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Abstract

Shear-wave velocity is a soil mechanical property. It is the main cause of local ground-motion amplification, and it is
responsible for a large amount of the damage. Therefore, it is crucial to investigate the soil characteristics down to bedrock
to investigate the potential site effect. In this study, seven points in Ras Samadai area have been chosen to be investigated
using Multichannel Analysis of Surface Waves (MASW) and Shallow Seismic Refraction (SSR) as active seismic methods.
Furthermore, the Frequency-Wavenumber (f-k) and Horizontal-to-Vertical Spectral Ratio (HVSR) techniques were used as
passive techniques to obtain the subsurface seismic velocity models and evaluate the site effect beneath the investigated
points. The shallow and deep 1-D shear wave velocity models have been obtained at the chosen points using the MASW and
f-k approaches. Furthermore, the research area is divided into three main layers based on the seismic refraction approach.
At certain cross-sections, there are clear variations in the layers thickness resulting from faults effect. The HVSR method
displays two different kinds of curves: flat and one peak curves, due to the variation in impedance contrast between the
bedrock and the overlying soil. Moreover, the obtained vulnerability index (Kg) indicates that there is low level of hazards
could happen in the study area. Finally, the 2-D lithological models are created to delineate the underground fault lines and
displays the lateral variations in lithological composition. This information is useful for the seismic hazard analysis in terms
of ground response prediction at ground surface and soil column.
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Introduction

The area of Ras Samadai is situated along the shoreline of the
Red Sea (Fig. 1). Whereas, the seafloor spreading is an essen-
tial characteristic of the Red Sea, along which the earthquakes
activity indicates the spreading axis' location as well as the loca-
tions of the main transform faults (Bird et al. 2002; Augustin
2014; Mitchell and Augustin 2017). The Red Sea cities along
the Egyptian coastal regions have witnessed some develop-
ments in the recent years due to increased population and tour-
ism. These developments are probably going to continue in the
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future. Accordingly, one of the main factors affect the new cities
growth and expansion is the earthquakes activity around those
cities and the geophysical characteristics of the construction soil
(Gazetas 2006; Toni 2007). Hence, due to local ground-motion
amplification (Idriss 1990), cities along the Red Sea coasts have
suffered varying degrees of damage from historical and recent
earthquakes (e.g. Hurghada city). Two significant events are
listed in the Red Sea seismic activity catalogue, one of which
had a magnitude of mb=6.1 on November 12, 1954. This event's
epicenter was close to the Abu Dabbab region. In addition, on
July 2, 1984 another large earthquake of magnitude mb=5.1
happened in the same active zone of Abu Dabbab. Addition-
ally, other earthquake swarms (1976, 1984, 1993) were detected
by the Egyptian national seismic stations at the same epicenters
(Hamada 1968; Hassoup 1987; Kebeasy 1990; Azza et al. 2012).

In earthquake engineering, the shear-wave velocity (Vs)
of the surface/subsurface soil layers is considered a sig-
nificant parameter for its influence on local ground-motion
amplification (Kagawa 1996; Li et al. 2016), which in turn is
responsible for a great percentage of the damage in inhabited
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Fig. 1 Location map of the study area

regions (Bard 1994). Nondestructive methods are becom-
ing more and more popular for measuring the variations in
shear wave velocity across a soil for practical and economic
reasons (Martinez-Soto et al. 2021; Kim and Hwang 2024).
Thus, the underlying ground conditions might result in large
amplifications because of the substantial impedance differ-
ence between a hard basement and soft soils.

In the current study, four seismic survey techniques have
been applied (Mahajan et al. 2011; Nath et al. 2018), in order
to construct 1-D Vs and 2-D Vp models. The commonly
employed active techniques are the Multichannel Analysis
of Surface Waves (MASW) and Shallow Seismic Refrac-
tion (SSR) (Mohammed et al. 2020). The analysis of surface
wave dispersion is the basis of the MASW method (Park et al.
1999). However, the shallow seismic refraction approach
makes it easier to characterize relatively large amounts of the
subsoil by providing 2-dimensional cross-sections that include
both distance and depth (Steeples 2005; Stipe 2015).

