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ABSTRACT Effective management and planning for sustainable urban regions’ development require up-to-
date information. Natural hazard maps (NHMs) creation is critical for urban development. Urban areas along
the western coast of Saudi Arabia are susceptible to natural disasters due to their hazard sources’ proximity,
especially, with the lack of preparation. Yanbu’Al-Bahr, amajor Red Sea port, provides an excellent example.
This research aims to combine NHMs into a single multi-hazard map, allowing acceptable site identification
for urban development. To create a seismic hazard model of the rapidly growing Yanbu’ Al-Bahr region,
spatial distributions of different hazard entities were assessed using the analytical hierarchy process (AHP).
To create a multi-hazard map, six seismic hazard assessment maps were independently developed. Hazard
attributes were assimilated into a geographic information system (GIS) platform to delineate seismic hazard
zones and build a suitability map for urban development. Weight and rank values were determined during
AHP and assigned to each layer and its corresponding classes. By overlaying all the weighted maps,
a suitability map was created. This map depicts the research area’s prospective appropriateness for urban
growth. Accordingly, the study area was classified into five hazard categories, namely, very-low (VL),
low (L), moderate (M), high (H), and very high (VH). Therefore, the limited regions, most appropriate
locations, and least suitable areas were identified. Accordingly, stakeholders can use the produced seismic
hazard map as a platform for future land-use planning and environmental hazard management. Furthermore,
the AHP-GIS model would deliver more precise findings in urban development site selection studies.

INDEX TERMS Seismic hazard, multi-criteria analysis, AHP, GIS, urban planning, Yanbu’ Al-Bahr, Saudi
Arabia.

I. INTRODUCTION
Urban areas can be significantly influenced by several side
effects such as dense industrial activity, rapid planned con-
struction, fragmentation of natural habitats, and degradation
of surface and ground waters by a wide range of chemi-
cal contaminants [1]. The hazardous nature and effects of
earthquakes need to be carefully considered when design-
ing structures and facilities [2]. Besides, both planning,
growth, and management of urban environments are typically
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determined by economic and social considerations, at the
expense of the potential geological and environmental
threats [3]–[5]. Meanwhile, these omitted threats can cause
extensive damage to the social and economic environments,
and loss of human life and property in areas vulnerable to
natural hazards [6], [7].

To reduce the aforementioned effects, certain physical
and/or geological parameters of surface or subsurface rocks
in urban areas and their vulnerability to earthquake hazards
should be effectively considered beforehand [8], [9]. As a
result, a procedure for shortlisting sites is needed to pick the
most ideal places for applying site-specific micro zonation
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methods [10]–[12] nature-based seismic hazard reduction
measures. To guarantee sustainable land management and the
protection of human life in urban environments, decision-
makers, engineers, planners, and managers must consider the
physical elements of the urban region, as well as natural risks,
while planning and growing an urban environment [13], [14].

A seismic hazard index model can effectively minimize the
adverse effects of nature-induced hazards [15]. The datasets
required for the development of such a model should be geo-
graphically related to each other. Moreover, an appropriate
decision-making support tool is needed to incorporate all
hazardous components, as per their expected contribution to
overall risk [15]–[19]. In this regard, Multi-criteria decision
analysis (MCDA) is among the tools that can be used to pro-
cess complex decision constellations for technological, eco-
logical, economic, and social aspects [20]. MCDA techniques
are decision-making tools for dealing with complex choice
circumstances that need taking into account technological,
economic, environmental, and social variables. These tech-
nologies have been combined with geographic information
systems (GIS) on several occasions, making them excellent
for improving land-use planning [3], [13], [21]–[23].

To reasonably plan and use the MCDA, the various criteria
contributing to the decision-making process have to be ranked
and weighted, as per their relevance and importance [20].
Analytic Hierarchy Process (AHP) [24], [25] has recently
become attractive as a sufficient MCDA tool with potential
for various uses [15], [26]–[35]. Interestingly, combining the
AHP with a GIS platform leads to optimizing a site-specific
seismic design and planning [36], [37], as well as enhanc-
ing the scope of conventional hazard assessment maps [8].
This provides vital information for structural engineering
applications, urban planning, hazard mitigation, and manage-
ment [20], [38], [39]. Optimization also contributes to accu-
rate data observation andmanagement [40]–[49]. AHP is also
considered one of the most promising techniques for assess-
ing weightings [36], [37] of the various utilized entities. As a
well-established mathematical evaluation method [24], AHP
assists in decision-making by assigning ranks and weights to
the employed attributes through a matrix operation. In addi-
tion, it utilizes the hierarchical structures to quantify relative
priorities for a specified set of elements on a ratio scale [24].

In this study, the area of interest is Yanbu’ Al-Bahr. It is
located within Al-Madinah province and is considered one of
the main seaports of Saudi Arabia (Figure 1). Furthermore,
it significantly contributes to industrial and commercial activ-
ities [22]. The area was planned to serve as a leading zone
for providing a strategic outlet to the Red Sea shipping lanes
on the western coast of Saudi Arabia [50]. The motivation
for presenting an integrated seismic hazard of the Yanbu’
Al-Bahr area is its vulnerability to expected natural hazards
from active tectonics. Accordingly, we prepared a seismic
hazard index map for the area using the AHP technique and
taking into account several earthquake-triggering parameters,
namely, site amplification (SA), fundamental frequency (FF),
overburden sediment thickness (ST), overburden sediment

strength (SS), seismic vulnerability index (kg), and peak
ground acceleration (PGA) [12]. Previous studies have con-
sidered either seismological parameters or geological param-
eters individually, and not in an integrated manner [22], [51].
Unlike the previous traditional studies, to the best of our
knowledge, this is the first to integrate several seismic layers
on a GIS platform to derive a reliable seismic hazard model
map for the present study area.

This paper’s major basic contributions can be summarized
as follows:
• We propose a novel crucial criterion for reducing the
negative environmental, physical, and economic impacts
of urban and industrial facilities.

• We consider the site suitability for urban development,
especially near marine active seismic sources like the
Red Sea where the suitability analysis of site selection
is implemented using the GIS platform to determine the
best place or site for urban development. To the best of
our knowledge, no similar study has been presented for
the same area.

• We integrate the GIS and AHP for developing a fast
seismic hazard assessment.

• Wedetermine themost accurate criterionweights, which
are examined by various investigations.

• We create an appropriate map of urban and industrial
sites for the Yanbu’ Al-Bahr region. To the best of our
knowledge, no similar map has been created before for
the same area.

The rest of the paper is organized as: Section II portrays
the motivation of the study. Afterward, Section III presents
the geological and seismological settings and data analysis.
Section IV indicates the preparation of attributes maps. The
developed seismic hazard, suitability assessments maps, and
results are then introduced in Section V. Finally, the paper is
concluded in Section VI.

