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Estimating shear wave velocity
and site characterization of
western Riyadh City, Saudi Arabia
based on multichannel analysis
of surface waves

Kamal Abdelrahman*, Abdullah B. Saadon and Saleh Qaysi

Department of Geology and Geophysics, College of Science, King Saud University, Riyadh,
Saudi Arabia

The site characterization process is vital for the engineering structures and
earthworks. In the current study, a Multi-Channel Analysis of Surface Waves
(MASW) was carried out in western Riyadh City, Saudi Arabia. This aimed to
determine subsurface geology, material stiffness, and potential weak zones
approximately down to a depth of 30 m, and to propose the suitable seismic
site characterization for precise foundation design. A total of 30 MASW lines
were executed utilizing the Geode digital seismograph equipped with a 24-
geophone array of 4.5 Hz. The data acquisition, processing, and inversion
were meticulously calibrated to derive shear velocities representing subsurface
geological conditions. The Vs30 map, based on estimated values ranging from
443.71 m/s to 639.78 m/s for soil, was prepared for the area. The results
of the 1D and 2D Vs profiles tinted small Vs values at shallow depths. The
resulting geological model is composed of sand, gravel, moderately weathered
limestone, and hard limestone sequence. Analysis of shear wave velocities
shows variations, indicating low shear velocity (representing sediments or rocks
of low stiffness) juxtaposed with higher velocity layers (indicating rocks of
higher stiffness) at depths greater than 10 m. This could imply the presence
of a cavity or weak zone. The topmost shear wave velocity zone indicated
materials with low Vs values (ranging from 180 m/s to 360 m/s), predominantly
associated with stiff materials such as silty sand, gravel, and sandy deposits.
The subsequent zone, with 3 to about 10 m depth, was characterized by
medium to very dense soil with shear wave velocity values ranging from
360 m/s to 760 m/s, attributed to layers of silty clay and silty sand. At
approximately 12 m, a high shear velocity layer (ranging from 760 m/s to
1,500 m/s) was identified, extending to a maximum depth of 22 m, potentially
indicative of less weathered or fractured bedrock associated with limestone.
While the deepest layer, with very high shear velocity (exceeding 1,500 m/s)
beyond 22 m, indicated bedrock associated with hard limestone. The average
Shear-wave velocity of soil for the whole study area (Vs30 = 551.2 m/s)
suggests that the site can be classified as Class C (Very Dense Soil and Soft
Rock) according to the National Earthquake Hazard Reeducation Program
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NEHRP (National earthquake hazards reduction program, 2001). These results
will support, to a great extent, the design of engineering structures in the
area of study.
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MASW, shear wave velocity, site characterization, Riyadh, Saudi Arabia

1 Introduction

The need for information regarding soil conditions, elastic
moduli, bedrock depth, ground stiffness, and site classification
has intensified due to population growth, rapid urbanization,
and the expansion of city infrastructure. Providing this essential
information is crucial for the safe design, construction, and
long-term functionality of urban developments. Insufficient
or inadequate soil assessment can lead to unsound design,
potentially causing severe structural damage or failure. Therefore,
comprehensive geophysical site characterization is pivotal in
identifying suitable locations for proposed structures, ensuring
the prevention of unexpected catastrophic consequences for
engineering projects and human life (Rahimi et al., 2021;
Stephenson et al., 2022).

A thorough comprehension of the soil type, attributes, and
competent bedrock is highly significant for geotechnical and
earthquake engineers. This knowledge aids in appropriately
selecting sites, designing engineering structures, and
recognizing potential adverse conditions within the study
area, allowing for the implementation of suitable remedial
actions (Oyeyemi et al., 2020; Ausilio et al., 2022). Analyzing the
underground geological features to categorize site suitability and
evaluate potential risks is a crucial method to safeguard both
engineering structures and human life from unforeseen catastrophic
events in the future.

Shear wave velocity (Vs) is a fundamental parameter in
geological engineering due to its relation to the small-strain shear
stiffness, as well as Vs distribution is essential for assessing the
dynamic behavior of soil/rocks. There are several geophysical
approaches for the evaluation of in-situ Vp and/or Vs and
obtaining a 1D Vs profile or 2D Vs cross-sections versus depth
(e.g., Al-Saigh and Al-Heety, 2013; AL-Saigh & AL-Heety, 2018;
Abdelrahman et al., 2021a; 2021b). This important parameter
can be precisely obtained using surface geophysical methods
to evaluate the appropriateness of surface materials for roads,
building constructions, and foundations like MASW methods
(Socco and Strobbia, 2004; Fnais et al., 2015; Abd El-Aal et al.,
2016; Al-Amri et al., 2016; Rehman et al., 2016; Aldahri et al., 2017;
Abdelrahman et al., 2020; Alamri et al., 2020; Igwe and Umbugadu,
2020; Mogren et al., 2020; Naji et al., 2020; Al-Heety et al., 2021;
Almadani et al., 2021; Alzahrani et al., 2021; Abdelrahman et al.,
2021c; El-Raouf et al., 2021; Abdallatif et al., 2022; Al-Heety et al.,
2022; Ayele et al., 2022; Ferguson and Gautreau, 2022; Jusoh et al.,
2022). This method is dependable, non-invasive, and cost-effective
in engineering practices. It aids in identifying potentially unsuitable
geological conditions, evaluating the small-strain stiffness of
soil and rock, conducting foundation instability analysis, and

categorizing site suitability (Le Ngal et al., 2019; Rubaiyn et al., 2019;
Ishola et al., 2022).