Furthermore, Boore et al. (1997) stated out that the deci-
sion to utilize the average shear-wave velocity extracted using
the MASW approach down to a depth of 30 m as a variable
to describe the site conditions, was made due to the compara-
tively limited availability of velocity data for further depths.
Therefore, it is important to obtain a more detailed Vs profile.
Because of this, the f-k array approach has been applied to
accomplish this goal (Capon 1969; Ohori et al. 2002; Okada
and Suto 2003). As a result, the combination of these tech-
niques permits the extraction of numerical data on S-wave
velocity models for the research area and for studying the
medium's deeper characteristics. Furthermore, site effect is
now an essential element for the evaluation of seismic hazards
(Kramer 1996; Koller et al. 2004; Volant et al. 1998; El-Hus-
sain et al. 2014). With the use of the dominant frequency (f,),
amplitude (4,), and seismic vulnerability index (Kg), the soil
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and the geological characteristics of the site could be evalu-
ated to display how much damages of an earthquake cause.
Hence, seven points have been chosen in the study area for
applying the active and passive seismic techniques to identify
the subsurface layers and assess the site effect (Fig. 2).

Local geology of the study area
The Miocene and younger sedimentary deposits are

found in the research area. The Um Mahara Formation
is observed as a series of moderate hills in the northwest
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Fig.2 Passive and active seismic wave measurement methods
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close to the Wadi Ghadir entrance (middle portion of
the research area). This formation consists of fossilifer-
ous limestone with a gypsum top and sandy limestone
at the bottom (Samuel and Saleeb-Roufaiel 1977). The
evaporites and algal laminitis of the Ranga Formation lies
beneath the Um Mahara Formation with a separation of
small unconformity surface of a tiny layer of conglomer-
ate. The second formation, called Um Gheig, is a thick
dolomitic layer that sits above Abu Dabbab and is dis-
persed throughout the northern part of the present research
area. The more calcareous Shagra Formation is located
along the coast in the study area (Figs. 3 and 4). How-
ever, there is a connection between the sea level change
and the current sabkha deposits. These deposits are loose
sediments with a thickness ranging from 0.5 to 2 m, they
include fine sands, silt combined with clay, intercalation
with salts, anhydrite and gypsum lamina. Adjacent to the
seashore, many phases of elevated beach sediments have
been identified (Giegengack 1970 and Butzer and Hansen
1968). Coral reefs accumulate directly in front of the sea,
and clastic beach sediments cover the reefs due to relative
sea level variations acting as an indication of sea trans-
gression. The upper portion of the raised beaches is made
up of transported gravel coming from basement rocks,
dolomite debris, shell fragments, and sand intercalations.
The raised beaches are thought to be Pleistocene in age
and could be categorized as coral reef rocks consisting of
Reefal limestone with calcareous sandy, silt pockets, and
old beach gravels. Furthermore, the present research area
includes many locations where the recent Wadi deposits
could be seen. Such deposits consist of loose rock frag-
ments, gravels, sands with medium to coarse grains, and
intercalation of varying volumes and thicknesses of gyp-
sum and clay (Akkad and Dardir 19664, b).

Methodology

The dispersion property of the surface waves forms the basis
of the MASW and f-k Array methodologies (Park et al. 1999;
Okada 2006). The Vs model may be derived by inverting
surface-wave dispersion curves. Whereas, the surface waves
are frequency dependent (Xia et al. 1999). Conversely,
the shallow seismic refraction technique is a geophysical
approach that has been used to produce two-dimensional
profiles with depth and distance, which enable us to charac-
terize comparatively vast regions of the subsurface by defin-
ing the underlying layers' velocity models. Moreover, the site
effect has been studied by applying the HVSR approach to
figure out the natural frequency, amplitude and vulnerability
index (Kg) of the investigated points (Warnana et al. 2011;
Molnar et al. 2018; Pamuk 2019).

Active seismic methods
Multichannel analysis of surface waves (MASW)

The Multichannel Channel Analysis of Surface Waves
(MASW) method is the most widely used approach that
uses Rayleigh wave analysis on a multi-channel record to
obtain a shear wave velocity against depth (Park et al. 1998).
The MASW technique's main benefits are that it takes much
shorter time for collecting data from the field. Just one-shot
gather is needed for a single source-receiver setup when
using the MASW approach (Park et al. 1999). Whereas,
the processing of all receiver data occurs simultaneously
(Xia et al. 2002), and identification and elimination of noise
sources is much easier (Park et al. 1999; Xia et al. 2002).
As noise is reduced, the dispersion analysis becomes more
accurate, which in turn produces a more accurate shear wave
velocity model. During data collecting. Referring to Eq. (1)
the longest surface wavelength is used to calculate the great-
est depth of investigation (Z_,,,) (Park and Carnevale 2010).

max.

Zpax = 054, (1)

The greatest depth of examination is correlated with
the length of the receiver spread (L), which is also corre-
lated with the longest wavelength that may be investigated
(according to Eq. 2).

