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Abstract Site characterization was carried out for Muscat region using the ambient noise
measurements applying the horizontal-to-vertical spectral ratio (HVSR) technique and
using active seismic survey utilizing the multichannel analysis of surface waves (MASW)
of survey data. Microtremors measurements were carried out at 459 sites using short-
period sensors. This extensive survey allowed the fundamental resonance frequency of the
soft soil to be mapped and areas prone to site amplification to be identified. The results
indicate a progressive decrease in the fundamental resonance frequencies from the
southern and eastern parts, where the bedrock outcrops, toward the northern coast where a
thickness of sedimentary cover is present. Shear wave velocity (Vs) was evaluated using
the 2-D MASW at carefully selected 99 representative sites in Muscat. These 99 sites were
investigated with survey lines of 52 m length. 1-D and interpolated 2-D profiles were
generated up to a depth range 20-40 m. The vertical Vs soundings were used in the
SHAKEDI1 software in combination with suitable seismic input strong motion records to
obtain the soil effect. Most of the study area has amplification values less than 2.0 for all
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the considered spectral periods. The estimated fundamental frequencies obtained using the
H/V spectral ratio method and using SHAKE91 are found to be in a relatively good
agreement. Maps of spectral amplification, earthquake characteristics on the ground sur-
face for peak ground and spectral accelerations at 0.1, 0.2, 0.3, 1.0, and 2.0 s, for 475 years
return period are produced. The surface ground motion maps show that the hazard level is
moderate with expected PGA in the range 0.059-0.145 g for 475 years return period.

Keywords Muscat - Spectral ratio - Site amplification -
Shear wave velocity - Seismic microzonation

1 Introduction

Oman occupies the southeastern corner of the Arabian plate and is surrounded by relatively
high active tectonic zones (Fig. 1). Active tectonics of the region is dominated by the
collision of the Arabian plate with the Eurasian plate along the Zagros and Bitlis thrust
systems, subduction of the Arabian plate beneath the Eurasian plate along Makran sub-
duction zone, the transformation of Owen fracture zone that separates the Arabian and the
Indian plates, rifting and seafloor spreading in the Gulf of Aden.
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Fig. 1 Instrumental seismicity of Sultanate of Oman and its surrounding
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The constructive interference of the trapped seismic waves between the soft sediments
and the hard rock can result in significant amplification of the earthquake ground motion.
The spatial distribution variability of the earthquake ground motion amplification yields a
dramatic change in the severity of damage to the man-made structures. The site amplifi-
cation phenomenon documented during the earthquake of Mexico, 1985, highlighted the
possibility of severe ground motions on soft soil sites located at large distance from
causative faults. Lower-frequency components of the generated seismic waves can travel
very far with long duration and without much attenuation causing resonant vibrations in
structures with low natural frequencies. Therefore, large remote earthquakes from Zagros
and Makran seismic zones can have damaging effect on the tall buildings rested on soft
soils in the Arabian Gulf region.

Muscat is the capital city of the Sultanate of Oman located in the northeastern part of
the Sultanate between the Oman Mountains and the coast of the Sea of Oman. It houses
important government and industrial facilities. Some of these installations are located
directly on bedrocks, while others are located on soft soils and sediments. Muscat Gov-
ernorate population is 28 % of the total Omani population, and its number of households is
approximately 30 % of the total Omani households.

The main factor controlling the earthquake hazard for Muscat region is undoubtedly the
proximity of the Makran seismic zone and the Oman Mountains (El-Hussain et al. 2012a).
Historically, Muscat was affected by a medium earthquake of estimated magnitude
Mg = 5.5 in 1883, which led to the damage of nine villages (Ambraseys et al. 1994). This
scenario could be worsened due to the larger extent of the city and the probable site
amplifications associated with the soft sediments at the northern part of the region over-
lying competent bedrock. Due to this extension, many new residential, industrial, and
touristic communities were constructed, and the importance of characterizing the site
effects is well realized.

The fundamental frequency, which depends on the soil thickness and shear wave
velocity of the soil, provides a very useful indication of the frequency of vibration at which
the most significant amplification can be expected. In the current study, the Nakamura
technique (Nakamura 1989) is used to estimate the fundamental resonance frequency of
soft soils at Muscat. This technique characterizes each site by the ratio (H/V) of the Fourier
spectra of the horizontal and vertical components of ambient noise measurements made
with a single, 3-component seismograph. Lachet and Bard (1995) concluded that
Nakamura’s technique may be used to determine the fundamental resonance frequency
of a soft layer, but it fails to accurately predict the amplification coefficient. Therefore,
performing a large number of noise measurements over a region of interest allows a map
of the resonance frequencies to be obtained.

Shear wave velocity (Vs) is a key factor in the site response analyses (Borcherdt 1970).
In the current study, 99 2-D multichannel analysis of surface waves (MASW; Miller et al.
1999; Xia et al. 2000) surveys were carried out in representative sites of the study area to
estimate the shear wave velocity profiles. The MASW technique is based on the inversion
of the Rayleigh wave dispersion curves, which are proved to obtain the characterization of
the local shear wave velocity profile with a good accuracy (Tokimatsu et al. 1992; Ohori
et al. 2002; Parolai et al. 2004). The inversion process requires the definition of an initial
depth model, which is estimated through a conventional P-wave shallow seismic refraction
measurement at each site of interest. The P-wave velocity obtained from the shallow
seismic refraction technique is transformed into shear wave velocity. The transformed
shear wave velocities and their corresponding depths are the initial depth models for the
MASW analyses.
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The resulted Vs profiles were then used in the SHAKE91 software in EZ-FRISK 7.62
package in combination with seismic input motion to obtain site response and amplification
spectra at each of the studied 99 sites. Real strong motion records were obtained through
searching in the strong motion databases to find the strong motion records that obey the
searching criteria: magnitude, distance, duration, and mechanism. This initial strong
motion record was modified using the spectral matching approach (Al Atik and Abra-
hamson 2010) to make the time series consistent with the design response spectrum in the
Muscat area. This modified time series is used as an input for the SHAKE91 software.