Rayleigh waves traveling from the surface to the subsurface
are employed to assess the shear wave velocity (Vs) using
the dispersion curve. Consequently, the average shear wave
velocity (Vs30) is determined from the measured Vs to classify
the site for analyzing site response, designing earthquake-
resistant structures, and ensuring safe building construction
(Cultrera et al., 2021; Wang et al., 2022). This parameter also
serves as a crucial geotechnical factor for acquiring the dynamic
properties of near-surface soil, essential for engineering designs of
projects varying from small to large scales, such as roads, buildings,
and highways.

The MASW method, a non-destructive seismic technique
developed primarily for shallow geophysical inquiries, has been
widely applied over the last two decades for soil characterization
(Park et al., 1999; Park et al., 2004; Socco and Strobbia, 2004;
Foti et al., 2011; Khalil et al., 2017; Geraldine C et al., 2018). Its
popularity stems from its ease of generation, recording, and
processing, as well as its effectiveness and reliability. This approach
relies on the propagation of surface waves, primarily Rayleigh
waves, operating on the principle of Rayleigh wave dispersion.
This principle states that Rayleigh waves travel at various velocities
across different frequencies through an inhomogeneous soil
medium, forming a dispersion curve (phase velocity vs. frequency).
By employing an efficient inversion technique, these dispersion
curves can be transformed to acquire a 1-D (depth) shear wave
velocity (Vs) profile of the surveyed site. Combining multiple
1-D profiles constructs the final pseudo 2-D cross-sections
of the area (Miller et al., 1999).

Several methods have been suggested for interpreting surface-
wave dispersion curves, encompassing local search approaches
relying on the Jacobian matrix (Xia et al., 1999) and global
search methods that probabilistically solve the optimization
problem (Socco and Boiero, 2008). A layered soil/rock model
is commonly used in resolving a 1-D problem. In this model,
the phase velocity of the Rayleigh wave is contingent upon the
frequency and four material properties: layer thickness, density,
P-wave, and S-wave velocities. Notably, shear wave velocity
significantly influences the dispersion curve in the high-frequency
spectrum (Xia et al., 1999).

The multi-channel Analysis of Surface Waves (MASW)
method has become a cornerstone technique in various scientific
and engineering disciplines due to its wide array of practical
applications. In geophysics, MASW is instrumental in subsurface
imaging, enabling precise characterization of soil properties,
geological structures, and bedrock depths. This capability finds
extensive use in civil engineering for site characterization,
foundation design, and seismic hazard assessment, ensuring
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FIGURE 1
Location map of study area.

the safety and stability of infrastructure projects. Moreover,
MASW plays a crucial role in environmental studies, facilitating
groundwater exploration, contaminant plume mapping, and
land-use planning.

One of the key strengths of the MASW method is its
non-invasive nature, which allows for the characterization of
subsurface properties without the need for drilling or excavation.
This not only reduces costs and environmental impact but also
enables investigations in areas where traditional methods may
be impractical or prohibitive. Its non-invasive nature and high-
resolution imaging capabilities make MASW particularly valuable
for geotechnical investigations, aiding in slope stability analysis,
subsurface mapping, and infrastructure integrity assessments.
Moreover, MASW is particularly useful in urban environments
where access to the subsurface is limited. Its ability to collect
data rapidly and over large areas makes it well-suited for assessing
the geotechnical properties of urban infrastructure, such as
roads, bridges, and pipelines. By providing detailed insights

into the subsurface, MASW contributes to informed decision-
making processes across various domains, ultimately enhancing
our understanding of geological processes, and improving disaster
resilience measures.

The research site holds significant importance, being part
of one of the prominent national projects in the Kingdom of
Saudi Arabia, aligned with the ambitious Vision 2030 plan.
Situated close to Riyadh and Al-Muzahmiah, two major urban
areas experiencing rapid urban expansion, the area requires
essential infrastructure and roads to support the burgeoning
residential developments nearby. Hence, it has become imperative
to perform engineering geological assessments of this area to
appraise its appropriateness for urban expansion, sustaining
critical projects, scrutinizing near-surface structures, assessing
bedrock conditions, determining soil dynamics, evaluating the
stiffness and load-bearing capacity of surface soil, and identifying
areas of vulnerability that should be circumvented during
construction.
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FIGURE 2
Geological map of study area (modified after Manivit et al., 1985).