Ay~ L @

Surface-wave (MASW) technique has been used in this
work to provide a broad understanding of the subsurface
geology (Craig and Hayashi 2016; Rehman et al. 2016;
Salas-Romero et al. 2021); it might be integrated to provide
important information for mitigating seismic risk. Currently,
the main focus will be on active MASW surveys, produc-
ing a one-dimensional dispersion curve and therefore a one-
dimensional shear wave velocity model.

Data acquisition and processing

Seven sites have been selected for this kind of measurement
as part of the survey plan (Fig. 2), in order to get surface wave
data. To acquire data, geophones with a frequency of 4.5 Hz
are arranged in a straight line on the test site's surface and
spaced apart by 2 m (geophone spacing). A data gathering
instrument is attached to the geophones. Twenty-four geo-
phones were chosen, and each is attached to a distinct record-
ing channel (Park et al. 1997; Trupti et al. 2012; Foti et al.
2018; Aas and Sinha 2023; Meneisy et al. 2023). The sample
interval is 1 ms sample (dt) and the entire total recording time
(T) is typically about 1.5 s. A higher investigation depth is
often the result of a stronger seismic source. A sledgehammer
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Fig.3 Geology of the study area and its surroundings (after EGPC, Egyptian General Petroleum Corporation (EGPC), 1987)

that is fairly strong (e.g.10 kg) is a popular option. Using a
metallic or non-metallic impact plate (base plate) may be
useful in producing surface waves with a lower frequency.
Practically, five strikes have been accumulated on the metal
plate (Fig. 5). The offset (X 1) between the shot point and first
geophone was selected to be 4 and 8 m, in order to improve
the produced dispersion curve and enable observation of the
near field and far field effects (Park et al. 2001).

Kansas Geological Survey (KGS 2006) developed the cur-
rent used program of SurfSeis (V 4.0), in order to determine
the shear-wave velocity model. Preprocessing was carried out
to the data to allow to convert it from SEG-2 to KGS format to
combine all of the separated shots into a single file (Fig. 6a).
Field geometry is applied to the data based on the locations
of the source and geophones as well as the distances between
the receivers. Furthermore, it is possible to accept or reject the
computed phase velocity-frequency curves based on the signal-
to-noise ratio (Fig. 6b). The phase velocities-frequency disper-
sion curve of the fundamental mode is being carefully chosen
between 5 and 105 Hz. The fundamental mode of the surface
wave provides the required input data to perform the inversion.
The fundamental mode curve is consistently becoming more
common in the present study (Taipodia and Dey 2012).

The software's inversion procedure depends on the gradient
iterative approach as outlined by Xia et al. (1999). The initial
part of the inversion process involves evaluating a Vs profile
whose theoretical dispersion curve matches the experimental
one produced by the dispersion analysis. The shear wave's
velocity is adjusted and updated with each iteration cycle.
The Vs profile would be altered by the inversion if there is no
matching, in which case the procedure would be repeated by
calculating a new theoretical curve. These searching cycles,
which continue until an appropriate match is found and a min-
imum root mean square error is reached, are properly referred
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to as iterations (Park et al. 1999). The 1-D shear wave veloc-
ity model is obtained at the mid-point of the geophones line
(Luo et al. 2009). Therefore, a 1-D velocity model will sub-
sequently correspond to the soil components just beneath the
center of a geophone spread (Figs. 6¢c and 7).

Shallow seismic refraction (SSR)

Seismic refraction tomography, also known as velocity gradient
tomography, takes the seismic wave's initial arrival travel time as
input (Zhu and McMechan 1989). Data processing and tomog-
raphy interpretation are the next steps in the investigation after
the collection of seismic refraction data. The term "P-wave" in
engineering seismology is frequently used to refer to either the
pressure wave, which is created by alternating compressions, or
the main wave, which has the highest velocity and is hence the
first to be collected (Bath 1978). Since P-wave always propa-
gates longitudinally in isotropic and homogeneous materials,
the solid's particle oscillations are parallel to or across the wave
energy's travel direction. Equation (3) provides the velocity of
P-waves in a homogeneous isotropic media.

K+2u A+2
Vp = M. K 3)
P P

where p is the density of the material the wave travels
through, K is the bulk modulus, u is the shear modulus, and
A is the first Lamé parameter. Conversely, density varies
slightly, meaning that K and ¢ mostly determine the veloc-
ity. In Eq. (4), the elastic modules P-wave modulus, M, is
expressed as follows: M=K+4u /3.