Maps of spectral amplification are presented for earthquake characteristics on the
ground surface for peak ground and spectral accelerations at 0.1, 0.2, 0.3, 1.0 and 2.0 s,
for 475 years return period, based on the regional earthquake hazard model developed by
El-Hussain et al. (2012a).

2 Geologic setting of Muscat region

The surface geology of Muscat regions reveals great variety of rocks and sediments. The
bedrocks, which concentrate in the eastern and southern parts of the regions, consist of
carbonates, ophiolite, tectonic mélange, tertiary sandstones, and limestones. These bed-
rocks provide variety of materials that make up the Quaternary and recent deposits. The
Quaternary deposits are generally a firm-looking cream-colored deposit that often shows
the marks of quarrying. These are deposits of Aeolian sand dunes. Figure 2 shows surface
geology of Muscat region.

The recent (Holocene) deposits are dominating the low-lying areas along the coast and in
wadis, where a system of unconsolidated modern deposit exists. Sandy beaches extend from
Al-Qurum westward to As-Seeb with variable inland depth. Areas in Al-Qurum and north of
Muscat international airport consist of depression with recent clay and silt sedimentation
with shallow ground water depth that turn these areas into Sabkhas (Fig. 2). Features of bar
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Fig. 2 Surface geology of Muscat region
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sands, sand dunes, a tidal channel system, delta channels, and (in the tidal channel) a well-
developed point bar do exist in Muscat and its surrounding. In general, the surface sediment
materials in Muscat are dense to very stiff mixture of clay, silt, sand, gravel, and rock
fragment material except the top soil layer in some places (BRGM/MPM 1986).

3 Fundamental resonance frequency based on microtremors measurements

The technique that first applied by Nogoshi and Igarashi (1970, 1971) and popularized by
Nakamura (1989), using horizontal to vertical spectral ratios (H/V) of the microtremors,
was used to estimate the fundamental resonant frequency across the entire area of interest.
Nakamura (1989) explained, based upon qualitative arguments, that the amplitude of the
horizontal to vertical (H/V) spectral ratio gives a reliable estimation of the site response to
vertically incident shear waves. The efficacy and theoretical assumptions to the H/V Na-
kamura technique are debatable because some authors such as Lermo and Chavez-Garcia
(1994), Lachet and Bard (1994) show that H/V ratios are related to the ellipticity of
Rayleigh waves. Nakamura (1996), in a later paper, reconsidered his explanation regarding
the origin of microtremors and allowed a greater role for surface waves.

Several experimental studies (e.g., Lermo and Chavez-Garcia 1994; Theodulidis and
Bard 1995; Malagnini et al. 1996; Konno and Ohmachi 1998; Zaslavsky et al. 2003;
Parolai et al. 2004; Mohamed et al. 2008; Surve and Mohan 2010) found that the H/V
technique provides reliable estimation of the fundamental frequency of soft deposits. In
order to conduct seismic microzonation of Muscat city in terms of resonance frequency of
the soil column, 459 field experiments using single-station microtremor measurements
(Nakamura technique) were carried out (Fig. 3).

3.1 Field measurements

Four digital seismographs equipped with 24-bit data acquisition systems (ORION, and
Quanterra Q330), which are modern field portable and highly flexible digital seismographic
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Fig. 3 Locations of microtremors surveys in Muscat region
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recorders, and short-period 3-component seismometers (MARK L4-3D) with a natural
frequency of 1 Hz were used for data acquisition. The sampling rate of recording in all cases
was 100 Hz. Measurements for at least 40 min at each site were done.

3.2 Data processing

The raw data were processed using the GEOPSY software developed within the European
project SESAME (2004). For each site, the microtremors record was corrected for the
baseline effect to guarantee the stationary assumption validity. Various number of non-
overlapping windows with 25-s (2,500 samples) duration were selected among the quietest
parts of the recorded signals (for each site, at least 10 windows were used). This is done
using the STA/LTA anti-trigger algorithm. This time window is sufficiently long to pro-
vide stable results in the studied range of frequency (0.4-25 Hz). The time series was
tapered with a 10 % cosine taper, and an amplitude spectrum is computed using the fast
Fourier transform (FFT) for all the three components.

These FFT spectra were smoothed with the “Konno-Ohmachi 1998” algorithm with a
bandwidth coefficient value equal to 40. “Konno-Ohmachi 1998” smoothing with constant
bandwidth in a logarithmic scale is recommended because this smoothing function pre-
serves the different number of points at low and high frequency. Boore (2008) shows that
Konno and Ohmachi smoothing function seems to work well; the smoothing operation is
somewhat slower than using a boxcar and triangular weighting over the interval (because
of the evaluations of sin and log), but that is probably not relevant for most applications.

Constant bandwidth smoothing may distort low frequency peaks (i.e., at frequencies
lower than 1 Hz). Fortunately, all the fundamental resonance frequency in the area of
interest is higher than 1.8 Hz, and thus, this constant bandwidth coefficient has no effect on
the yielded spectra. The smoothing of the spectra, as shown by several authors (e.g., Bindi
et al. 2000; Picozzi et al. 2005), allows the stabilization of the H/V curves, avoiding the
presence of spurious peak due to seismic or instrumental or numerical noise.

Then, the two horizontal components were merged together using geometric mean
option as in Eq. (1):

H = (Jxpy])" (1)

where H is the horizontal component computed by geometric mean, x;is the modulus of
spectra of the N-S component, and y; is the modulus of spectra of the E-W component.
The mean of the two horizontal components could be calculated also using cross-spectral
ratios which show reliable estimates of site amplification (Safak 1997). The horizontal FFT
spectra of the 25-s data subsets were divided by the vertical ones yielding number of H/V’s
curves for each site. These H/V’s are then averaged and standard deviations at each
frequency of interest are calculated. The resonance frequency and the corresponding
amplitude at each site could then be determined.