During data collection, various noise sources, such as electric
poles, were identified in the study area. The primary aim of
this research is to explore potentially risky subsurface geological
aspects through MASW seismic surveys. This investigation

seeks to determine if the study area is viable and appropriate
for secure construction and resilient facilities. Achieving this
involves estimating the average Vs30 and determining the
necessary site classification for establishing a secure foundation.
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TABLE 1 Shear wave velocity (Vs) of some earth materials (NEHRP, 2001, National Earthquake Hazards Reduction Program).

Site class Earth material Average shear wave velocity

A Hard rock >5,000 ft/s (>1,500 m/s)

B Rock 2,500–5,000 ft/s (760–1,500 m/s)

C Very dense soil and soft rock 2,500–5,000 ft/s (360–760 m/s)

D Stiff soil 1,200–2,500 ft/s (180–360 m/s)

E Soft clay soil <600 ft/s

FIGURE 3
Location of MASW arrays in the study area.

Ultimately, this research will provide construction engineers
with preliminary insights into the subsurface layers’ structure
and soil characteristics, potentially reducing both the time
and costs associated with construction development in the
study area.

2 Location and geological setting of
the study area

The Qiddiya site is positioned to the southwest of Riyadh
city, situated between 24°34′12″N latitude and 46°18′36″E

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2024.1395431
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Abdelrahman et al. 10.3389/feart.2024.1395431

TABLE 2 MASW data acquisition parameters.

Energy/source Sledgehammer (10 Kg)

Geophone 24 geophones of 4.5 Hz frequency

No. of Stacks 3–5

Geophone distance 1 m

Length of spread 125 m

Shot position Every 5 m interval

Recoding time 0.25 s

Sampling 0.125 m

Filter Out

Delay 0 m

longitude (Figure 1). It is approximately 40 km away from the center
of Riyadh, running along the Mount Tuwaiq escarpment within
the study area, covering an extensive 334 square kilometers. This
location marks an ambitious project, distinguished by its distinctive
mountainous landscape, encompassing various elevated terrains.

In Saudi Arabia, the Jurassic sequence is manifested through
the Shaqra Group, consisting of seven formations, ordered
from older to younger: Marrat, Dhruma, Tuwaiq Mountain
Limestone, Hanifa, Jubaila, Arab, and Hith formations (El-Asa’ad,
1989). The sedimentary formations on the Arabian platform,
located below Riyadh and spanning over 2 km in thickness, are
primarily composed of shallow marine basin deposits, consisting
mainly of carbonate and siliclastic materials with occasional
evaporites (Le Nindre et al., 1990). In the Riyadh vicinity, these
layers are predominantly constituted by Jurassic (145–200 million
years ago) and Cretaceous (65–145 million years ago) sedimentary
rocks, primarily characterized by marine limestones, claystones,
and marls (calcareous mudstones). Some of these sedimentary
rocks serve as aquifers, which are utilized by Riyadh. The Arabian
platform, in general, has been carved by southward-flowing seasonal
streams, shaping a series of channels and plateaus. These wadi
channels are filled predominantly with loosely consolidated, weakly
cemented alluvial deposits comprising silts and sands, potentially
forming shallow unconfined aquifers ranging from fresh to brackish
water sources.

The Qiddiya region lies adjacent to the Mount Tuwaiq
escarpment, which is situated within the study area. Tuwaiq
represents one of the sedimentary plateaus globally, positioned
on the Arabian shelf and running parallel to the eastern
edge of the Arabian Shield in Saudi Arabia. The geological
formations in the study area consist of diverse sedimentary rocks,
predominantly limestone interspersed with sandstone, gravel, clay,
and shale (Figure 2). The Tuwaiq Mountain Limestone attains
its maximum thickness, ranging between 200 and 250 m, from
the Darb al-Hijaz (type locality) to the Wadi Nisah area (latitude
24°15N). Gradually, it diminishes uniformly as it extends away from

this area towards both the north and south, where it reduces to a
thickness of 45–60 m at its northern and southern extremities.

The Tuwaiq Mountain Limestone Formation is one of the
seven formations within the Shaqra group in Saudi Arabia
(Manivit et al., 1990; El-Sorogy et al., 2016). Positioned above the
Dhruma Formation with an unconformity, it primarily comprises
carbonate deposits found in shallow-marine lagoon areas, rich
in stromatoporoids. These deposits are from the Middle to Late
Callovian age, totaling a thickness of approximately 295 m. It is
disconformably overlain by the Hanifa Formation with apparent
para-conformity in the outcrop (Al-Qahtani, 2013).