= (M/P) @)
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Data acquisition and processing a total of 24 geophones per profile, the inter-geophone and
shot to first geophone spacings were both 5 m. P-waves had
To survey the research area, seven seismic refraction pro-  a total recording length of 0.75 ms and a sampling interval

files were carried out using a seismograph equipped with 24  of 0.25 ms. The seismic P-waves were produced using a
geophones (Fig. 2). Each profile is 115 m long overall. With ~ sledgehammer reaching 10 kg. The P-waves are generated
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Fig.5 Example of a MASW measurement profile. Lineup of 24 geophones with equal spacing (dx). The source offset is x;
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by striking a metallic plate (20 X 20 cm?) with a sledgeham-
mer. To reduce the noise level by as much as possible, three
to five stacks were produced for every P-wave shot point
(Klemperer 1987).

SeisImager software version 4.2 from Geometrics was
used to determine the first arrival time (Fig. 8a). As shown
in Fig. 8b, the travel time—distance curves have been gener-
ated using the selected timings as well as the distance from
the receivers and the shooting locations (Bath 1978). After
the velocity model produced by the time-term inversion, it
is converted into an initial model, the tomographic inver-
sion was carried out. This iterative process of tracing rays
through the model aims to minimize the root mean square
error (RMS) between the computed and observed travel-
time curves (Schuster 1998). SeisImager performs the inver-
sion using a least-squares method (Zhang and Toksoz 1998;
Sheehan et al. 2005; Valenta and Dohnal 2007). It is clear
that the underlying succession with the inverted velocities is
represented by a three-layer cross-section (Figs. 8c and 9).

Passive seismic methods
Frequency—wavenumber (f-k)

The term "microtremors" describe very small vibrations with
an amplitude of 1072 to 10~ mm that happen on the topmost
layer of the earth (Mucciarelli et al. 2009). Its source is arbi-
trary and unidentified and they mostly travel in the form
of wide-ranging, extremely dispersive surface waves travel
throughout inhomogeneous rock and/or soil in the vicinity
of the surface. Seismic investigation has made extensive
use of these surface waves for studying the structure of the
surface of the earth (Aki 1957; Ling 1994; Okada and Suto
2003; Okada 2006), enabling the study of the earth's deeper
and shallower structure (Ling 1994; Shapiro and Campillo
2004; Okada 2006; Xu et al. 2012, 2013). Through an inver-
sion technique, the dispersion characteristics of the surface
waves may be utilized to determine Vs vs depth (Herrmann
1994 and Wathelet et al. 2004). The waves that affect vertical
component are the Rayleigh-surface waves (Wathelet et al.
2004). This method needs collecting seismic noise simulta-
neously on several seismometers. There are several methods
to obtain the dispersion nature of surface waves, in this work,

we focus on the frequency—wavenumber (f-k) method (Aki
1957; Okada and Suto 2003; Wathelet et al. 2018).

Based on the assumption that plane waves travel
throughout the array of sensors arranged at the surface,
frequency—wavenumber (f~k) analysis calculates the rela-
tive arrival times at each sensor location and shifts the
phases in accordance through the time delays. A wave
with frequency (f), a direction of propagation, and a
velocity (or equivalently, k, and k,, wavenumbers along
x and y horizontal axis, respectively) is considered. All
contributions will stack constructively if the waves move
in a certain direction and at a certain speed, producing
a high array output known as the beam power (Capon
1969). The azimuth and velocity of the traveling waves
across the array may be estimated from the position of
the maximum beam power in the plane (k,, k,). Micro-
tremors are a phenomenon that depends on the position
vector & (x, y) and the time 7. A spectral representation is
a record of microtremors over a defined period of time

(Eq. 5).
x(x, &) (=00 <t < 00,—00 <X < 00,—00 <y < ) )

Assume that a microtremor sample function that has
been acquired is a stationary stochastic process that is con-
tinuous with respect to 7 and £ and has an average of 0. Z'
(w, k) is a doubly orthogonal process, and X (t, &) can be
represented spectrally according to Eq. (6):

X(1,&) = /// ) exp(iot + ik)dZ\(w, k) (6)

where w=2xf and k= (k,, ky). In these expressions, w is the
angular frequency, k is the wavenumber vector, and k, and
k, are its x and y components, respectively.