The presence of strong sources acting during the recordings may be revealed also by
means of a directional analysis of the H/V curves. In order to perform such analysis, the
horizontal components of motions are rotated in the 0°~180° range and are combined for
the H/V computation at regular intervals. This is very useful to check whether a site is 1-D.
Similar to rotated H/V, the spectra with horizontal components spanning different azimuths
are computed. Azimuth is regularly counted clockwise from the north. This is useful to
check the direction of energy release. The rotated spectra and rotated H/V curves were
conducted for all the sites of interest.
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Finally, all the peaks that appeared on the H/V curves were tested for their origin
(natural or industrial) and for their reliability. The peak is considered of industrial origin if:
they exist over a significant area; raw Fourier spectra exhibit sharp peaks at the same
frequency for all the three recorded components; peaks get sharper with decreasing
smoothing; and the random decrement technique (Dunand et al. 2002) indicates very low
damping (z < 1 %) around the frequency of interest. Peaks that proved to be of industrial
origin were discarded from the interpretation because they are not related to the site
characterization.

Stringent criteria for reliability of results were adopted (SESAME 2004). The primary
requirement for reliable H/V curves is the stability of the H/V curves. Thus, it is ensured
that at least 10 significant cycles were present in each window in the frequency of interest,
at least 10 windows were taken, and low level of scattering in each window was consid-
ered. The reliable H/V curves next require to satisfy the stability criteria for a clear peak
which is related to several characteristics, i.e., the amplitude of the H/V peak and its
relative value with respect to the H/V value in other frequency bands, the relative value of
the standard deviation and the standard deviation of the peak frequency from individual
windows (SESAME 2004). H/V curves that are not satisfying the primary criteria for clear
curves and the stability criteria for clear peaks specified by SESAME (2004) were
discarded.

3.3 Microzonation based on microtremor measurements

Microtremor surveys were conducted at 459 sites in Muscat region. Site responses that do
not satisfy the reliability and stability criteria and the isolated ones were discarded, so that
306 microtremor surveys were finally used with the aim of assessing the fundamental
resonance frequency (fy) of the soft sedimentary cover in the study area. By spatial
interpolation between these 306 microtremor measurements, a map of fundamental fre-
quencies over the investigated area is obtained (Fig. 4). In addition, amplitude of the H/V
spectral ratio curves at 36 sites is unaffected by any kind of site effect (flat curve) and
experiences no significant amplification along the entire frequency band used in the current
study. These H/V curves are indicative of non-weathered reference sites with minimal or
no amplification even at high frequencies (e.g., Fig. 5). These typical hard rock sites are
mostly concentrated in the eastern part of the study area and are located on the harzburgite
and limestone formations. The locations of these typical rock sites are indicated on the map
of resonance frequency by “F” letter (Fig. 4).

Many sites classified as hard rock at the eastern part of Muscat region show significant
amplification at frequencies equal or higher than 10 Hz. Field observations and the
boreholes data at these sites confirm the presence of thin weathered rocks overlying the
hard rock suggesting that despite the broad geological classification as hard rock, locally
the site conditions could vary depending on the presence or absence of weathered soil and
its thickness.

Peaks around 1.5 and 6 Hz in some sites are noticed and proved to be of industrial
origin. Some other industrial peaks were also reported around 16 Hz, but with less spatial
extension than that at 1.5 and 6 Hz. It is also noted at very few sites in the eastern part of
the investigated area that two peaks on the H/V curves were observed. These sites typically
show a first maximum in the frequency range between 5 and 11 Hz, and a second one at
frequencies higher than 15 Hz. One possible interpretation is that the low resonant fre-
quency corresponds to the response of the relatively deep sediment layer, whereas the
second peak could reveal the presence of a surficial layer with a high impedance contrast.
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Fig. 4 Spatial distribution of the fundamental frequency using H/V spectral ratios results

This could not be an artifact induced by the seismometer, as we are in the flat part of the
response curve of the sensor, which extend at least to 20 Hz.

The distribution map of fy shows that the resonance frequency varies within a short
distance in Muscat (Fig. 4). This could be attributed to undulations in the bedrock, causing
variations in soil thickness. The soil type also changes from place to place. In the eastern
part of the region, the rocky outcrops of ophiolite and tertiary limestone are present, while
Recent alluvium and depressions with Recent or sub-Recent clay and silt are present in the
middle northern part. Analyzing the resulting map of resonance frequencies (Fig. 4), it is
straightforward to identify the following general characteristics of the investigated area:

e Most of the region is dominated by high resonant frequency (equal to or greater than
10 Hz), which in consistency with the general geology of the region indicating that
most of the area has a thin sedimentary cover or outcropping bedrock. These areas are
concentrated mainly in the eastern, southern, and western parts of Muscat. Areas with
smaller f; values (1.8-6 Hz) are observed at the coast line and wadis, where the
thickness of the soft soil is relatively large.

e The middle and western areas are characterized by f; decreasing toward north direction
from about 22 Hz to about 3 Hz;

e The westernmost area shows more irregular f;, features, where the f; is about 3 Hz at the
coast line; f; increases southward until at least 22 Hz, then decreases until 1.8 Hz, and
finally increases again until about 22 Hz.