II. MOTIVATION
The present study focused on developing a seismic
hazardmap for the Yanbu’ Al-Bahr area (Figure 1), to provide
a platform for further investigation and urban development.
Geologically (Figure 3), the study area is a part of the Arabian
Shield and is mostly covered by outcrops of Upper Pro-
terozoic rocks. Locally, Cenozoic basalt flows and Aeolian
sand deposits overlie these older rocks. A narrow coastal
strip in the area is made up of Tertiary-Quaternary marine
and continental coastal plain sediments [52]. According
to the observed geological setting, erosion and subsequent
deposition of the Tertiary sediments are controlled by fault-
ing [53] and graben formation attributed to the Najd fault
system [52], [54].

It is well known that similar studies to ours have been per-
formed in other places in the world [10]–[12]. However, such
type of studies is very few for Saudi Arabia in general and
Yanbu’ in particular. Moreover, to the best of our knowledge,
no similar study has considered the site suitability for urban
development, especially near marine active seismic sources
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FIGURE 1. Location map of Yanbu’ Al-Bahr area.

like the Red Sea. This study outlines a novel site selection
approach that may be used to rate potential sites based on
the appropriateness of seismicity to decrease natural hazards
on a site-specific level. This article focused on the use of
the AHP and GIS to discover the best locations for urban
developments. As a result of this investigation, a total of
6 major criteria and 33 sub-criteria were employed for this
study by suggesting additional significant and crucial criteria
to the criteria currently found in the literature. AHP was
used to weight the criterion, and GIS was used to analyze all
data pertaining to these criteria for the Yanbu’ Al-Bahr area.
At the conclusion of the study, a suitability map for urban
and industrial sites and limited zones in the study area was
created. Accordingly, the above-mentioned essential reasons
are the main incentive to study this area.

III. GEOLOGICAL AND SEISMOLOGICAL SETTINGS
AND DATA ANALYSIS
The mapped area is located on the western Red Sea
coast of Saudi Arabia, about 350 km north of Jeddah city

(Figure 1). This region has been developed on what used to be
a desert plain, occupied only by a few agricultural dwellers.
This is rapidly expanding as an industrial and commercial
center [55], [56]. The surface geology of the area is dominated
by Tertiary and Quaternary sedimentary deposits (Figure 3),
outcropping along a narrow Red Sea coastal plain with an
average width of 5–10 km [52], [57]. It is worth mention-
ing that the root-mean-square (RMS) values for most of the
georeferenced maps were less than half the pixel size of the
map (30 m).

Because of its proximity to the active Red Sea tectonic
zone, the area is subject to geodynamic processes operating in
the region [58]–[60]. Historical earthquake information [61],
[62] and recent seismotectonic studies [54], [58], [59] reveal
significant earthquake activity in the Yanbu’ and surround-
ing areas, mostly emanating from the Red Sea rift zone.
In 1068 AD, the region suffered significantly because of an
earthquake with its origin in a nearby region [58], [59]; based
on the Modified Mercalli Intensity (MMI) scale, the intensity
of that earthquake has been estimated to be level VI [54],
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FIGURE 2. Spatial distribution of the main events affecting Yanbu’ [66].

[58], [59], [61]. The spatial distribution of instrumental earth-
quakes (Figure 3b) indicates that seismic activity in the area
is not only related to the rift zone [22], [54], [58], [59], [61],
[63], but also to neighboring tectonic zones in the Arabian
Shield [54], [58], [61], [63]. Earthquakes in Tabuk (2004) and
Badr (2009) are examples of seismic events that have affected
regions at some distance from the rift zone. On 19 May
2009, the area was struck by a swarm of M-sized earthquakes
(from a source in the volcanic field or Harrat Lunayyir)
with a moment magnitude (Mw) of 5.7 [15], [22], [59]. The
epicenter of this activity was located about 120 km southwest
of Yanbu’ city. The earthquake was followed by a number of
aftershocks with a maximum magnitude of 4.2 [64], [65] and
ground-shaking intensity of level V on the MMI scale [15],
[22], [59], [65]. Spatial distribution of the main events affect-
ing the mapped area is shown in Figure 2 [66].

A. DATA GATHERING AND ANALYSIS
To assess seismic hazards in the Yanbu’ Al-Bahr area,
the most relevant parameters affecting the suitability of
nature-based strategies for seismic hazard reduction were
identified through a careful literature review. The draw-
backs of such strategies were also noted. Various geological,
seismological, and geophysical features were taken into con-
sideration. This assessment is mainly geared toward the iden-
tification and characterization ofmajor parameters used in the

final integrated seismic hazard map and characterization of
major influential parameters to be used in the final integrated
site-suitability maps.

1) GEOLOGICAL FEATURES
Collected geological raster images were scanned and geo-
referenced, so that these could be overlain with other col-
lected vector data (Figure 3(a)). Additionally, faults were
digitized using the georeferenced geological maps of Yanbu’
Al-Bahr [52], [69] and Al-Madinah Quadrangles [57],
as depicted in Figure 3(a).

Collected surface geological data of the mapped area indi-
cates that it is mainly composed of Tertiary and Quaternary
deposits. These are situated along the narrow coastal plain
of the Red Sea, with average areal coverage from 5 km
to 10 km [52], [57], [69] and a total of 2-5 m thickness.
The observed scattering of Tertiary deposits is thought to be
controlled by syndepositional graben faulting connected to
Red Sea rift evolution [52], [69]. Sands and gravels are the
main Quaternary deposits found along the coastal plain of the
mapped area. Sandy sediments cover wide areas and have a
composite origin integrating rocks transported by both fluvial
and Aeolian sources. Observed gravel rocks are thought to be
related to the degradation of older terraces [52], [69]. A very
close drainage network dissects sediments in the mapped
area, which are closely linked with recent alluvium deposits.

2) SEISMOLOGICAL FEATURES
For the proper development of a seismic hazard model for
the Yanbu’ Al-Bahr area, a homogeneous earthquake cata-
log needed to be prepared. For this purpose, datasets from
reputable international sources, including the United States
Geological Survey (USGS), the International Seismological
Center [67], and the Global Centroid-Moment Tensors [68],
[70], [71] were collected. Local earthquake databases from
Saudi research institutions (i.e. King Saud University (KSU),
King Abdul Aziz City for Science and Technology (KACST),
and SGS) were also used. The complete catalog period
(1964–2020) contains a total of 10,231 events; of these,
739 were of magnitude 2.0 ≤ Mw ≤ 4.0 and 22 events were
of magnitude 4.0 ≤Mw ≤ 5.7. Figure 3(b) depicts the spatial
distribution of all collected events from the various utilized
data sources, along with the geological faults affecting the
mapped region.

Homogenization of the collected earthquake catalog is also
a prerequisite for proper seismic hazard assessment. This
requires region-based magnitude conversion relationships for
the various earthquake magnitudes collected. The general
orthogonal regression (GOR) and random sample consen-
sus (RANSAC) regression techniques [43], [72]–[75] were
utilized for preparation of the homogenizedMw catalog.