In order to determine the velocity for various frequency
bands and short time periods, the phases of each signal are
altered and focused at a specified frequency. This results in
varying arrival durations at each sensor for a given veloc-
ity and plane wave propagation direction (,, k,). A sem-
blance value is produced by stacking the shifted signals in
the frequency domain. Microtremors can be regarded as a
temporally and spatially stochastic process with propagat-
ing waves. The following Eq. (7) can be used to approxi-
mate the f-k spectra of microtremors.

P(K K, w)= /// R, n, ©) exp{i(w T — k& -k ) bdr dé dn )

where: P (K|, K|, w) power spectral density function.

The phase velocity C, could be computed from the f-k
spectrum peak that appears at coordinates k,, and k, for a
given frequency f, by Eq. (8):

@ Springer

2xfy

®)
\/ Ky + k§0

CO=



Modeling Earth Systems and Environment (2024) 10:5309-5327

5315

2006 (PROCESSED)

Offset(m) 10 18 26 3¢ 42 50
Trace# 4 8 12 16 20 24 2
o o

o
o | A
o s
£
N B & .[.. 5 - 3
3
=
3

= =

g i 8%

& r 2

5 <
o

= 8 i

bl =]
g
H
2
2

(a)

Phase velocity (m/s)
g g

b = 3 = = =
(N/S) oney dsiou-0)-[eusis

Velocity
&£ 28 8 8 B &

=
S 3

>
3

%8 06

o o8
o

715 pealds {L107I=U0BEIS-PIIN $900Z] =P1053y
[enuy —
9T

2
-
o S a S
I = ™
z2® —
= e o BB
k3 3958
! A g 53
&
i i -.,.;ﬁg
8 0 » AR
= Q:g SASE
I ERS ~ 853
g 3 & 8E
£ g < Bl og
| b o8
o ; o W
=2 ~
£ s « S
T . £ S
A ®
B - E

A PAANSEdAl ¢

S 02 ST 0

Gl Sy S Op Sl

=
(@]

~
0}

Fig.6 Seismogram recorded from vertical impact sources at site 1 (a), the obtained dispersion curve (b), the inverted 1D-velocity model (c)

Data acquisition and processing

In the current research area, the ambient vibrations have
been recorded at seven locations using an array of sensors.
The measured sites' distribution is depicted in Figs. 2 and 10.
Each array has a diameter of 100 m and four seismic stations
arranged in a triangle or semi-circle shape with one station
in the center and three of them at the vertices (Fig. 11a). At
least 120 min for recording ambient noise simultaneously
at all four stations are need for each array with 100 Hz sam-
pling rate. The data was collected by portable seismic sta-
tions that were outfitted with a three-channel data logger
model called Taurus (Nanometrics Co.). This data logger
has a three-channel 24-bit digitizer and is coupled to a GPS
receiver for position identification and time correction.

A flow chart for data processing utilizing the frequency-
wavenumber approach is shown in Fig. 10. The vertical com-
ponents are only impacted by the Rayleigh surface waves.
Therefore, the processing of ambient vibration signals is
limited to the vertical components (Fig. 11b) (Wathelet
et al. 2004; Picozzi et al. 2005). Utilizing the frequency-
wavenumber (f-k) approach, the back-azimuth and slowness
of coherent seismic waves were analyzed in high resolution
using the GEOPSY program (http://www.geopsy.org). Actu-
ally, obtaining the dispersion curve is the primary objec-
tive of the initial data processing step. Consequently, for
each array, the theoretical array response takes into account
the actual array geometry that was calculated. The signals
originating from the NE-SW direction that coincide with
the position of major seismic sources of the ambient vibra-
tion wave field (Figs. 12a and b). After the spectral curve of

frequency range has been established, the dispersion curve
has to be derived from the noise array signals. The waves
that were captured split up into short periods of time. It var-
ies in length depending on the frequency spectrum under
consideration. Transients or saturated signals can be rejected
using pre-processing techniques (Bard 1998 and Wathelet
2005).

Each sensor's signal undergoes a Fourier transform
computation once the appropriate time windows are
cut and a cosine taper is applied. Next, by utilizing the
cut signals, the frequency-wavenumber transforma-
tion actually is computed in the frequency domain. The
f-k approach yielded a dispersion curve with a black
line and accompanying error bars at each frequency
(Fig. 12c¢). Through the use of Dinver software, which
implements the classical linearized algorithm, the result-
ant dispersion curves are finally obtained (Sambridge
1999a, b and Wathelet et al. 2018). Prior knowledge of
many factors (such as the range of Vp and Vs, Poisson's
ratio, and density) that may be obtained from seismic
refraction and geological data about the area can be
included through the inversion step, to show finally the
1-D Vs and eventually Vp profiles at the studied points
(Fig. 13).