Comparison between the spatial distribution of the map of the resonance frequency and
the surface geological map (Fig. 2) is very difficult, because at many sites in the area, the
thickness of the Quaternary alluvium material which covered most of the western part of
the study area is very thin as indicated by the available borehole data. For example, the
relatively deep geotechnical borehole (Expway_8) taken in Muscat Expressway in Baw-
shar area (Fig. 6) appears on the geological map to lie on Aeolian sand, Recent or sub-
Recent dunes and thus is apparently expected to have low f;. The borehole Expway_8
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Fig. 5 Panel 1 is the amplitude spectrum of three components at site-31, Panel 2 shows the horizontal
spectrum rotation with azimuth, Panel 3 illustrates the H/V spectral ratio curve, and Panel 4 shows the H/V
rotation with azimuth

(Fig. 7) data show that the soft sedimentary cover is only 1.10 m thick, followed by hard
limestone bedrock, and thus is actually characterized by relatively high f, ranging between
18 and 20 Hz (Fig. 4). Therefore, it is inappropriate to compare the f, values with the
surface geology in the studied region. The f, limit of 10 Hz reproduces the outcropping
ophiolite and limestone formations of the eastern part of the Muscat City.
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The fundamental frequency distribution map could be interpreted taking into account
both the height of a building and its fundamental frequency of vibration which can be
expressed simply by the following approximate formula:

F = 10.0/ (number of stories) (2)

From this point of view, no resonance is expected to occur in most of the study area,
which is characterized by fundamental resonance frequency equal to or greater than 10 Hz.
The buildings, which would be most affected by site resonance when a destructive
earthquake occurred, are located at parts of the coast area or inside some wadis, where the
fundamental resonance frequency ranges between 2 and 6 Hz; these would be buildings of
2-5 stories. High-rise buildings of 5-12 stories have inconsistent resonance frequency with
the fundamental frequency of the soil. No tall buildings (higher than 40 m) are allowed to
be built in Muscat.

4 Evaluation of site response using SHAKE

Shear wave velocity (Vs) is the best indicator of stiffness (Bullen 1963; Aki and Richards
1980); therefore, it is recognized as a key factor in the site response of the soft soil
(Borcherdt 1970). The amplification of ground motion is proportional to 1/(Vs.p)®> where
Vs is the shear wave velocity and p is the density of the investigated soil (Aki and Richards
1980). Since the change in density is relatively small with depth, the Vs value can be used
to represent site conditions. Therefore, the shear wave velocity of the soil columns is used
in the current study to define the amplification characteristics at carefully selected 99 sites
(Fig. 8). These sites are selected so that all the surface geological units of the region of
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interest are covered. Resultant shear wave velocity profiles are one of the most important
inputs into SHAKE91 program.

S-wave velocity is derived by inverting the dispersive phase velocity of the surface
Rayleigh wave utilizing the MASW technique (Park et al. 1999; Miller et al. 1999; Xia
et al. 2000). This is done using SURFSEIS 3 software of Kansas Geologic Survey for the
selected 99 sites. MASW is non-invasive, low-cost, rapid, robust, and moreover, it con-
sistently provides reliable shear wave velocity profiles within the uppermost 30 m (Xia
et al. 1999, 2000, 2002; Park et al. 1999; Tian et al. 2003; Mahajan et al. 2007; Seshun-
arayana et al. 2003; Seshunarayana and Sundarajan 2004). It generates 1-D Vs profile (i.e.,
Vs versus depth), and the 2-D shear wave velocity profile could be generated by inter-
polating the yielded 1-D ones. The MASW is successfully used in many studies (Xia et al.
1999, 2000, 2002; Park et al. 1999; Tian et al. 2003; Kanli et al. 2006; Anbazhagan and
Sitharam 2008; Sundararajan and Seshunarayana 2011).

The inversion process for the dispersion curve of the Raleigh-type surface waves on a
multichannel record requires an initial shear wave velocity profile, which is obtained in the
current study using a conventional P-wave shallow seismic refraction measurement and a
constant Poisson’s ratio of 0.3 at each of the selected 99 sites of interest in order to convert
the resultant P-wave velocity into initial Vs depth model. The resultant initial Vs depth
models are used for the inversion process providing constraints for the shear wave model
parameters improving thereby the reliability of the surface wave inversion process.

4.1 P-wave shallow seismic refraction data acquisition

The seismic refraction at the selected 99 sites was carried out through applying the for-
ward, inline, mid-point, and reverse acquisition system to create the compressional waves
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(P-waves). The P-waves are acquired by generating seismic energy using a sledge hammer
of 8 kg, sending the created seismic waves inside the earth. The direct and refracted waves
are detected through 40 Hz vertical geophones. Most of the surveyed 99 profiles have
115 m long spread. Few seismic profiles have spread length less than 115 m data due to the
unavailability of enough space at the target sites. The geophones, which were firmly
coupled to the ground, had 5 m fixed geophone spacing. The technique is to shoot the
profile (7 shots) at 25 m distance from both ends, 5 m distance from both ends, mid-point,
in addition to 2 inline shots (between G6-7 and G18-19).

4.1.1 Shallow seismic data processing

The recorded P-wave data were first corrected to true elevation of each geophone and then
processed and analyzed using the software supplied by Oyo (SEISREFA 1991). This
software uses the ray tracing technique to interactively match the interpreted subsurface
model to field data. The wave forms were analyzed by picking the first breaks (e.g. Fig. 9)
and determining the travel time—distance (T-D) curves and depth models (e.g. Fig. 10).

4.1.2 Seismic interpretation

The deduced time distance curves and the corresponding 2-D depth model at each of the 99
profiles are obtained in order to interpret the subsurface features in terms of P-wave
velocity. The agreement between the observed travel time curves and the calculated ray
tracing at most of the sites indicates a good depth model results (e.g., Fig. 10). Many of the
studied sites are located in urban settings where the original ground surface has been
modified by the addition of artificial fill and/or one or more layers of engineered compacted
soil and aggregate. These near-surface layers are seen in the raw seismic data as low-
velocity direct arrivals and refracted phases. Shown in many of the velocity versus depth
columns (e.g., Fig. 10) are one or two thin layers 1-3 m thick with relatively low velocity.
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Fig. 9 Picking of the first arrival at five out of seven seismograms at site no. 20
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Fig. 10 Travel time—distance curves and depth model at site no. 20

Generally, in the western part of the study region, the obtained subsurface layers consist
mainly of three layers. The first layer with a thickness of 1-4 m is formed mainly from
filling and sands with P-wave velocity varying from 300 to 600 m/s. The second layer with
a thickness of 3—-10 m is made up of sands and gravels with medium physical properties
(P-wave velocity ranges between 800 and 1,200 m/s). The P-wave velocities of the third
layer which consists usually of hard rock (limestone) ranged between 1,500 and 2,700 m/s.
A typical example of such depth models is shown in Fig. 10.