At Khashm Al-Qiddiyah section, the Tuwaiq Mountain
Limestone reaches approximately 190 m in thickness, primarily
consisting of shallow-marine lagoon carbonates. Its lower segment
comprises yellowish-green marls containing gypsum veinlets,
interspersed with thin fossiliferous limestone layers. The middle
section exhibits a sequence of fine-grained or gravelly bioclastic
limestones, topped by a conglomeratic limestone layer featuring
numerous silicified corals. Towards the top of the section, there’s a
massive bedded, chalky limestone with intermittent chert layers
and lenses. The uppermost portion, around 25–40 m thick, is
characterized by limestone-bearing corals, bioturbated limestone
caps the Tuwaiq Mountain Limestone.

3 Materials and methods

The Multichannel Analysis of Surface Waves method (MASW)
(Park et al., 1999) is classified as an active surface method. MASW
is a non-invasive seismic technique employed to assess the thickness
and shear wave velocity of soil columns (Park et al., 1999). Surface
wave techniques rely on determining shear wave velocity (Vs)
profiles by utilizing the dispersive characteristics of Rayleigh waves
as they travel through layered mediums. The MASW method
captures wave images through a wave-field transformation process,
resulting in a well-defined energy dispersion pattern. MASW is
frequently utilized to outline and map the topographical boundary
between soils and bedrock based on shear velocity (Table 1).

MASW examines the dispersion properties of specific seismic
surface waves, particularly fundamental-mode Rayleigh waves,
which propagate directly along the measurement surface from the
source point to the receivers.TheRayleighwave is among the various
surface waves that can be generated, being a prevalent type resulting
from the interference of compressional (P) waves and vertically
polarized shear waves (Sv) (Sauvin et al., 2016). By analyzing shear-
wave velocity, one can ascertain the characteristics of Rayleighwaves
and other elastic parameters. The calculation of in-situ shear wave
velocity using MASW primarily relies on the features of surface
wave propagation and velocity dispersion (Stokoe II et al., 1994a).
Consequently, the stiffness of subsurface materials can be evaluated
for geotechnical engineering purposes. A notable advantage of the
MASW technique, in comparison to other seismic methods, is its
capability to discern a low-velocity layer or zone beneath a high-
velocity layer or zone in diverse geological settings.

Recent research and practical applications demonstrate
the effectiveness of the method in accurately determining the
distribution of shear wave velocity (Vs30) in both soil and rock
(Ashraf et al., 2018). Additionally, it proves useful in estimating the
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FIGURE 4
Layout for MASW survey at field and geometry of MASW profile for data processing.

site class of shallow subsurface geology, offering practical guidelines
for implementation in real projects (Foti et al., 2018). The method
has also been shown to be applicable in less accessible areas with
alluvial deposits, using sparse MASW profiles with a fixed receiver
and multi-source offset geometry (Faisal Rehman et al., 2018).

3.1 MASW data acquisition

In this investigation, the Geode digital seismograph from
Geometrics, Inc., United States, equippedwith a set of 24 geophones,
was utilized for data collection at 30 specific locations (Figure 3).
Our primary objective involves determining the shear wave velocity
of subsurface layers to a minimum depth of 30 m (see Table 2). To
achieve this, the frequency content of the recorded data needed to

be sufficiently low to obtain phase velocities at longer wavelengths.
The lower frequency of signals means that a longer wavelength
of surface waves is recorded which, in turn, results in a larger
depth of investigation. To capture the lower frequency components
effectively, 24 vertically polarized 4.5 Hz geophones were employed.
The data acquisition for surface waves utilized a recording sampling
interval of 0.125 ms and a recording length of 0.25 s.

The main components of the field setup include the geophone
spacing and the offset range. The planar characteristics of surface
waves become evident only after a distance surpassing half of the
maximum desired wavelength (Stokoe II. K. H. et al., 1994). For the
MASW survey, the acquisition layout comprised a vertical sensor
array with a 1 m geophone spacing and a 5 m shot interval. A land
streamer was constructed with a 1 m geophone arrangement. Field
observations led to fixing the source-to-nearest-receiver offset at
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FIGURE 5
Top of the figure shows (A, B) two examples of shot gathers while the bottom part shows (C, D) the corresponding picked dispersion curves (black line)
for lines #16 and 28. The white dot indicates picks made along the dispersion curve.

10 m for each shot, chosen to attain the required depth (Figure 4).
The energy source for generating surface waves was a 10 kg
sledgehammer and metal plate throughout the survey. The standard
roll-along technique was employed to achieve a continuous shot
gather along a line spread of 123 m. Additionally, 21 shot points
were established for each 2D MASW profile. At each shot point,
three to five shots were taken to enhance the signal-to-noise ratio
and, consequently, improve data quality. This arrangement resulted
in a 2D section spread over a distance of 123 m. Figure 5 displays
two examples of seismic shot gathers along with the corresponding
picked dispersion curves.

The details of acquisition parameters and the configuration
of acquisition software for active MASW surveys were
outlined by Park et al. (2002). Data acquisition was conducted using
the Seismodule Controller Software (SCS) from Geometrics Inc.,
United States.