A circular seismotectonic map (Figures 1 and 3(b)) with a
radius of approximately 280 km around Yanbu’ city was pre-
pared from observed faults/lineaments and associated seis-
micity of the study area. This map shows both normal and
transformed faults running parallel and/or across the Red Sea.
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FIGURE 3. (a) Surface geological setting of the area (modified after [57]). (b) Regional seismotectonic map of the study region and surroundings,
depicting major linear tectonic features with seismicity covering 1964–2020. Earthquake epicenter data were collected from the International
Seismological Center [67] and the Saudi Geological Survey (SGS). Faults were digitized from the geological map of the Al-Madinah
quadrangles [57]. Z1, Z2, Z3, and Z4 are the four seismogenic zones utilized in our analysis. Beach-ball represents the focal mechanism of the
Al-Ays earthquake, adopted from the Global Centroid-Moment Tensors (GCMT) database [68].

Some of these faults extend inland for tens of kilometers [76],
[77]. Due to relative movements along these faults, one can
expect large and damaging earthquakes in the region [78].

Based on the spatial distribution of seismic events (and
corresponding fault plane solutions), the region was divided
into four seismotectonic source zones. Seismic source zones
lying within a 280 km radius are considered potentially
hazardous for the area, while those outside the radius are
unlikely to significantly influence expected ground motion
(Figure 3(b)).

The first zone (Z1) is located northeast of the study
region, about 100 km from Yanbu’ city. It is characterized by
dense clustering of earthquakes, with the maximum-recorded
magnitude being from the 2009 Al-Ays event. Major
tectonic features in this zone are aligned in an NW-
SE direction, almost parallel to the Red Sea trend [64],
[79]. Maximum faults in this zone follow an NW trend
and are interpreted to form a part of the Najd Fault
System [80].

The second zone (Z2) is characterized by a few scattered
seismic events without any clear trend, with the maximum

reported magnitude being that of the 2009 Badr event. Both
Z1 and Z2 are linked to intra-plate seismic sources influenced
by Red Sea tectonics [64], [79].

The third seismic source zone (Z3) is located about
200 km southwest of Yanbu’ city, with a maximum magni-
tude of 3.9 and NE-SW-directed tectonic features. The fourth
source zone (Z4) is another dense-clustering NW-SE directed
zone that attains events with a maximum magnitude of 4.6.
Seismic activity in both Z3 and Z4 is mainly related to the
Red Sea rifting [58], [61], [63].

To analyze the significance of influencing earthquakes and
to identify areas where ongoing deformation could lead to
future earthquake hazards, the density of earthquakes occur-
ring over the last fifty years was assessed. The strong density
of seismic activity was noted in zones Z1 and Z4, as indicated
by the large red-colored circles in Figure 3(b). In terms
of earthquake density/intensity, five zones (very low (VL),
low (L), moderate (M), high (H), and very high (VH)) were
identified, with areas vulnerable to natural hazards (H earth-
quake density) clearly distinguished [22], [54], [58], [59],
[61], [63].

VOLUME 10, 2022 69515



S. S. R. Moustafa et al.: Seismic Hazard and Site Suitability Evaluation Based on Multicriteria Decision Analysis

3) SURFACE GEOPHYSICAL FEATURES
The local surface geology and soil properties of the Yanbu’
Al-Bahr region significantly influence the expected inten-
sity of potential earthquake ground motion. The local site
response of an area, therefore, plays an important role
in seismic hazard mapping. In the current research, the
single-station microtremors survey method was utilized to
determine the dynamic characteristics (FF and SA factor)
of Yanbu’ Al-Bahr sediments by applying the horizontal-to-
vertical spectral ratio (HVSR) technique [81]. The reliability
of this method has been tested both numerically [82] and
experimentally [83].

Microtremors were measured at twenty-three sites using a
portable Tromino 3G seismograph [84] with three orthogo-
nal electrodynamic velocity sensors with a frequency range
of 0.2–10 Hz, a GPS receiver, a digitizer, and a record-
ing unit. All parts of this system were integrated with
a single box unit to minimize expected electronic and
mechanical noises. Site Effects Assessment Using Ambient
Excitations (SESAME) guidelines [85], [86] were followed
for analysis of microtremor data by first selecting a station-
ary portion of the whole record using at least 20 windows
of 25–60 s length.

Following this, each window of the record was detrended
and tapered (5% cosine), fast Fourier transformed (FFT),
and then smoothed. No significant differences were noted
in obtained results after testing several smoothing pro-
cedures. The time-dependent spectra of the collected
data (ratiograms) are utilized to discriminate between the
presence of real dominant frequencies linked to resonances
of the subsurface structure and the spurious appearance
of peaks due to local transients. No filtering was applied
before FFT, and a check was made to guarantee the
absence of anthropogenic disturbances, i.e., monochromatic
sources [81], [83].

Two horizontal component spectra were combined into
RMS before division by a vertical component spectrum.
Finally, the geometric means and standard deviations of the
HVSRs were calculated for frequencies >0.4 Hz, with this
threshold chosen to avoid the Eigen frequency of the sensor
(0.2 Hz). Moreover, and to upsurge the spatial and azimuthal
coverage of microtremor observation points, results from
the previous microtremor HVSR surveys of [87] and [88]
were integrated after performing a comparative analysis of
our data with their datasets. This analysis revealed compat-
ibility between our respective datasets within a 10% error
range.

As shown in Figure 4, the fundamental frequency (FF),
and matching peak amplitude or site amplification (SA)
at the measured sites were determined over the targeted
area.

Finally, to develop a reliable seismic hazard model for
the study area, the spatial distribution of selected events
for this study and all available geological and geophysical
information (surface and subsurface) were incorporated into

a spatial geodatabase. This was created using ArcGIS [89],
[90] modules.

B. ANALYTIC HIERARCHY PROCESS (AHP)
After the important elements have been identified, the AHP
will be used to determine the relative relevance of each one in
determining site suitability for the implementation of nature-
based approaches. The AHP method is among the oldest
and most used multi criterion-decision analysis approaches.
Moreover, it has remarkable benefits such as usability, effort-
lessly reasonable system, separating the problem into simple
pieces, and working independently on authentic information
sets. When contemplating the use of nature-based solutions
to decrease seismic danger at sites, all of the factors outlined
would not be of equal value [24].

To establish the relative importance of each factor, the
AHP was used. With limited data, the AHP proved to be
beneficial for evaluating situations requiring various and
diverse criteria [91]. In a multi-criteria evaluation prob-
lem, the AHP demonstrates flexibility in dealing with both
qualitative (intangible) and quantitative (tangible) elements.
In addition, the AHP provides a scientific framework for
detecting and correcting inconsistencies in interpreting the
relative importance of components in a site appropriateness
analysis [27].