In the eastern part of the study area, the area is characterized mainly by three layers. The
first layer has velocity ranges from 500 to 900 m/s and a thickness of about 24 m. The
second layer has velocity range from 1,200 to 1,500 m/s and thickness of about 6—12 m,
while the third layer has a velocity range from 2,400 to 4,500 m/s. Figure 11 shows a
typical example of such interpretation. Available shallow geotechnical boreholes (up to
10 m depth) reveal that the first layer in some cases could be weathered rock underlain by
the bedrock, which could be ophiolite or dolomitized limestone. Other boreholes show that
sand followed by gravel or mixture of them are extended to the bottom of the shallow
borehole or underlain by the weathered rock and ophiolite.

4.2 MASW data acquisition

In the current study, a 24-channel signal enhancement seismograph “StrataView” of
Geometrics Inc., USA, was employed for data acquisition along the selected 99 sites
(Fig. 8). The main task was to estimate the shear wave velocity of subsurface layers as
deep as possible, so the frequency content of the records had to be low enough to obtain
phase velocities at longer wavelengths, which results in a larger depth of investigation.
Therefore, 4.5 Hz geophones, which record the lower-frequency components effectively,
were used. Recording sampling interval of 1.0 ms and recording length of 1,024 ms were
applied.

@ Springer



Nat Hazards (2013) 69:1919-1950 1933

(ms)
75.0

50.0

25.0

(m) F— T T T T T T T T T T T T T T T T T T T T T
0.0 =

T
1

-10.0

I e W

L e w3

)

-£0.0

| I

-30.0 (kw's)

0.0 25.0 50.0 75.0 100.0 (m)

Fig. 11 Travel time—distance curves and depth model at site no. 51

The most important parts of the field configurations are the geophone spacing and the
offset range. The planar characteristics of surface waves evolve only after a distance
greater than the half of the maximum desired wavelength (Stokoe et al. 1994). The
acquisition layout was an array of vertical sensors with 1 m geophone spacing and 4 m
shot interval. Based upon the field observations, the source to nearest receiver offset was
changing between 5 and 10 m. The energy source was an 8-kg sledge hammer all through
the survey. Standard roll-along technique was used to achieve a continuous shot gather
over a line spread of 52 m.

4.2.1 MASW data processing

The shot gather data require the following pre-processing:

1. The conversion of the raw seismic data format (SEG-2) into Kansas Geological Survey
data processing format (KGS), combining all shot gathers for processing into a single
file. Field geometry was assigned and acquired data were recompiled into the roll-
along mode data set.

2. Pre-processing data inspection for the removal of bad records/traces.

3. There are several factors that interfere and disturb analysis, body waves, and higher
mode surface waves. These noise sources can be partially controlled during data
acquisition, but cannot be eliminated totally. This noise needs to be identified and
eliminated through filtration and muting.

4. Preliminary processing to assess the optimum ranges of frequency and phase velocity.

After analyzing the overtone image of each shot gather, which represents the phase
frequency versus phase velocity, phase velocity and phase frequency could be assigned for
dispersion analysis. The fundamental mode of the surface wave is the input signal used for
the current analysis. Accurate Vs solely depends on the generation of a high-quality
dispersion curve, which is one of the most critical steps because the dispersion curve has
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the greatest influence on the confidence in the Vs profile. The dispersion curve with the
highest signal-to-noise ratio (S/N) represents the best choice (e.g., Fig. 12).

Each dispersion curve is individually inverted to generate a 1-D shear wave velocity
profile using SurfSeis 3 software. The inversion process aims at finding a Vs profile whose
theoretical dispersion curve matches with the experimental dispersion curve obtained from
dispersion analysis. The match is evaluated on the root-mean square error (RMSE)
between the two curves. The inversion algorithm first calculates the theoretical curve using
the initial Vs profile and then compares theoretical curve with the experimental curve. If
the RMSE is greater than the minimum RMSE (E,.,;,,) specified in the control parameters,
the inversion algorithm modifies the Vs profile and repeats the procedure by calculating a
new theoretical curve. These iterations continue until either E,;, or maximum number of
iterations (Imax) is reached. These 1-D profiles appear to be most representative of the
material directly below the middle of a geophone spread (e.g., Fig. 13).

The generated 1-D plots of shear wave velocity profiles have been interpolated in order
to produce 2-D shear wave velocity profiles at each site (e.g., Fig. 14). The low RMSE in
estimating the Vs at most sites suggests a high level of confidence (e.g., Fig. 15). The
RMSE is a measure of relative error for each layer in comparison with theoretical criteria
and can be used as a measure of confidence (Xia et al. 1999). In our analysis, the observed
phase velocity at lower frequencies (e.g., Fig. 16) made it feasible to obtain information
down to depth of 30-40 m for most sites.

Few boreholes with depth greater than 10 m are available in the study area (Fig. 17).
Most of them are located on the shore line and conducted to repair As-Seeb Cornish road.
It was not possible to conduct any MASW survey on these boreholes due to inaccessibility.
Fortunately, it was possible to conduct some MASW measurements in the south part of the
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Fig. 12 The dispersion curve with overtone image for site no. 33
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Fig. 14 2-D velocity model for site no. 33

study area at the geotechnical boreholes of the Muscat Express way. A good agreement in
terms of thickness and shear wave velocity variation is observed between the MASW
results and the borehole data (Fig. 18).