3.2 MASW data processing

The processing of MASW data was executed using “SurfSeis
5.” Each shot gathered comprised 24-channel data, but some
preprocessing was required for the shot to gather data. This
involved: I) Converting the raw seismic data format (SEG-2)
into the Kansas Geological Survey data processing format (KGS),
consolidating all shot gathers for processing into a single file.
Field geometry was assigned, and acquired data were compiled
into the roll-along mode data set. II) Preprocessing data involves
inspecting and removing bad records/traces. III) Examining the
consistency of surface wave alignment with neighboring shot
gather records. IV) Various factors, such as body waves and
higher mode surface waves, interfere and disrupt the analysis.

Although these noise sources can be partially controlled during data
acquisition, complete elimination is not possible. The prevalence
of such noise is typical with a greater offset distance between the
source and receiver. Identification and elimination of the above
noise were achieved through filtration and muting. V) Preliminary
processing aimed to evaluate the optimal ranges of frequency and
phase velocity.

The vital steps in analyzing the data to derive 2-D Vs
pseudosections for the study site were as follows: 1) Identifying the
surface (Rayleigh) wave from each shot gathered, 2) Generating
the dispersion curve and estimating curves from each record, 3)
Individually inverting each dispersion curve to obtain a variation
of Vs with depth for each record, and 4) Creating 2-D Vs
pseudosections by interpolating all obtained 1-D Vs models
sequentially based on the receiver station. The 1-D Vs model was
assigned to the center of the receiver spread. In Figure 6, the
dispersion curve and 1D shear-wave velocity model resulting from
the inversion technique of surface waves are depicted, along with the
2-D pseudosection formed through the interpolation of numerous
1-D Vs profiles and the Root Mean Square Error (RMSE) for each
layer at line no. 28.

Subsequently, the data underwent analysis using MASW
software. Following the examination of the overtone image for
each shot gathered, depicting the phase frequency versus phase
velocity, both phase velocity and phase frequency were assigned
for dispersion analysis. The analysis focused on the fundamental
mode of the surface wave as the input signal. The precision of the
shear wave velocity (Vs) is contingent on generating a high-quality
dispersion curve, a crucial step in surface wave data processing,
given that the dispersion curve significantly influences confidence
in the Vs profile. The dispersion program initiates by calculating
phase velocities within the specified frequency range as determined
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FIGURE 6
(A) Dispersion curve. (B) 1D shear-wave velocity model deduced from the inversion technique of surface waves. (C) The 2D Vs Pseudosection is
composed of interpolation of several obtained 1D Vs profiles. (D) The RMSE measures the relative error for each layer in comparison to the theoretical
criteria and can be used as a measure of confidence at line No. 28.
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FIGURE 7
Selected examples of the dispersion curves (frequency-phase curves) for MASW arrays.

by the input control parameters (either user-defined or automatically
selected by the program). This calculation may be iterated multiple
times using different values and sets of input parameters, assessing
the output curves until an optimal solution is identified. Generally,

the curve with the highest signal-to-noise ratio (S/N) is deemed
the most favorable. The resulting Vs section exhibits a high S/N
ratio, indicating a strong confidence in the obtained phase velocity-
frequency curve.
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FIGURE 8
(Continued).

Each dispersion curve undergoes individual inversion to
generate a 1-D shear-wave velocity profile using the “SurfSeis
5”software. The inversion process employs the dispersion curve as

the sole empirical data, without reference to the original seismic
record. The inversion program commences by seeking a Vs profile
whose theoretical dispersion curve aligns with the experimental
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FIGURE 8
(Continued).

dispersion curve obtained from dispersion analysis. The alignment
is assessed based on the root-mean-square error (RMSE) between
the two curves. The inversion algorithm initiates by calculating the

theoretical curve using the initial Vs profile and then compares it
with the experimental curve fromanRMSEperspective. If the RMSE
exceeds the specifiedminimum (Emin) in the control parameters, the
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FIGURE 8
(Continued). Selected 2D Shear wave velocity (Vs) pseudosections for all profiles in the study area. Fair stiff soil materials (blue color) and very dense
soil/soft rock (light blue-green colors) correspond to different lithological units and rock qualities along the investigated area.

inversion algorithm automatically adjusts the Vs profile and repeats
the process by computing a new theoretical curve. Each cycle of this
search is termed an iteration, and iterations continue until reaching

either Emin or the maximum number of iterations (IMAX).These 1-D
profiles are considered most representative of the material directly
beneath the center of a geophone spread (Figure 6).
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FIGURE 9
Example of 2D Shear wave velocity (Vs) model of MASW survey Line No. 11 with a total length of 123 m. The white triangles below refer to 1D vs.
profile’s locations (21 locations).