A seismic hazard model for the Yanbu’ Al-Bahr area was
prepared using the AHP technique [24]; this is considered
to be one of the most commonly applied procedures for
McDA problems. The AHP method is utilized to analyze
the structure of the seismic hazard selection problem and
to estimate the appropriate weights of implemented criteria
for final ranking. In this procedure, criteria that have the
greatest effect on the creation of the seismic hazard model
are determined via sensitivity analysis.

The AHP encompasses the decomposition of the com-
plex seismic hazard problem into a multilevel hierarchi-
cal structure of objectives, criteria, and alternatives. This
is based on previous relevant studies, fieldwork observa-
tions, and experiences. In the case of Yanbu’ Al-Bahr
and after an intensive literature review, selected litera-
ture [22], [50]–[52], [54], [56], [87], [88] was found to be
very useful for breaking down the complex seismic hazard
problem.

Once the hierarchywas established, we proceeded to assess
the relative importance of considered decision criteria, then
compare the decision alternatives concerning each criterion,
and finally decide on the inclusive priority and corresponding
ranking of each decision alternative. Determination of the
relative importance of implemented decision criteria and the
comparison of decision alternatives concerning each criterion
were carried out through pairwise comparison. This involves
developing a comparisonmatrix at each level of the hierarchy,
calculating the relative weights of each element of the hierar-
chy, and estimating the Consistency Ratio (CR) to check the
consistency of judgment. Indeed, calculating the comparison
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matrix is adopted from [24], [92], [93], which is derived by:

A =


w1/w1 w1/w2 · · · w1/wn
w2/w1 w2/w2 · · · w2/wn
...

...
. . .

...

wn/w1 wn/w2 · · · wn/wn

 (1)

where w is the weight of n set objects. Accordingly, A is
the ratio of one weight over another. The consistency of the
pairwise matrix (CI) is defined as [24]:

CI =
λmax − n
n− 1

(2)

where n is the order of the matrix and λmax is the largest or
principal eigenvalue of the pairwise comparison matrix and is
used as a reference index to screen information by calculating
the CR of the estimated vector. CR can be given by [24]:

CR =
CI
RI

(3)

where RI is the random consistency index obtained from a
randomly generated pairwise comparison matrix. More par-
ticularly, RI of size n is the average CI calculated from a
large number of randomly generated reciprocal matrices by
computer [94]. For acceptable comparisons, the value of the
CR must be < 0.1. If CR ≥ 0.1, the values of the ratio are
considered indicative of inconsistent judgments [24]. After all
the pairwise comparisonmatrices were established, the vector
of priority weights was computed based on Satty’s eigenvec-
tor, after normalizing the pairwise comparisonmatrix over the
entire hierarchy.

IV. PREPARATION OF ATTRIBUTES MAPS
The proper deployment of nature-based approaches necessi-
tates a thorough examination of site-specific factors. Factors
including site effects, sedimentary cover strength and thick-
ness, seismic ground vulnerability, and peak acceleration
should all be evaluated.

The seismic hazard map for the Yanbu’ Al-Bahr area was
prepared through analysis and spatial integration of several
earthquake triggering attributes on the GIS platform. Six
factors were chosen in this study to determine the most
appropriate areas for applying nature-based methodologies,
and they are outlined and summarized below.

The seismic hazard map for the Yanbu’ Al-Bahr area was
prepared through analysis and spatial integration of several
earthquake triggering attributes on the GIS platform.

A. SITE AMPLIFICATION (SA) AND FUNDAMENTAL
FREQUENCY (FF)
The method utilized for estimating SA and FF values (shown
in Figure 4) was the HVSR of [81]. The first step was
to perform a Fourier transformation of three-component
microtremor records. The ratio of the Fourier amplitude spec-
tra between horizontal and vertical components was then
calculated.

The estimated SA and FF parameters were then gridded
using the Kriging method [95], [96] and contoured, as can
be seen in Figure 4. It is worth mentioning that Kriging out-
performs the corresponding GIS techniques in many points
such as measuring uncertainty attached to the results and
performing spatial anisotropy, and the independency of the
observations range used for interpolation.

The superposition of different soft layers may cause ampli-
fication at a site due to modifications of incoming earthquake
waveform characteristics. Based on the estimated values, the
region as a whole is characterized by lower SA values, except
in a small area in the north (Figure 4(a)). SA effects are
therefore dependent on the type of sedimentary layer and its
thickness [97], [98]. Higher SA values (>3.97) can generally
be observed along the coastal area with a relatively thick
sedimentary cover.

On the other hand, and as indicated in Figure 4(b), the
Yanbu’ region exhibits varied FF values (from a minimum
of 1.4 Hz to a maximum of 7.21 Hz). The majority of the
mapped area reveals L FF values (1.4–2.57 Hz).

The spatial distribution of the FF layer indicates the max-
imum concentration of the FF values in central areas with a
gradual decrease towards the northern part and in the Red Sea
direction, which indicates probable thick sedimentary cover.
The zones with H FF could be either due to hard-consolidated
soil or compact subsurface structures. SA in the study area has
been mainly attributed to different patterns of radiation from
sources, scattering, diffraction, and undulating topographic
effects [87], [88]. The layers related to amplification and
frequency attributes reveal that solid/stable rocks dominantly
cover the study area. However, the western part, which lies
along the Red Sea coast, is more stable as compared to that
located away from the shoreline in the east.

B. SEDIMENT STRENGTH (SS) AND SEDIMENT
THICKNESS (ST)
The time-averaged shear-wave velocity in the upper 30 m
(V 30

S ) is a dynamic property that can be used to estimate
in-situ granular sediment strength (SS) and is commonly used
for site classification [99].

It is worth mentioning that site characterization, in terms
of soil strength, is a critical attribute of seismic hazard assess-
ment because local geology has a substantial effect on earth-
quake ground motion [97], [98].

For the development of the SS map in terms of V 30
S

values, two approaches were used. In the first approach,
the experimental HVSR curve was fitted with a synthetic
curve using the independently-known thickness of a super-
ficial subsoil layer from boreholes [78] as a constraint [100].
The underground shear-wave velocity structure was obtained
through modeling of the HVSR curve by using the Phase
Velocity Spectra Module in Grilla software [101], which
assumes a vertically heterogeneous, one-dimensional elastic
model. This assumption was verified by taking several HVSR
recordings and comparing them. All selected cases showed
essentially identical HVSR curves and thus the assumption of
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FIGURE 4. Spatial distributions of site amplification (SA) (a) and fundamental frequency (FF) (b) thematic layers over the mapped area.