The Vg3 values were calculated from shear wave velocity profiles and transformed into
site classification based upon the NEHRP (2001) guidelines (Fig. 19). Most of the region
belongs to the C category (360 < Vg39 < 760 m/s). There are also considerable parts of
the region which are located on the rocky eastern, western, and southern areas and have
better soil conditions corresponding to B class (760 < Vgs3g < 1,500 m/s). Only two sites
at the northern middle coast belong to D category (180 > Vg39 > 360 m/s). These two
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Fig. 16 The dispersion curve with overtone image for site no. 39

sites are associated with the presence of depressions with Recent or sub-Recent clay and
silt and Aeolian sand (Fig. 2). In these sites, the Vg3¢ values are close to the lower limit of
NEHRP class C. The results show that the depth of the engineering bedrock (Vs > 750 m/
s) in most sites is less than 30 m, the depth that reached for most sites using the MASW
method.

4.3 1-D ground response analysis using SHAKE91

As described by Kramer (1996), soil response to the strong ground motion can be
approximated by the transfer function of layered and damped soil on elastic rock. The
methods of 1-D ground response analysis are useful for level or gently sloping sites with
parallel material boundaries. Such conditions are common and one-dimensional analyses
are widely used in geotechnical earthquake practice (Kramer 1995).
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The earliest and most widely used software written that uses this principle is called
SHAKE. The computer program SHAKE was written in 1970-1971 by Dr. Per Schnabel
and Prof. John Lysmer (Schnabel et al. 1972). SHAKE was modified and became
SHAKE91 (Idriss and Sun 1992) with an equivalent linear approach for the nonlinear
response. SHAKEO91 was used to characterize the amplification factors and associated
characteristic site periods and to map ground motion hazards in many metropolitan areas
around the world (e.g., Street et al. 1997, 2001; Cramer et al. 2004, 2006).

4.3.1 Input data for the ground response analysis

The most important input information for the ground response analysis is a subsurface
model that represents the variation with depth of the soil layers. Subsurface profile
information, thickness, shear wave velocity, density, and lithology are obtained from
MASW results and the information of the available boreholes. This information is com-
piled for the selected 99 sites and used for the 1-D response analyses using SHAKE91
program in EZ-FRISK7.62 software.

The nonlinear behavior of soils is well known and can be determined very well in a
laboratory environment. Shear strength reduces with shear strain, while damping increases
with shear strain. These relationships can be tested and plotted in curves, called shear
modulus reduction curves and damping curves. A soil property of each layer is modeled by
using modulus reduction (G/Gmax) and damping (§) versus shear strain curves. The
degradation curves for sand, gravel, and rock used for the present work are those proposed
by Seed and Idriss (1970), Seed et al. (1986), and Schnabel et al. (1972), respectively.

4.3.2 Earthquake input for the site response analyses

One of the basic problems associated with the study of seismic microzonation is to
determine the seismic ground motion, at a given site, due to an earthquake with a given
magnitude (or moment) and epicentral distance. The ideal solution for such a problem is to
use the local wide database of real recorded strong motions and to group those accelero-
grams that have similar source, path, and site effects. The use of real earthquake accel-
erograms carries reassuring knowledge that the input motion is a genuine record of shaking

@ Springer



Nat Hazards (2013) 69:1919-1950 1939

actually produced by an earthquake. Including parameters such as amplitude, frequency
and energy content, duration, and phase characteristics, the real accelerograms reflect the
influence of many characteristics of the source, path, and site that influence the nature of
strong ground motion.

Due to the lack of strong motion data in the Muscat region and in Oman as a whole, the
authors preferred to use ground motion records from the international strong ground
motion databases. EZ-FRISK 7.62 was used in order to search in the accelerogram dat-
abases to define the real earthquakes that best compatible with the PSHA results. The
deaggregation of seismic hazard for Muscat area is used to determine the controlling
earthquake scenarios in terms of magnitude and distance. Moderate magnitude earthquakes
have the largest contribution for the short-period seismic hazard, while large-distant events
(180-210 km) have the largest contribution to the seismic hazard at longer periods
(Fig. 20).

PGA Muscat :g__n,z sec_Muscat

Contribution to hazard (1/yr)

Contribution to Hazard (1/yr)

SA_2 sec_Muscat|

Contribution to Hazard

Contribution to Hazard (1/yr)

Fig. 20 Deaggregation results showing the relative contribution to the PGA and spectral accelerations of
0.2, 1.0, and 2.0 s as a function of magnitude and distance at rock site in Muscat City for return period of
2,475 years
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The best time history database available for use with EZ-FRISK at the time of con-
ducting this study was the PEER NGA7.3 database. This data set is primarily for tec-
tonically active regions. For tectonically stable regions, the USNRC CEUS database is
available. It contains 921 earthquake strong motion records. The majority of the records,
882, are for events in tectonically active regions that have been adjusted to be represen-
tative of events in the United States stable regions.

The selected records are then modified using the spectral matching technique in order to
compensate for the inevitable mismatch between their characteristics and the design
parameters established from the site-specific hazard assessment. EZ-FRISK7.62 uses the
well-known RspMatch2009 spectral matching algorithm with modifications to preserve
non-stationarity at long periods by using different functional forms for the adjustment time
history (Al Atik and Abrahamson 2010).

Distance and magnitude of earthquakes with the largest contribution to the earthquake
hazard were used to search the available databases. The duration is suggested to be 20 s for
the short-period events and 80 s for the large-distant events. The input acceleration time
histories were matched with the unified hazard spectra (UHS) of Muscat region for
475 years return periods obtained from earthquake hazard study (Fig. 21) using Al Atik
and Abrahamson (2010) approach. The matched accelerograms were then used as input for
site response analyses (SHAKEO91), and the average of the calculated amplifications, PGA,
and spectral accelerations were calculated for each of the selected 99 sites to obtain the
necessary parameters for microzonation.