The resulting sets of 1-D plots representing shear-wave velocity
profiles were interpolated to generate 2-D shear-wave velocity
profiles at each site. Given that, a shot gather was recorded for
each shot station, and a shear wave velocity trace was calculated
for each station location, a unified 2-D contour plot of the shear
wave velocity field could be created by organizing all velocity
traces sequentially based on the receiver station. The low root
mean square error (RMSE) in estimating Vs at most sites indicates
a high level of confidence. RMSE is computed based on the
Vs profile of a layer, with the theoretical dispersion curve that
best matches the calculated dispersion curve, using RMSE as a
guiding constraint. RMSE serves as a measure of relative error
for each layer in comparison to theoretical criteria and can be
utilized as an indicator of confidence (Xia et al., 1999). Figure 7
displays selected samples of the dispersion curve from various
MASW lines.

4 Results and discussion

The ultimate outcomes of the MASW profiles for the study
area were depicted as 2D shear wave sections (Figure 8). The shear-
wave velocity exhibits a range from 210 m/s to 3,228 m/s, indicating
variations in the composition of subsurface materials and rock
qualities in the designated site. A rainbow color scale was employed
to illustrate the relative changes in shear wave velocities. The
weakness zones (sinkholes, cavities) have been identified through
the study area based on MASW results as 2D and 3D shear wave
sections (Figures 9, 10) and the locations of these profiles are

illustrated in Figure 3.Thehigh-resolution 3D slices obtained vividly
reveal subsurface details down to approximately 30 m in depth,
encompassing soft layers with varying degrees of compactness,
along with rock materials exhibiting diverse elastic properties and
stiffness.

The obtained MASW data provide cautious approximations
of the average ground characteristics across the receiver
spread, making shear-wave velocity and shear modulus
reliable direct indicators of soil/rock stiffness. We observe
in most of the sites studied there the low shear velocity
values (i.e., sediments or rocks of low stiffness) within higher
velocity values (i.e., sediments or rocks of higher stiffness)
in some layers at a depth of more than 10 m one that
can be interpreted as a cavity or weak zone as shown in
Figures 8, 9.

Therefore, to characterize the study area and ascertain
the stiffness of the subsurface geology, the calculated shear
wave velocities along the conducted 30 lines were employed
to estimate the average shear-wave velocity of the upper
30 m of the subsurface ground (average Vs30). The average
Vs30 holds significant importance for civil and structural
engineering design, seismic hazard assessment studies, and
the estimation of soil/rock stiffness. Utilizing the average
Vs30, a specific site class can be assigned for the study area
following the classification outlined in the National Earthquake
Hazards Reduction Program (NEHRP, 2001), as indicated
in Table 1.

The shear wave velocity average for the upper 30 m was
computed from 2D horizontally averaged profiles using the formula

Frontiers in Earth Science 14 frontiersin.org

https://doi.org/10.3389/feart.2024.1395431
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Abdelrahman et al. 10.3389/feart.2024.1395431

FIGURE 10
3D Shear wave velocity (Vs) pseudosections of the study area.

as outlined by (Wair et al., 2012):

VS30 =
∑n

i=1
di

∑n
i=1

di
VSi

In the given formula, di represents the thickness (measured
in meters), and V si represents the shear-wave velocity in

m/s (at a shear strain level of 10–5 or less) of the ith
formation or layer within a total of n layers, existing in
the top 30 m.

The Vs model derived from MASW line No. 11, as
depicted in Figure 9, was chosen to provide a more detailed insight
into the key features of the study site concerning geotechnical
considerations. In the initial shear wave velocity (Vs) zone, the
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surface and very near-surface materials exhibit low Vs values
ranging from 180 m/s to 360 m/s. This predominantly indicates
a stiff material associated with silty sand, along with some gravel
and sandy deposits. The subsequent zone represents medium to
very dense soil, featuring shear wave velocity values ranging from
360 m/s to 760 m/s. This zone is attributed to a sequence of silty
clay and silty sand layers extending from 3 m to approximately
10 m. At an approximate depth of 12 m, a high shear velocity
layer (760 m/s to 1,500 m/s) was identified, extending to a
maximum depth of 22 m. This deepest layer may indicate less
weathered/fractured bedrock associated with limestone. The final
layer exhibits very high shear velocity (more than 1,500 m/s)
at a depth beyond 22 m, suggesting bedrock associated with
hard limestone. The MASW data results indicate the presence
of various soil and rock materials such as sand, clay, gravel,
and limestone. Note there the low shear velocity values (i.e.,
sediments or rocks of low stiffness) within higher velocity values
(i.e., sediments or rocks of higher stiffness) in some layers at a
depth of more than 10 m one that can be interpreted as cavity or
weak zone.