Horizontal to vertical spectral ratio (HVSR)
Nakamura (1989, 1996, 2000a, b) developed the H/V
method, and he showed that the amplification factor cor-

responds to the fundamental frequency of the soil below
the site, and in turn, related also to the ratio of the Fourier
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Fig.8 Seismograms recorded from vertical impact sources at site 3, red bars represent picking of the first arrivals (a), the travel time-distance

curve (b), the 2-D velocity model deduced from P-wave profile (c)

spectral amplitude of the horizontal to vertical component
of the background noise records (microtremors) (D’Amico
et al. 2008). The "surface waves" theory, which links HVSR
to the frequency-dependent ellipticity of Rayleigh waves, is
more often accepted (Bard 1998; Bonnefoy-Claudet et al.
2006). Numerous studies have demonstrated that if the
higher layers have a strong impedance difference with the
bottom stiffer layers, the ambient noise H/V spectral ratio is
extremely concentrated around the basic S-wave frequency
(Guillier et al. 2007; Mundepi and Kamal 2006). At every
frequency, the HVSR values are described according to Eq.
):

- Hgwer
V()

where the horizontal and vertical component spectra are
represented by the letters H and V. Equation (9) was used
to derive the resulting horizontal component for the two
horizontal ones, Hyg (f) and Hgyy (f), and divide it by the
vertical component V(f) to determine the site's response.

Hysp)

HVSR(f) = )

Thus, for each (n) windows, the distribution of log,, (H/V)
was obtained as a function of frequency. The average of H/'V
(H/V ) overall selected windows (n) was obtained using

avg
Eq. (10).
l H/V
H/ Vi = OZ;L/) (10)
windows

Whatever the case, the low frequency peak that surpasses
two units of amplitude at each location was identified as the
fundamental frequency (f;)) (SESAME 2004).

This study was carried out in an area where the Abu Dabbab
active zone triggered earthquakes. The main target is to identify
the features of soil deposits. Depending on the values of the
amplification (4,), dominant frequency (f;) and seismic vulner-
ability index (Kg). The kind of soil and geological factors can
influence how much destruction a seismic event cause. In order
to expedite and correctly map regions susceptible to disasters
and carry out mitigation actions. Hence, this approach is thought
to be less expensive and simpler to execute. This may reduce the
effect of earthquake-related destruction and fatalities.
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Data acquisition and processing

The fundamental frequency in the present study is meas-
ured using the HVSR technique at seven points in Ras
Samadai area, with a continuous ambient noise data col-
lection period of around 120 min. The data set was gath-
ered using Trillium compact 120 s sensor at a sampling
rate of 100 Hz. For providing dependable experimen-
tal conditions, the recommendations put out by Koller
et al. (2004) have been followed. We made all efforts to
stay away from busy highways and subterranean build-
ings. The European project SESAME (2004) created the
GEOPSY program which has been used in this study for
the analysis of microtremor data. At least 10 non-over-
lapping windows have to be chosen, with time window
value about 25 s and located in the quietest region of the

acquired signal (Fig. 14a). Based on a traditional compar-
ison of the long-term average (LTA) and the short-term
average (STA), windows are chosen. On each component,
the Fast Fourier Transform (FFT) is used throughout the
frequency computation procedure (Konno and Ohmachi
1998). Therefore, the related signal with a certain fre-
quency is represented by its amplitude (Fig. 14b). Prior to
dividing by the vertical component spectrum, the spectra
of the two horizontal components were combined employ-
ing the geometric mean(Fig. 14c). Standard deviations
can be determined at each frequency of interest by averag-
ing the generated H/V's spectra. The next step would be
to identify the fundamental resonance frequency at every
point (Matsushima et al. 2014).

Every peak underwent reliability evaluation as well as an
industrial or natural origin analysis (Fig. 14d). In order to
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Fig. 13 The resulted 1-D velocity models obtained from the f-k analysis at the seven experimented sites. The inverted velocity models of Vp

(left), Vs (middle) and dispersion curve (right)
have a distinct peak that is associated with several attributes,

the trustworthy H/V curves need to meet stability require-
ments. H/V curves that failed to satisfy the majority of the
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stability requirements for clear peaks and the key criterion
for clear curves as stated by SESAME (2004) were deleted.
In the current study, it was determined that the peaks that
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Fig. 14 The steps of HVSR processing. Windows selection for the recorded microtremor data (a), the H/V spectral ratio curve (b), the H/V rota-
tion with azimuth degrees (c), the damping test for the peak amplitude at frequency 4.9 Hz which is of natural origin (d)

were obtained in the seven tested sites have natural origin
(Fig. 15).

