit peaks at 0.3–3.9 Hz), while they are

shallower on the southern part and certain areas through the city
(predominant frequency of site response at 5.2–7.8 Hz). This
indicate that the city vary, horizontally, in the thickness and type
of sediments.

Results of microtremor measurements indicate that reflect the
ability of the Nakamura method for microzoning studies for the
densely populated cities. Fundamental frequency for Dammam
City can help state and local governments to set priorities in
managing land use, enforcing building codes, conducting pro-
grams for reducing the vulnerability of existing structures, and
planning for emergency response and long-term recovery.

Fig. 7 The fundamental frequency in Dammam City from borehole data

Table 7 f0 from microtremor and borehole data

Zone no. Microtremor
measurements (Hz)

Borehole
measurements (Hz)

Zone_1 0.3–3.9 2.8–3.9

Zone_2 3.9–5.2 3.9–5.1

Zone_3 5.2–6.5 5.2–6.3

Zone_4 6.5–7.8 6.4–7.0
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