4.1 Construction of depth to bedrock and
VS30 maps

The engineering bedrock is defined as that rock with 760 m/s
shear wave velocity in the 1D vertical shear wave velocity profile
(Wair et al., 2012). Among the 30 locations of the MASW survey,
bedrock depth varies from 2 m to 12 m depth. The majority of
bedrock depth values in our study area are less than 11 m.The central
part of the study area towards the east has deeper bedrock (more
than 8 m). The bedrock map was prepared using bedrock depth
distribution data of all these locations. Figure 11 shows the bedrock
distributionmap in the studied area.The variation in bedrock depth
varies from approximately 2–12 m. In the northwestern part, the
depth of bedrock is higher than southeastern area. In the central part
of the study area, we have deep bedrock. The southeastern part has
comparatively shallower bedrock. The depth of bedrock decreases
from northwest to southeast along the study area.

The area of study was classified based on Vs30 according to
the National Earthquake Hazard Reeducation Program (NEHRP,
2001) as outlined in Table 1. Using the average shear-wave velocities

FIGURE 11
Depth variation of bedrock in the study area.
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calculated at each receiver along the conducted MASW lines
(30 lines), a Vs30 map for the site was created to illustrate the
general variation of Vs30 across the entire study area (Figure 12).
The map reveals a Vs30 range from 443.71 m/s to 639.78 m/s
for the soil, with an average value of 551.2 m/s for the entire
study area. Although the average Vs30 map shows comparatively
heterogeneous geology reflected by variable velocities over the study
area, low Vs30 values (ranging from 443.71 m/s to 492.44 m/s)
were observed in the northwestern part of the study area. Medium
Vs30 values (ranging from 510.76 m/s to 556.17 m/s) were found in
the southeastern and parts of the northwestern. High Vs30 values
(ranging from 561.31 m/s to 597.24 m/s) were identified in the
southeastern, western, and some central parts of the study area. In
the western region of the study area, very high Vs30 values (ranging
from 602.41 m/s to 639.78 m/s) were observed.

4.2 Site soil classification

The average shear-wave velocity within the upper 30 m
of the Earth, known as VS30, holds significant importance in

the classification of sites according to recent building codes
(Dobry et al., 2000; BSSC, 2001a) and plays a crucial role in loss
estimation. The site classes derived from models of shallow shear-
wave velocity are essential for developing strong-motion prediction
equations, creating maps of National Earthquake Hazard Reduction
Program (NEHRP) site classes, and applying building codes to
specific locations.

TheNEHRP soil classification originated from observations and
theoretical analyses in the western United States, with a particular
focus on California (Borcherd, 1994). The Building Seismic Safety
Council (BSSC, 1998), in its NEHRP, recommended provisions for
seismic regulations and endorsed this methodology. The NEHRP
approach outlines six soil categories determined by factors such as
Vs30, standard penetration test (SPT) value, or undrained shear
strength within the top 30 m (100 feet) of the soil column. Table 1
displays the NEHRP classification code, defined about Vs. The
Vs30 map has been converted into site classification following
NEHRP (2001) guidelines (Figure 13) which is considered the most
recommended and worldwide scale.

Figure 13 reveals that the entire study area falls under the
C class but there are variations in the velocity values. When

FIGURE 12
Average Vs30 map of the study area.
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FIGURE 13
Soil classification map for the study area.

correlated with Vs30 values, the majority of soils are categorized
as very dense soil (or soft rock). These sites exhibit relatively
thick layers of silty sand, weathered bedrock, and gravel deposits.
Most C-class sites have velocities within the middle to upper
range of this category, aligning with the NEHRP (2001) standards
of 443.71–639.78 m/s, with an average value of 551.2 m/s for
the entire study area. The average Vs30 shows comparatively
heterogeneous lithology reflected by variable velocities over the
study area where low Vs30 values (ranging from 443.71 m/s to
492.44 m/s) were observed in the northwestern part of the study
area. Medium Vs30 values (ranging from 510.76 m/s to 539.28 m/s)
were found in the southeastern and parts of the northwestern.
High Vs30 values (ranging from 555.99 m/s to 597.24 m/s) were
identified in the central zone towards the east and west along the
study area. While, in the western region of the study area, very
high Vs30 values (ranging from 602.41 m/s to 639.78 m/s) were
observed.

Moreover, contour map was created showing the changes
in the thickness of soil class C only (Figure 14). The
thickness varies from 2 to 11.7 m. The central part of the
study area has a high thickness (more than 7 m). The

northwestern and southeastern parts have comparatively shallower
thicknesses.

Several researchers have delved into problems related to
ground conditions showing subsurface cavities using boreholes
(Figure 15). Abdeltawab (2013) explored Karst limestone
foundation geotechnical problems and treatment in Riyadh City
and it has been detected Karst limestone foundation bedrock
(caves, sinkholes, and open fractures) by using geological studies
including detailed geological and geomorphological mapping for
the site and geophysical studies include 2D Electrical Resistivity
imaging survey. Abd El Aal (2017) identified and characterized
near-surface cavities in Tuwaiq Mountain Limestone, Riyadh, using
borehole and ERT data for locating weak zones or subsurface
cavities in karst regions. The electrical resistivity traverses and
boreholes drilling technique effectively created the subsurface
imaging at the study site and it has been revealed the karst
features such as fill cavity, boulder, pinnacle, discontinuity,
and overhang were detected in the survey lines. The drilling
result validated the cavity location and existence delineated
by the ER technique and lent credence to its applicability in
karst terrain.
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FIGURE 14
Thickness map of soil class C only for the study area.