Estimation of the seismic vulnerability index (Kg)

The degree of susceptibility of the top soil layer to deforma-
tion during an earthquake is indicated by the seismic vulner-
ability index (Kg). The dominant period of the soil and the
degree of the soil amplification factor have an impact on the
seismic susceptibility index (Huang and Tseng 2002; Akkaya
2020; Rohmabh et al. 2023). The susceptibility of any area to
ground movement is assessed using the seismic vulnerability
index (Kg). According to research conducted by Nakamura
(2008), the value of the seismic vulnerability index indicates
how much damage an earthquake could cause. Equation (11)
calculates the seismic vulnerability index (Kg) by comparing
the square of the amplification value (A,) with the dominant
frequency (f;) in the research area (Nakamura 2000a, b).

A5
K= (I

Results and discussion

We have presented integrated seismic techniques in the current
study, in order to delineate the subsurface velocity models and
the site effect beneath seven selected points at Ras Samadai area
along the Red Sea shoreline in Egypt. For data surveys, we used
four seismic methods, MASW and shallow seismic refraction
for 1-D and 2-D configurations respectively, for active experi-
ments. While, in the passive experiment the f-k array and HVSR
techniques applied for determining the deeper 1-D shear wave
velocity models and site effect respectively. According to the
1-D shear wave velocity (Vs) models obtained from MASW
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Fig. 15 The obtained HVSR' curves at the 7 selected sites in the study area

approach (Fig. 7). The uppermost layer in the area under inves-  calcareous sandstone. However, it has been noted that, sites 6

tigation is thin and has low compactness. While, the deeper
strata have higher shear wave velocities values (average 1800
m/s), which are indicative of highly compacted sandstone and
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and 7 have modest shear wave velocity values (less than 600
m/s) as a result of the dominance of substantial layers of loose
Quaternary deposits at those locations.
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Table 1 Calculated fundamental frequency, amplitude and vulnerabil-
ity index for the selected study points

Site Code Lat Long F, Ay Kg
1 24.8796 34.9804 3.7 3.6 3.5
2 24.87867 34.96915 - - -
3 24.8801 34.95932 - - -
4 24.8801 34.94994 - - -
5 24.8796 34.93917 - - -
6 24.83199 34.98045 1.2 2.1 3.6
7 24.7794 35.03008 1.7 3.2 6.0

Table 2 Typical ranges of shear wave velocities for various types of
soils (Telford & Sheriff 1984)

Soil type Shear wave
velocity (m/s)

Dry silt, sand, loose gravel, loam, loose rock, moist 180-750
fine-grained top soil

Compact till, gravel below water table, compact 750-2250

clayed gravel, cemented sand, sandy clay

Weathered rock, partly decomposed rock, fractured 600-3000
rock

shale 750-3300

sandstone 1500-4200

limestone and chalk 1800-6000

igneous rock (granite, diabase) 3600-6000

metamorphic 3000-4800

Through the use of seismic refraction tomography, detailed
information on the bedrock structure, velocity distribution, and
depth of underlying strata have been obtained (Jakosky 1940).
In the current study, the obtained 2-D cross-sections exhibit a
general classification of the research area into three primary
strata (Fig. 9). The top layer is mostly composed of loss sedi-
ments which characterized by low seismic wave velocity val-
ues (450-1100 m/s) and 7 m thickness. However, the thickness
of this bed reaches up to 13 to 21 m at site 6 and 7. On the
other hands, the second layer is defined by highly compacted
calcareous sandstone, clay, and sandstone, with seismic veloc-
ity between 1100 to 2900 m/s. The third layer is composed of
evaporates and calcareous sandstone, defined by high veloci-
ties values reach to 3900 m/s. The previous geological, struc-
tural and geophysical studies indicate that the variations in the
layers thickness could be related to the presence of subsurface
faults affecting the layers, as shown in Fig. 9.