The amplification curve at site (20) is an example of a single curve of 4.2 amplification
occurred at 13.1 Hz. This 13.1 Hz is the fundamental frequency as indicated also by the
results of H/V spectral ratio analyses at the same site (Fig. 22). The amplification curve
shown in Fig. 23 presents two peaks at site 90, the first peak with amplification of 2.4
occurred at 6.25 Hz and the second peak of 1.6 amplification value occurred at 18.8 Hz. In
the amplification spectrum, the maximum amplification ratio occurred at 6.25 frequency,
which is the fundamental frequency of the soil column in that location. This is confirmed
also by the results of H/V spectral ratio analyses (Fig. 23). Amplification curves with two
and multiple peaks were identified at few sites in the area of study. Results clearly show
that with exception of very few sites, the fundamental frequencies obtained using the H/'V
technique and those obtained using SHAKEO91 technique are well matched.

Fig. 21 Mean, 16 percentile, Muscat UHS for475 yr
and 84 percentile UHS for rock 200 e B L S
sites in Muscat City for the o—e—eo Mean 1
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4.3.3 Amplification maps

The delineation of high seismic vulnerability regions can be made by identifying regions
susceptible to higher amplification of the bedrock motion. The term amplification curves
are used here to refer to the ratio of the spectral ground motion at the ground surface to
that at the bedrock. These curves are evaluated for all the selected 99 sites using the shear
wave velocity—depth models derived by MASW method and the input ground motion
records.

Most of the amplification factors thus calculated for the PGA values for 475 years
return period range from 1.0 to 2.0 (Fig. 24). It is very clear that B and C class regions with
Vs30 close to the border of B class on NEHRP classification almost have no PGA
amplification. The maximum PGA amplification value for such regions is 1.25. Regions of
Muscat can be divided into three zones based on the range of PGA amplification factors
assigned to each zone. The eastern and western parts experience no PGA amplification, the
middle northern part with PGA amplification in the range between 1.5 and 2.0, and the
middle southern part, which is characterized with PGA amplification factors less than 1.5.

The amplification functions for 475 years return periods derived between free surface
and the bedrock show that the map of highest amplification factors is the 0.1 s spectral
period (Fig. 25). The amplification factors at spectral periods of 0.1 s range from 1.0 to
4.4. The upper bound value of this range is observed only at one site of D class on NEHRP
classification on the middle northern cost of Muscat. Most of the amplification factors
calculated at spectral period of 0.2 s range between 1 and 2.8. One site only at the western
side of northern coast of Muscat has an amplification factor of 3.46 (Fig. 26).

The amplification map at spectral period of 0.3 s is very important since most of the
buildings in Muscat region have natural frequency similar or very close to this period. The
amplification factors at 0.3 spectral period range from 1.0 to 2.75. Most of the study area is
characterized by amplification factors less than 1.5 (Fig. 27). The amplification factors at

Amplification

04 06 08 1 2 4 6 8 10 20
Frequency (Hz)

Fig. 22 Correlation between the fundamental resonance frequency obtained by H/V spectral ratio (upper
graph) and SHAKEO91 (lower graph) at site no. 20
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Fig. 24 Microzonation map based upon the PGA Amplification in Muscat for 475 years return period input
ground motion

1.0 and 2.0 s spectral periods show almost no amplification at the region of interest.
Therefore, no resonance is expected due to the soil effect for the high-rise buildings.

4.3.4 Surface ground motion maps

Selected results only are presented herein; the complete surface ground motion maps for a
range of frequencies and return periods are available in (El-Hussain et al. 2012b). The
earthquake response spectrum at the surface for each site has been derived using
SHAKED91 software for damping level of 5 % of the critical damping for ground motion of
10 %, chance of exceedance in 50 years. The PGA and 5 % damped spectral acceleration
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Fig. 25 Microzonation map based upon the 0.1 s amplification in Muscat for 475 years return period input
ground motion
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Fig. 26 Microzonation map based upon the 0.2 s amplification in Muscat for 475 years return period input
ground motion

values spectral periods were mapped using ArcGIS10 by interpolating the ground motion
values at the surface of the selected 99 sites. Therefore, the spectral acceleration of
important range of spectral periods for common engineered structures in Muscat is covered
in these maps.

The ground surface seismic hazard maps at the surface delineate the eastern and western
regions of lower hazard from the remaining area. The PGA obtained at the ground surface
in Muscat region ranges from 0.059 to 0.145 g for return period of 475 years (Fig. 28). The
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Fig. 27 Microzonation map based upon the 0.3 s amplification in Muscat for 475 years return period input
ground motion
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Fig. 28 Seismic microzonation for Muscat region in terms of ground surface PGA in g for 475 years return
period

southern parts of the study area have a low level of seismic hazard due to its proximity
from the rocky area of Oman Mountains with minimal soil effect on the ground motion.

Among the mapped spectral periods, the maximum surface ground motion values are
associated with the 5 % damped horizontal spectral acceleration at a period of 0.1 s
(equivalent to natural frequency of one story houses), where the maximum ground motions
reach 0.47 g for 475 years return period at two areas in the northern middle part of the
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study area (Fig. 29). Apart from these two sites, the maximum ground motion in the study
area for 5 % damped horizontal spectral acceleration with a period of 0.1 s is 0.4 g for
475 years return period. The calculated accelerations for even larger houses are lower than
those for the 0.1 s buildings. The spectral acceleration for two-story buildings (5 Hz
natural frequency) shows the acceleration value in the range of 0.08-0.46 g for 475 years
return period. The surface ground motion in the study area for 5 % damped horizontal
spectral acceleration with a period of 0.3 s ranges from 0.11 to 0.35 g for 475 years return
period (Fig. 30).

Plots of the surface hazard maps of 1 and 2 s spectral periods are normally much lower
and less concentrated than the ones for higher frequencies at 0.1 and 0.2 s. These spectral
accelerations are very close to those at the bedrock with no serious amplifications.
Therefore, the variation of spectral accelerations at 1.0 and 2.0 s for 475 years return
period is very small along the entire region of study. This analysis corresponds with the
general conclusion that mainly the low-rise buildings may be resonated if an earthquake
occurred nearby Muscat while high-rise buildings are expected to be of much less reso-
nance than the shorter ones.