1-D appeared to be very well satisfied. The fitting procedure
included depth determination of the shallow stratigraphic
horizons from boreholes [78], [88]. These values were then
used as a constraint to fit the experimental HVSR curve with
the theoretical one (Figure 5(a)). A trial-and-error procedure
was used to obtain a shear-wave velocity versus depth profile
(Figure 5(b)). Once a satisfactory fit with the HVSR curve
was obtained, the geometry of the layers and layer velocities
were fixed to estimate the final value of V 30

S . A synthetic
curve was drawn by assuming a stratified one-dimensional
soil model and a microtremor wavefield [100] from distant
random Rayleigh wave sources (Figure 5(a)).
In other locations for which borehole information was not

available, the procedure introduced by [102] was utilized
to develop a new FF-based proxy measure for V 30

S . The
developed model (depicted in Figure 5(c)) is only applicable
when FF >2.5 Hz. The mean absolute difference between
V 30
S values from boreholes and those estimated by the afore-

mentioned empirical relation is ≈7%. In the end, V 30
S data

were used for the preparation of the shear-wave velocity
distribution map of the study area in the topmost 30 m of
sediments. Consequently, and based on our estimation, V 30

S
values for the study area stand between 180 m/s and 240 m/s
(Figure 5(d)).
The overburden ST is an important geological parameter

that significantly contributes to spatial variations in ground
motion during an earthquake. Several studies [103]–[105]
have shown that microtremor measurements can be used to
map ST. According to [103], the FF of any sedimentary
layer is closely related to its thickness (ST) through the
relation:

ST = a× FFb (4)

where a and b are empirically-determined constant parame-
ters. More particularly, a and b are determined from regres-
sion analysis between overburden ST and FF. Besides, the
developed equation is illustrated by Figure 6(a).
Available borehole data with known thickness are used

as constraints for theoretical modeling of the HVSR curve
(Figure 6(a)). Without a constraint, infinite models can fit

the same HVSR curve. Thus, by assuming a stratified,
one-dimensional soil model for the wave field and for the
medium, a theoretical HVSR curve was fitted to the exper-
imental one to infer a subsoil model [97], [98], [105]. This
allowed classification of the sedimentary cover, which was
used for seismic hazard assessment. It can also guide the
choice of the optimal response spectrum in any future study,
at least when ST > 30 m. The distribution of the V 30

S param-
eter categorized soils in the study area into C and D types,
as per the classification of the Building Seismic Safety Coun-
cil [99], as shown in Figure 6(b).

The HVSR of microtremors was calculated for sites close
to boreholes, where the thickness of the sedimentary cover
was known. The empirical relation between ST and FF of
the main peak in the H/V spectral ratios was calculated
(Figure 6(a)). The new relationship, validated for the area of
Yanbu’ Al-Bahr, yields better estimates of the thickness of the
ST cover (Figure 6(b)). Across the study area, loose fine to
medium sand deposits was observed located between the sur-
face and a depth of 15 m below, with a very shallow ground-
water table (<1m). A thin surficial layer (2–5 m) of compact
shattered coral reef was also observed. This layer is underlain
by a thick layer of very loose to loosen fine sand with some
recorded gravel and/or silt deposits (6–8 m) below ground
level. Some areas also show a dense to a very dense layer
of silty sand with gravel and cobbles. South of Yanbu’ city,
coral limestone is interbedded with fine coralline sand, which
is dense to very dense in deeper parts of the layer [78]. It was
observed that the central part of the study area is characterized
by a thick section of soft sediments, which can amplify
ground-shaking intensity four to five times more than that of
the underlying bedrock. Using all of the noise measurements
carried out in the area, the new equation allows us to calculate
ST over a wider area. Our results confirm the suitability of the
H/V ratios of seismic noise as a geophysical exploration tool,
at least in geological structures with significant impedance
contrast between sedimentary layers and bedrock.

In the present study, microtremor measurements were
made at several sites where ST is known from boreholes and
seismic refraction studies [78]. These data were then used in
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FIGURE 5. (a) Correlation between theoretical modeling of the HVSR curve (blue line) transfer function with the average HVSR curve (red line)
to estimate V 30

S model shown in panel (b). (c) Fitting of V 30
S values calculated from borehole data vs. fundamental frequency from HVSR

spectral ratio (d) Spatial distribution of the effective soil strength in terms of shear-wave velocity in the upper 30 m (V 30
S ).

FIGURE 6. (a) Fitting of the fundamental resonant frequencies calculated from HV spectral ratio vs. ST from borehole data (a), the solid line
represents a fit to data points and overburden ST (b) ST thematic layer distribution in the mapped area.

non-linear regression analysis using OriginLab [108], [109]
to estimate the relation constants and ST.

A new empirical equation was developed for the Yanbu’
Al-Bahr region, with an acceptable coefficient of determi-
nation (R2 = 0.89), as shown in Figure 6(a). The mean
absolute difference between ST values from boreholes and
those estimated using the HVSR method was ≈9%. The
overburden thickness in the study was consequently found
to vary between 2–15 m but is predominantly in a range

of 3–6 m (Figure 6(b)). This shows that the most vulnerable
areas to seismic hazards are those associated with thick to
very thick sedimentary cover.

C. SEISMIC VULNERABILITY INDEX (kG) AND PEAK
GROUND ACCELERATION (PGA)
When seismic waves pass through sediments, pore pres-
sure increases, the structure of sediments is distorted, and
loosely-packed soils collapse. In this process, sediments can
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FIGURE 7. (a) Spatial distribution of the seismic vulnerability index kg. (b) Contour map of the simulated peak ground acceleration in the mapped
area utilizing the SMSIM stochastic ground motion simulation technique [106], [107].

lose strength, and behave as a viscous liquid, leading to very
hazardous soil damage [110]. To identify areas susceptible
to soil damage and/or liquefaction and to define the level
of soil vulnerability to deformation, [111] used the seismic
vulnerability index (kg).

Damage to buildings due to seismic vibration depends very
much on their structures and local geological conditions [16].
According to [111], damage from earthquake vibration can
be minimized or controlled if the ground vulnerability index
(calculated from HVSR microtremor data) is properly fol-
lowed at the time of building construction. The seismic vul-
nerability index map prepared in this study (Figure 7(a))
reveals a wide range of kg values (0.3–230). The majority of
mapped areas are covered by the lowest kg values and thus
categorized as L or earthquake damage-free zones. The high-
est values of kg are observed in the central and southern parts
of the study area. These areas may suffer significantly from
earthquakes emanating from nearby seismic source zones,
especially from Zones 1 and 4 (Figure 3(b)).

Recently, a good correlation between kg values and the
distribution of earthquake damage was reported [112]. This
index is therefore useful for the detection of weak zones
(i.e. areas of unconsolidated sediment) during earthquakes.
The kg indexmap utilizes strains in local structures to identify
potential hazard zones [110].

The estimated values of FF and SA parameters, obtained
from HVSR analyses, enable the determination of kg levels.
Generally, areas that experience major damage from earth-
quakes attain kg values of 20–100, whereas areas with less
or no damage exhibit kg values under five [110]. A contour
map for the study area, as per the classification of kg values,
is given in Figure 7(a).