On the other hands, the frequency-wavenumber (f-k)
ambient vibration array method, is the first passive seismic
technique used in the current investigation. These seismic
wave measurements depend on how surface waves in strati-
fied medium disperse. The ambient vibration (f-k) approach
employs the microtremor data, and the dispersion curves

inverted into 1-D shear wave velocity models. When the
inverted dispersion curve is compared to the observed one,
a satisfactory match is obtained for all arrays. Figure 13 dis-
plays the 1-D Vp and Vs models together with the dispersion
curves for each array with a colored scale representing the
misfit amount. The phase velocity derived from the f-k anal-
ysis is indicated by the black line on the dispersion curve's
fundamental mode. The black line linked to the smallest
misfit represents the related average shear wave velocity
structure of the inversion outcomes. The obtained models at
the seven selected sites show that the values range from 3100
to 8100 m/s. The loss Quaternary deposits in this area are
typically represented by the first layer, which has an average
thickness of 7 m and a shear wave velocity of approximately
400 m/s. The second layer characterized by thickness varia-
tion, and could be considered as graben faults covering the
first five tested points in the study area, it has average shear
wave velocity value about 800 m/s and depths of around 70,
100, 140, 100, and 70 m from site 1 to site 5, respectively.
Conversely, the velocity values at sites 6 and 7 range from
2200 to 4700 m/s due the existence of the basement rocks.

The HVSR technique, plays a significant role in the dis-
aster mitigation by reducing the impact of casualties and
damage. The current investigation shows HVSR peaks with
a fundamental frequency ranging from 1.25 to 3.75 Hz
(Fig. 15 and Table 1). Due to the velocity variation between
the soil and the underlying bedrock, we had been obtained
two different forms of curve topology, including a curve with
one peak (clear peak) and a non-peak curve (flat curve). As
seen in Fig. 15, the sites 1 and 7 have a single and distinct
peak, indicates the presence of impedance contact at a spe-
cific depth. On the other hands, site 6 displays a broad peak
curve, due to the occurrence of sloping basins or differences
in the sedimentary structures of the bedrock. Conversely,
at the other sites, the presence of compacted and stiff clay
and sandstone on the surface do not exhibit any appreciable
amplification and produces flat HVSR curves without any
clear peak.

Additionally, the vulnerability index (Kg) employs
the obtained data from HVSR technique to determine
the places where a degree of seismic hazards and dam-
age may be predicted. Referring to Table 1, the seismic
vulnerability index (Kg) value varies from 3.5 to 6.0. The
areas which characterize by low amplification (4,) and
high dominant frequency (f) values are said to have low
seismic vulnerability index (Kg). On the other hand, the
investigated points characterized by flat HVSR curves
show no indication of liquefaction or vulnerability index.

The compilation and integration of the obtained 1-D
shear wave velocity models from MASW and f-k arrays,
and based on the standard values of the shear wave velocity
for different rock types (Table 2), we succeeded to generate
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Fig. 16 The obtained 2-D- subsurface models according to the integrated velocities data

couple of 2-D lithological models pass through the inves-
tigated points. The cross-section presents the observed
ground surface and underground fault lines and displays the
lateral variation in lithological composition as seen in cross-
section A-A' (Fig. 16). Consequently, from this study, the
comprehensive soil information from the 2-D cross-sections
is useful for the seismic hazard analysis in terms of ground
response prediction at ground surface and soil column.

Conclusion

Seven locations in the Ras Samadai area, south of the Red Sea,
have been selected for the studying, by implementing active
seismic techniques, including Multichannel Analysis of Sur-
face Waves and Shallow Seismic Refraction. Additionally,
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Frequency-Wavenumber (f-k) array and the Horizontal-to-
Vertical Spectral Ratio techniques were employed as passive
methods to determine the subsurface seismic wave veloc-
ity models and to assess the site effect underneath the tested
points. The shallow and deep 1-D shear wave velocity models
have been obtained at the chosen points using the MASW and
-k approaches respectively. Furthermore, the applied seismic
refraction approach reveals that the surface/subsurface litho-
logical succession of the research area is divided into three
main layers. It has been discovered that the fault effect causes
distinct differences in the thickness of the layers at certain
cross-sections.

Due to the variation in the impedance contrast depth
between the bedrock and the overlaying soil, the HVSR tech-
nique exposes two different kinds of curves: flat and one peak
curves. Additionally, the vulnerability index (Kg) values show
that the research area has a low degree of potential seismic
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hazard. Furthermore, two-dimensional (2-D) lithological mod-
els have been developed from the 1-D shear wave velocity mod-
els to define the subterranean fault lines and illustrate the lateral
variation in lithological composition. Finally, we could say this
data is useful for seismic hazard assessments in terms of calcu-
lating ground response at the soil column and ground surface.

Recommendation

Because of the financial support's limitations, we can only
say that the data set offers a comprehensive view of the sub-
surface structure in the research area. Therefore, an efficient
investigation is needed to track any possible changes in the
properties of the soil.
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