5 Discussion

The fundamental frequency map allows identifying which buildings in this area could
suffer more damages due to coincidence of the fundamental frequency of the soil and the
fundamental frequency of vibration of the building. According to the fundamental reso-
nance frequency distribution maps, short buildings at the area may suffer more when a
destructive earthquake occurs at the surrounding region, while the high-rise ones will be
more stable.

It is inappropriate to compare the fundamental frequencies with the surface geology in
the studied region. In many sites in the area, the thickness of the recent alluvium material
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Fig. 29 Seismic microzonation for Muscat in terms of ground surface 0.1 s spectral acceleration in g for
475 years return period
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Fig. 30 Seismic microzonation for Muscat in terms of ground surface 0.3 s spectral acceleration in g for
475 years return period

which covered most of the middle and western parts of the study area is very thin as
indicated by the borehole data. Therefore, these areas reflect fundamental site character-
istics comparable with the hard material sites.

Several areas of the region of interest classified B type on NEHRP are covered with
variable thicknesses of recent deposits or weathered rock, which has the potential to
amplify the ground motion. The highest amplification is thought to associate with the
depressions with Recent and sub-Recent silt and clay in the middle northern parts of the
study area. Thus, significant amplification is expected at these sites of soft soil, while
the remaining regions show lower amplification.

The amplification factors at B class on NEHRP classification is very low and even
negligible at most of the investigated spectral periods, while sites on D and lower range of
C classes on NEHRP classification show larger amplification. At most sites and for all the
investigated periods, the amplification factor is less than 2.0.

The ground surface response spectra with 5 % critical damping value were calculated
using shear wave profiles of MASW results and modified earthquake time histories by the
spectral matching technique. The spectral acceleration values for all the locations at PGA,
0.1,0.2,0.3, 1.0, and 2.0 s are computed. The above spectral periods from 0.1 to 2.0 s were
selected as they represent the range of natural periods of about 20 story’s buildings to
single story buildings. This range is enough to cover all the building heights in Muscat.

Although the response spectra for all the selected 99 sites are available, the contour
maps presented here allow an engineer to construct an approximate response spectrum for
the design purposes for sites in Muscat. These response spectra could now reflect an
approximate surface ground shaking at each period.

The zones shown on the hazard maps should not serve as a substitute for site-specific
evaluations at the critical and very important sites based on subsurface information
gathered at such sites.

It is very important to recognize the limitations of these hazard maps, which do not
include information with regard to the probability of damage. Rather, they show that when
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strong ground shaking occurs, damage is more likely to occur, and be more severe, in the
higher hazard areas. However, the higher hazard areas should not necessarily be viewed as
unsafe. Therefore, data on the vulnerability of buildings, population, critical facilities, etc.,
should be gathered to provide risk maps of Muscat.

6 Conclusion

This paper constitutes the first attempt for microzonation in Muscat region. It provides
fundamental resonance frequency map, amplification maps, and the ground surface seismic
hazard maps. Microtremors measurements were carried out at 459 sites in Muscat region in
order to map the fundamental resonance frequency and to identify areas prone to site
amplification in the region of interest. The map of fundamental resonance frequency shows
an increase from about 3.0 Hz in the north to 23.0 Hz in the south. Sites at the eastern and
western parts of the study area have flat H/V curves around the unity or high fundamental
resonance frequency peaks indicating rocky sites or sites covered with very thin soft soil.
The lowest fundamental resonance frequency is at the middle northern coast, where a
thickness of sedimentary cover is present.

Furthermore, 2-D MASW measurements were performed at 99 sites in the area of
interest with the aim of the estimation of the shear wave velocity profile and the identi-
fication of the presence of strong impedance contrast responsible of seismic ground motion
amplification. MASW results are compared to the data of boreholes of more than 10 m
depth logged in Muscat Express Way and good agreement between the shear wave velocity
profile and the lithologic column is indicated. Unfortunately, the borehole data were sparse
and the study team could not make additional comparisons to come with conclusive
statements about the efficiency of MASW technique to define the lithologic column in the
region of interest.

Using the calculated shear wave velocities, SHAKE 91 modeling software, the
responses were calculated. The SHAKE 91 calculations have been carried out for 99 sites
where shear wave velocity profiles have been obtained. For input events, the investigators
used appropriate records, selected by using EZ-FRISK, from a global database. The fun-
damental frequency of H/V ratios calculated using SHAKE 91 agrees remarkably well with
the measured H/V resonance peaks using the Nakamura method. Therefore, microtremor
method could accurately predict the fundamental resonance frequency.

The highest amplification values occupy the middle coast area, which is characterized
by its relatively thick alluvium and beach deposits, while most of the region of interest has
amplification values less than 2.0 for all the spectral periods considered. The low ampli-
fication values of ground motion were found to be at the areas occupied by the harzburgite
and tertiary limestone rocks with almost negligible amplification. No ground motion
amplification at spectral periods of 1.0 and 2.0 s is observed on the corresponding maps.

Ground surface seismic hazard maps are provided, with return period of 475 years,
showing horizontal peak ground acceleration (PGA), and 0.1, 0.2, 0.3, 1.0, and 2.0 s
spectral accelerations at the ground surface. The maps show that the ground surface
seismic hazard level is moderate with expected PGA in the range of 0.059-0.145 g for
475 years return period. The maximum surface ground motion values are associated with
the 5 % damped horizontal spectral acceleration with a period of 0.1 s (equivalent to
natural frequency of one story houses).

The production of seismic hazard maps at the surface of the urban areas can be used
to develop a variety of hazard mitigation strategies such as seismic risk assessment,
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emergency response, preparedness, and land-use planning. These maps can help in
designing buried lifelines such as tunnels, water and sewage lines, gas and oil lines, and
power and communication lines. However, site-specific investigations to estimate design
earthquake characteristics still need to be performed for the design of special and important
buildings, and for rehabilitation and retrofit projects.
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