Many efforts have been exerted to study the strength
of the shaking is commonly estimated by reference to
intensity scales that describe the effects in qualitative
terms [113]–[116]. Another important point of seismic hazard
analysis is the assessment of ground motion attributes for a
chosen site. PGA is frequently used as a hazard quantifier [2]
and provides an overall quantitative approach to determining
seismic hazard [117].

Unlike other studies that focus on the probabilistic seismic
hazard assessment [118], [119], in this study, deterministic
seismic hazard analysis (DSHA) was employed to calculate
PGA values [120]. The DSHA approach uses known seismic
sources sufficiently close to the site and available seismic
source parameters and geological data to generate discrete,
single-valued models of ground motion at the mapped site.
Ground motions are estimated deterministically, given mag-
nitude, source-to-site distance, and site conditions [121]. For
DSHA and determination of PGA, seismicity parameters for
each identified source zone were used to define the probable
hazardous earthquake and its maximum credible magnitude
(Mmax) affecting the mapped area.

[122] noted that, for earthquakes with small to M magni-
tudes occurring over a large period, the frequency-magnitude
distribution (FMD) can be used to estimate the seismicity
parameter a (exhibits significant variations from region to
region) and the b-value (related to the tectonic characteris-
tics of the mapped region) to an acceptable degree of accu-
racy [123]. Furthermore, FMD can also be used to calculate
the degree of completeness of the magnitudes (Mc) for each
zone. In the present study, these parameters were determined
through regression analysis of the FMD data [124] using
the maximum likelihood method [125]. The maximum cred-
ible earthquake magnitude (Mmax) was estimated using the
Bayesian procedure [126], in which seismic parameters are
treated as random variables and uncertainty of the b-value is
taken into account.

Table 1 compares observed and predicted maximum cred-
ible earthquake magnitudes, with the b-values of the outlined
source zones depicted in Figure 3(b).
Earthquake catalogs from various local and national/

international sources were utilized to estimate various seis-
micity parameters (a, b, and Mc values). Figure 3(b) shows
the spatial distribution of observed seismicity, which indi-
cates that the study area is located at an L-seismic zone.
However, H-intensity earthquakes in the surrounding area
(such as the Al-Ays event) have created significant distress
in the area. Large numbers of faults/lineaments systems can
be detected within and around the study area. Nevertheless,
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TABLE 1. Seismic hazard parameters for the four source zones.

the most active systems are in the northeastern part which has
produced relatively tangible earthquakes in the past (3.5 <
Mw < 5.7). Based on the observed seismicity and the
local tectonic framework, four source zones influencing the
study area in different ways were delineated as shown in
Figure 3(a). In the case of the first two zones (Z1 and Z2),
the origin of peculiar seismicity is not yet properly known.
Consequently, it is still unclear whether the seismicity in
these zones is caused bymagma intrusion through extensional
faulting, tectonic processes, or temporal coupling/mechanical
interaction between tectonic and magmatic processes [64].
Dense-clustering of earthquakes in the first and fourth seismic
zones (See Figure 3(a)) is attributed to the accumulation of
stresses as a result of intra-plate and rifting-related tectonic
activity, respectively [54], [58], [59].

Table 1 indicates the obtained results of the FMD for each
seismic zone that is computed by the maximum-likelihood
method [125]. The L and b-values in Z1 and Z4 are well
correlated with frequent occurrences of M to large mag-
nitude earthquakes, whereas the higher b-values in Z2 and
Z3 match well with the occurrence of L-magnitude earth-
quakes. Mmax for these seismic zones were calculated using
Kijko’s Bayesian approach [126].

To identify controlling seismic sources for maximum
potential ground motion in the four seismotectonic zones, the
bedrock PGA value at Yanbu’ city center was first empirically
estimated using the regional attenuation relationship of [128].
For this purpose, the Mmax value of each zone (Table 1) and
its shortest distance from different sources was considered.
The lowest PGA value of 0.02 g was ascertained for the third
zone (Z3), while the highest PGA value of 0.05 g was gauged
to a maximum credible earthquake ofMmax = 6.7 during the
Al-Ays event.

In this case, the highest PGA value exceeded (by > 23%)
that of other seismic source zones. Consequently, the Al-Ays
earthquake was selected as a controlling source for the assess-
ment of the final DSHA and to obtain the various PGA
values within the mapped region after incorporating source,
attenuation, and site-specific characteristics.

Several researchers investigating strong ground motion
synthesis using regular grid points have used the stochastic
ground motion simulation technique [106]. This technique
has also been successfully utilized for the estimation of PGA
under various seismotectonic conditions [2], [129]–[133].

The method includes subdividing the fault plane into a
certain number of sub-faults, each of which is assigned
an ω−2 spectrum [134]–[136]. A slip distribution model,

derived from previous studies of the Al-Ays earthquake, was
used to specifically account for the source effect. Contri-
butions from all subfaults were then empirically attenuated
to the observation sites, where they were summed to produce
the synthetic acceleration time history. With this technique,
the H-frequency part (in the range of 1–10 Hz) of the seismic
signal is treated as a random function [137]. Model param-
eters used for the simulation analysis are listed in Table 2.
The hypocentre distance from each grid point is taken to
be the shortest distance from the lineament or fault. The
cut-off frequency parameter (fmax ≈ 10 Hz) is considered
sufficient [137] to generate strong ground motion in the study
area. The orientation of the fault model used in the present
study was derived from the focal mechanism of the main
shock (Figure 3(b)).

The dimensions of the fault were chosen based on the
spatial distribution of the aftershocks that occurred during the
first two hours after the mainshock and the source rupture
process. To develop the PGA attribute layer and to avoid
minor fluctuations, specific ranges of the predicted PGA val-
ues were zoned through contouring (Figure 7(b)). The PGA
layer for the study area was classified into five broad classes,
with the highest value of 0.05g observed in the central and
northeastern parts and the lowest value of 0.03g recorded in
the southeastern part of the study area.

Previous studies have indicated that H-frequency earth-
quake motions are taken as band-limited Gaussian noise with
ω-squared mean spectrum [104], [131], [132], [134], [138].
For purposes of the present study, the ground motion of
the 2009 Al-Ays earthquake was simulated using a widely
applied stochastic method. The northern part of the study
area (near the Al-Ays earthquake active zone) is characterized
by higher PGA values compared to other parts (as evident
from the PGA layer in Figure 7(b)). The southeastern part of
Yanbu’ city is, however, dominated by L to M PGA values.