Furthermore, Abd El-Aal andMasoud (2017) conducted a study
to evaluate the impact of karst phenomena on the engineering
properties of limestone foundation beds in RiyadhCity.Their results
from field and laboratory tests suggest that the Tuwaiq Mountain
Limestone rock cores, caving, and karst create potential weakness
and heterogeneity in the limestone rocks. Moreover, Abd El-
Aal et al. (2021) conducted geophysical and borehole investigations
to explore the sites of buried cavities and related subsidence
in Riyadh City. The geophysical studies are represented by the
interpretation of ground penetrating radar (GPR) images, while the
borehole investigations were done through five drilled boreholes.
Five cavities of 2.5–7 m depth were detected underneath the
ground at four boreholes. Two layers are detected in the 10 m
deep boreholes; the first of which is composed of crushed,
highly weathered, limestone, gravel, sand, and boulders (with an
average thickness of 0.7 m), while the second layer is composed
of hard cavernous, pale yellow to creamy fractured limestone
bedrock. This limestone layer contains some rock fragments
and some cavities which are filled with yellowish-red-grinded
particles.

5 Conclusion

The MASW technique has been employed for site
characterization to obtain a subsurface shear wave velocity profile.
The primary objective of this study was to characterize soil
deposits and examine their dynamic properties. Soil classification
maps, considering depth to bedrock and VS30 by NEHRP (2001)
guidelines, were developed. The velocity data were utilized to
estimate the depth to engineering bedrock, assuming Vs =
760 m/s for bedrock. Additionally, one-dimensional shear velocity
profiles were generated through horizontal averaging at each
MASW profile.

The outcomes of the one-dimensional surface wave
inversion in our study area enabled the creation of maps
depicting the depth to engineering bedrock and soil
classification based on Vs30. The depth to bedrock exhibits
variations ranging from 2 m to 12 m across the study
area, predominantly influenced by the dynamic properties
of the sediments. The northwestern region tends to have
deeper bedrock compared to the southeastern area, while
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FIGURE 15
(A) Stratigraphic columnar section of Tuwaiq Mountain Formation and parts of the underlying Dhruma Formation and the overlying Hanifa Formation,
(B, C) solution side wall developed caves, (D) Subsurface log of five 10 m deep boreholes with solution cavities in the Tuwaiq Mountain Limestone,
(RQD rock quality designation). (E) A field photo revealing the presence of cavities after trenching (after Abd El Aal, 2017; Abd El-Aal et al., 2021).
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the central part displays deeper bedrock. Conversely, the
southeastern part experiences relatively shallower bedrock. The
depth of bedrock decreases from northwest to southeast along the
study area.

The shear wave velocity (Vs) values within the study area,
as obtained from a 1D profile, span from 238 m/s to 3,228 m/s.
Meanwhile, the Vs30 values for soil range from 443.71 m/s to
639.78 m/s. The calculated average shear-wave velocity (Vs30)
for the entire site is approximately 551.2 m/s, categorizing the
investigated site as Class C (indicating very dense soil and
soft rock) according to NEHRP (2001) standards. Sites classified
as NEHRP site class C typically exhibit relatively thick layers
of silty sand, along with angular to sub-angular gravel and
cobble deposits.

The initial shear wave velocity (Vs) zone reveals low
Vs values (180 m/s to 360 m/s) in surface and near-surface
materials, predominantly indicating stiff materials associated
with silty sand, along with some gravel and sandy deposits.
The second zone, featuring shear wave velocity values ranging
from 360 m/s to 760 m/s, signifies a medium to very dense soil
characterized by layers of silty clay and silty sand extending
from 3 m to about 10 m in depth. A higher shear velocity
layer (760 m/s to 1,500 m/s) is identified at an approximate
depth of 12 m, extending to a maximum depth of 22 m. This
deeper layer suggests less weathered or fractured bedrock
associated with limestone. The final layer exhibits very high
shear velocity (more than 1,500 m/s) at a depth greater than
22 m, indicating bedrock associated with hard limestone. Note
there the low shear velocity values (i.e., sediments or rocks
of low stiffness) within higher velocity values (i.e., sediments
or rocks of higher stiffness) in some layers at a depth of
more than 10 m one that can be interpreted as cavity or weak
zone. Based on the aforementioned findings, it is strongly
advised to:

❖ Utilize these results for the enhancement of the
Saudi Building Code (SBC), particularly for urban
regions.

❖ Ensure that these results are considered by civil engineers
and decision-makers before initiating the construction of new
buildings in the study area.
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