V. DEVELOPED SEISMIC HAZARD, SUITABILITY
ASSESSMENTS MAPS, AND RESULTS
A. ATTRIBUTES CLASSIFICATIONS
For the development of the final seismic hazard model,
previously estimated thematic hazard parameters/layers were
organized and further classified into sub-ranges using the
equal interval division method. Spatial coverage of the uti-
lized layers in the application of GIS was accomplished to
enable the classification and grading of different spatial maps
(Figures 4 - 7). The first and second layers, correspond-
ing to SA and FF parameters, were incorporated to address
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TABLE 2. Input parameters for the stochastic ground motion simulation method.

generic hazard conditions affecting the distribution of urban
and industrial buildings due to earthquake ground vibration.
The third ST layer implicates the process by which seismic
waves rebound, leading to SA. The fourth SS layer is defined
on the principle of effective shear-wave velocity. The soil
damage potential, measured in terms of kg (the fifth layer),
is recognized to be a determinant of urban seismic hazard,
particularly for structures near natural water bodies. The final
layer is the PGA, constituting the deterministic hazard based
on the maximum expected magnitude (Mmax) from nearby
earthquake sources.

To derive the weight and rate for each layer, AHP anal-
ysis was applied to selected thematic layers. This involves
clustering the decision problem into a hierarchy of more
easily comprehended sub-cases that can be analyzed indepen-
dently [24] and making judgments on the relative importance
of pairs of elements and synthesizing results. Subsequently,
the various layers affecting the seismic hazard model are
evaluated systematically by comparing two simultaneously.
In this respect, six parametric scales based on relative impor-
tance are assigned. The first scale gives equal importance to
the two factors involved, while the sixth one indicates that
one factor is more significant than the other. In addition, the
corresponding reciprocals of these scales show that the first
one is less important than the others [24]. In our case, the
lowest importancewas given to the SS layer, while the highest
one was assigned to the FF layer. A higher ranking was
assigned to the mapped area dominated by lower FF values,
to facilitate hazard assessment.

Following the Saaty’s comparison scale [92], [93], we have
prioritized and classified the factors used in the implemented
AHP approach, which has been implemented in the utilized
Expert Choice software. Table 3 compares the assigned scales
for achieving priority. Each class of these scales is ranked
based on its expected seismic hazard potential. The assigned
rankings for the Yanbu’ Al-Bahr area are 1 2, 3, 4, and 5,
corresponding to areas with VL, L, M, H, and VH seismic
hazard potential, respectively. More particularly, these ranks
have been adapted by the calculations done by a software
package supporting the AHP, called Expert Choice. Cor-
responding ranks are then assigned to each thematic layer

according to its expected contribution to the overall seismic
hazard potential and relative weights for each element of the
hierarchy are computed. The initial integral ranking (Ri) of
each thematic layer was normalized to ensure that no layer
exerts an influence beyond its determined weight, as given
by:

Rl =
Ri − Rmin
Rmax − Rmin

(5)

where, Rmin, and Rmax denote the normalized, assigned min-
imum, and maximum ranks respectively. More concretely,
Rl is a standard normalized equation from observed mini-
mum and maximum values of the layer weight. The weights
obtained for the six thematic layers were SS (0.2857),
ST (0.2381), kg (0.1905), PGA (0.1429), SA (0.0952), and
FF (0.0476). Normalized ratings for these thematic layers
are given in Table 4. A CR value of 0.0405 was obtained,
indicating that the constructed matrix has an acceptable level
of consistency [24] and a dynamic sensitivity analysis was
applied to investigate the stability and consistency of the
rankings under different weighting criteria. Figure 8 provides
a tree diagram of all criteria and sub-criteria to determine the
final implemented AHP weights.

Higher SA values (>3.97) can generally be observed along
the coastal area with a relatively thick sedimentary cover.
For constructing the AHP hierarchy, the SA layer was clas-
sified into five categories, i.e., VL (<0.78), L (0.78–2.38),
M (2.38–3.97), H (3.97–5.57), and VH (>5.57) (Figure 9).
Areas with H and VH SA values are the most vulnerable
to earthquake-related hazards. On the other hand, and as
indicated in Figure 9(b), the Yanbu’ region exhibits varied FF
values (from aminimum of 1.4 Hz to a maximum of 7.21 Hz).
The majority of the mapped area reveals L FF values
(1.4–2.57 Hz). However, some localized areas indicate M
to VH FF values (most vulnerable places for future hazard
events). The same five classes i.e. VL (<2.57), L (2.57–3.73),
M (3.73–4.89), H (4.89–6.05), and VH (>6.05) were used to
categorize the FF attribute layer.
V 30
S values for the study area stand between 180 m/s and

240 m/s, and SS values were classified into three categories:
L (180–200 m/s), M (200–220 m/s), and H (>220 m/s)
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TABLE 3. Pairwise comparison matrix of themes and their normalized weights.

FIGURE 8. Criteria and sub-criteria to determine the final implemented AHP weights.

FIGURE 9. SA and FF thematic maps classifications.

(Figure 10(a)). The overburden thickness in the study was
consequently found to vary between 2–15 m but is predom-
inantly in a range of 3–6 m. The ST map prepared for the
study area was thus classified into five categories: very thin
(<3 m), thin (3–6 m), medium (6–9 m), thick (9–12 m), and
very thick (>12 m) (Figure 10(b)). This shows that the most
vulnerable areas to seismic hazards are those associated with
thick to very thick sedimentary cover.

A contour map for the study area, as per the classifi-
cation of Kg values, is given in Figure 11(a). This shows
that, within the study area, Kg values are in the range of
0.3 and 230, and can be classified into four zones: L (<5),
M (5–10), H (10–20), and VH (>20). The PGA layer
for the study area was classified into five broad classes,
with the highest value of 0.05g observed in the cen-
tral and northeastern parts and the lowest value of 0.03g
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FIGURE 10. SS and ST thematic maps classifications.

FIGURE 11. Kg and PGA thematic maps classifications.

recorded in the southeastern part of the study area
(Figure 11(b)).

It is worth mentioning that the AHP approach suffers
from decision bias and rank reversal as well as many other
decision-making approaches such as the Borda-Kendall (BK)
method for aggregating ordinal preferences, the simple addi-
tive weighting (SAW) method, the technique for order prefer-
ence by similarity to ideal solution (TOPSIS) method, and the
cross-efficiency evaluation method in data envelopment anal-
ysis (DEA). However, in the current study, the used Expert
Choice Software ensures that the rank reversal phenomena
is managed and eliminated through the use of five types
of sensitivity analysis built into Expert Choice: Dynamic
(used to dynamically change the priorities of the objectives
to determine how these changes affect the priorities of the
available choices), Performance (shows how the alternatives
were prioritized relative to other alternatives with respect to
each objective as well as overall), Gradient (shows the alter-
natives’ priorities concerning one objective at a time), Head-
to-head (shows how two alternatives compared to one another
against the objectives in a decision), and Two-dimensional
plot (shows the alternatives’ priorities for two objectives at a
time).

B. HAZARDS AND APPROPRIATENESS
Several geological and seismological influential criteria were
taken into consideration for the appraisal and categorization
of Yanbu’ in terms of its earthquake triggering attributes for
urban developments. Due to the inclusion of many require-
ments/criteria, landuse appropriateness analysis has grown
increasingly complex as a result of the principles of sustain-
able development.

Assigning relative weights to the many factors involved in
determining the appropriateness of Yanbu’ for urban devel-
opment and land use was quite challenging. As a result,
a strategy that allows for weight estimate using the AHP was
utilized.

The GIS is a sophisticated tool for geographic and
attributes data entry, storage, retrieval, modification, and
analysis, as well as output. Land-use appropriateness analy-
sis, on the other hand, necessitates the handling of both spatial
and attribute data in several data layers. As a result, it’s a good
idea to utilize GIS to make use of its powerful geographical
data processing capabilities. As a result, combining GIS and
AHP with land suitability research is expected to yield pos-
itive results. The findings of using GIS and AHP to analyze
land-use appropriateness are presented in this study.
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TABLE 4. Normalized weights and ranks assigned to the respective themes and the features used for the thematic integration.

FIGURE 12. Seismic hazard index (SHI) map.

Six criteria are utilized in the preparation of the final
landuse suitability map. Each landuse thematic layer is orga-
nized in the form of one map layer in GIS. The overlay of
these thematic map layers in GIS produces a composite map
of urban development suitable and none suitable zones.

In this study, different scenarios were simulated for
assigning weights to different layers. The expert judgment
approach [139]–[141] was used initially to generate subse-
quent scenarios. For each criterion, the weight was increased
by ≈5–9% after deducting this proportion equally from the

FIGURE 13. Site suitability in Yanbu’ area.

weights of other criteria. All pairwise comparisons, eigenvec-
tors, weights, and CRs were calculated using Expert Choice
software [142].

In order to identify areas susceptible to potential seismic
hazard risks, a powerful and flexible AHP technique was
employed to construct a seismic hazard map for Yanbu’ city,
western Saudi Arabia. The AHP technique was used to gener-
ate an integrated seismic hazard map, with special emphasis
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on the identification and characterization of major parameters
that can affect the study area significantly. Based on AHP
analysis, six hazard layers were indicated and an integrated
seismic hazard map was produced using the GIS platform
(Figure 12). It is worth noting that in the literature context,
many efforts have been exerted to study the landslide effect
on seismic hazard [143], [144]. However, the importance of
this phenomenon, in the present study, these aspects are not
considered remarkable factors because the digital elevation
model of the studied area indicates a very low slope, which
eliminates the chance of severe landslides. In the developed
seismic hazard index map (See Figure 12), part of Yanbu’
city is classified as an L-hazard zone, but with few pockets
of H-hazard potential, especially in central parts and, to a
lesser extent, southeastern parts (leading to the classification
of the area as class D). The central H-hazard clusters are
mainly attributed to thick sediment cover that is characterized
by a relatively H shear-wave velocity (V 30

S ). Other pockets
of relatively H-hazard are located in the western part of
the study area (along the Red Sea coast), possibly due to
H susceptibility to liquefaction. Interestingly, the Class-C
zones in the area exhibit an L level of hazard potential, which
may be due to overburden thickness.

Finally, an integrated seismic hazard index (SHI) map
for the study area was constructed after combining the six
thematic layers along with their corresponding weights and
ranks. Using the weighted linear combination method [36],
all parameters were summed up after applying respective
weights to each layer to yield an SHI map (Figure 12).
Mathematically, the SHI summation is a standard equation
from weight and rank of each layer (standard weighted sum),
which can be expressed as equation (6), shown at the bottom
of the page, where the subscripts w and r indicate the weight
and ranking of the corresponding thematic layer. Based on
the SHI values (ranging between 0.142 and 0.726), the SHI
map was divided into five seismic hazard zones (VL, L, M,
H, and VH). Areas with SHI values from 0.142 to 0.259 were
qualitatively termed as VL-hazard zones, those with values of
0.259–0.376 as L-hazard zones, those with values of 0.376–
0.492 asM-hazard zones, those with values of 0.492–0.609 as
H-hazard zones, and those with values>0.609 as VH-hazard
zones.

As evident from the map, H-hazard zones dominate the
central part of the study area with notable sedimentary
cover. The M and intermediate hazard regions are located in
the terrain between the eastern and southern Yanbu’ areas,
while higher hilly areas exhibit an L to VL-hazard index.
More specifically, Yanbu’ city is located within an H-hazard
zone and is surrounded by a VH seismic hazard zone. The
land suitability map for Yanbu’ is shown in Figure 13 has
been created, based on the linear combination of each used

factor. The AHPmethod was applied to determine the relative
importance of all selected factors. The total suitability score
‘‘Si’’ for each land unit (i.e., each raster cell in the map) was
calculated from the linear combination of suitability score
obtained for each factor and criteria involved. Each factor
in the last layer was classified into four suitability classes
and their suitability scores were presented in the standardized
format ranging from least suitable to most suitable. Finally,
the total suitability score from each factor was assembled
to create a site suitability map depicted in Figure 13. The
Building Seismic Safety Council (BSSC) [145], which deals
with the complex technical, regulatory, social, and economic
concerns involved in establishing and promulgating building
earthquake risk-reduction procedures, was used to generate
the final seismic hazard index map. This is why we divided
our map into five categories in order to provide a decent
overall estimate of the seismic risk in the region. For site-
suitability categorization, on the other hand, we use the FAO
Land suitability classifications to describe degrees of appro-
priateness [146], [147].

VI. CONCLUSION
Due to the western coast of Saudi Arabia being susceptible
to natural disasters with vulnerability exacerbated by lack of
preparation, it has become strictly desired to implement more
investigations. Yanbu’ Al-Bahr, a major Red Sea port, pro-
vides an excellent example. In this study, six hazard param-
eter layers have been considered. Besides, weight and rank
values have been determined during AHP and assigned to
each layer and its corresponding classes. We have integrated
a seismic hazard map supported by GIS. Afterward, we have
classified the study area into five hazard categories, namely,
VL, L, M, H, and VH. It can be concluded from the final
seismic hazard map that large parts of Yanbu’ city and the
wider surrounding area are prone to M to H levels of seismic
hazard. The integrated seismic hazard index map constructed
in this study thus provides a regional picture of seismic hazard
zones in Yanbu’ city and the surrounding areas, which can
be used as a background map for planning any future con-
struction taking into account the identified seismic risk zones.
Furthermore, it is recommended that different stakeholders
can use the seismic hazard map produced in the current study
as a platform for future land-use planning and environmental
hazard management. Finally, current research is an integrated
approach to seismic hazard and site suitability development
by identifying appropriate sites and constructing a methodol-
ogy to assess sustainability by matching the characteristics of
an area with those attributes most appropriate. This approach
has been proven beneficial for supporting decision-making
for planning urban facilities and resource utilization for sus-
tainable development.

SHI =
SSw × SSr + STw × STr + kgw × kgr + PGAw × PGAr + SAw × SAr + FFw × FFr∑

w
(6)
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