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Shear-wave velocity profiles are the main site-specific data for site classification, which are commonly
used for the purposes of seismic microzonation and hazard assessment. The controlled-source spectral
analysis of surface wave (CSSASW) dispersion measurements have been successfully performed to char-
acterize seismic sites up to 30-m depths. This study utilizes the CSSASW application in Jizan City to obtain
shear-wave velocity profiling at 14 sites distributed throughout the city using an electromagnetic vibra-
tor. The recorded Rayleigh wave phase velocity dispersion curves are transformed to calculate the appar-
ent velocity distribution in depth. Shear-wave velocities, calculated using theoretical relationships, can
then be utilized to obtain design parameters for the soil strata. Shear-wave velocity varies from 216.97
to 829.59 m/s through Jizan City indicating the remarkable change of the near-surface sediments. The
hard soil profiles of soft rock that were revealed by Vs values in this terrain (sites No. 7, 8, and 13) can
be attributed to the existence of a dense layer of salt rock. Construction in such areas is prohibited
due to the high susceptibility of large settlements in foundations as a consequence of salt dissolution.
In the Sabkha terrains, all soil profiles were related to Vs, defined as stiff soils that were then modified
to a softer class owing to their high liquefaction potential. These results should be considered before
establishing important and strategic projects in the city.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In situ shear-wave velocity (SWV) evaluation depending on the
propagation of elastic waves generated at shot-point and recorded
at receiver locations. Rodriguez-Ordonez (1994) provided an excel-
lent overview for SWV profiling methodologies including two
major groups: a drilling-based group (invasive methods) and a
group based on surface techniques (noninvasive methods).
The CSSASW dispersion measurement by Rodriguez-Ordonez
(1994) is a noninvasive method used in the United States and Japan
for site classification. In March 1997, the Japan Ministry of Con-
struction (JMOC) certified the CSSASW method as a standard test
in Japan, similar to an ASTM designation in the United States. Fur-
thermore, the CSSASW technique is a widely used and accepted
method in both of geotechnical and civil engineering applications
for the assessment of material properties in layered structures
using the surface waves dispersion characteristics.

The propagation velocity of surface waves (Vs) depends on the
soil structure. However, if soil properties vary, then the surface
waves of different wavelengths travel at different phase velocities.
This variation of phase velocity (Vf) with wavelength is referred to
as dispersion. The process of determining the Vs structure is stated
as the Vf–Vs method. The Vf–Vs principle is utilized in several dif-
ferent methods as (SASW), CSSASW, and other techniques based
on using background vibrations or earthquake data to get the dis-
persion of surface wave.

The Vf–Vs methods aims to acquire a SWV profile using the
measured dispersion curve. This is an inverse problem in which
the system properties are computed from the response to an exci-
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tation of stress waves. Forward modeling of elastic wave propaga-
tion is the primary tool utilized in the inverse problem. Using these
models, the dispersion curves can be computed for a known soil
profile.

The inversion procedures for the Vf–Vs methods currently avail-
able have significant limitations. They require extensive computa-
tions, the outcomes are not unique, and there are no appropriate
means to assess the resolution and accuracy of the outcomes. In
addition, these procedures require highly specialized and experi-
enced analysts. These drawbacks have limited the general use of
the Vf–Vs methods. However, the CSSASW approach alleviates
these limitations, extending the application areas of the Vf–Vs

methods.
Jizan City represents one of the vital cities in Saudi Arabia

(Fig. 1), where it has major economic and strategic projects have
been planned for the near future. Furthermore, the city extends
parallel the Red Sea coastal strip and covered with soft sediments
and sabkha with a considerable thickness. The geotechnical param-
eters of near-surface sediments in Jizan City have been evaluated
by Alhumimidi (2020). In addition, the soil kinetic properties and
the soil competence scale in the Jizan area have been evaluated
by Abdelrahman et al. (2021a) & Abdelrahman et al. (2021b).
Through the current study, the SWV profiles at a depth of 30 will
be assessed using the CSSASW system.
Fig. 1. Location map of Shear-W
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2. Geologic setting

The Jizan site is located in the southern Arabian Shield where
the geological setting is the heterogenous including hard (the late
Proterozoic rocks), soft (Cambrian and early Tertiary times), the
middle Tertiary and the present Red Sea basin (Blank et al.,
1986). These tectonically quiescent conditions terminated with
the onset of volcanism. In a traverse from west to east, the follow-
ing units are encountered: the sabkha deposits (200–300 m), an
aboard zone of Quaternary alluvial deposits (30–35 km), Quater-
nary basalts, and then a narrow zone of Tertiary igneous rocks with
Ordovician sandstones that were exposed by faulting. To the east,
the Precambrian basement complex forms the elevated mountains
(Fig. 2).

The salt rocks are mostly composed of gypsum, which have
diapirically upward through the Baid formation. These rocks are
awfully faulted and disturbed, but the sequence at the salt dome
composed of the following:

1. Massive halite containing thin sections of anhydrite reaches a
thickness of approximately 1500 m.

2. Fine, silty sandstone and shale rich in organic matter of about
50 m.

Alluvial terrace deposits constitute approximately 40% of the
Quaternary deposits composed primarily of sand, gravels and silts.
ave test sites in Jizan city.



Fig. 2. Geological setting of Jizan city.
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Sideways of the Red Sea coastal line, extensive sabkha deposits
occur, dissected by alluvium or eolian sands with thickness of 5–
6 m. Alluvial deposits occupy all the major streams. They contain
3

flood plain and terrace deposits. The terrace deposits consist of
gravels, sands, silts, and clay. Silts and the associated fine sedi-
ments are gypsiferous.
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3. Geotechnical characterization of sites

Local soil conditions can have significant effects on ground sur-
face motions and the behavior of supported structures. The strong
earthquake and collapse of multiple buildings in Mexico City in
1985 due to the dynamic prperties of the soft clay (Dobry and
Vucetic, 1987; Seed, et al., 1985). During the Armenian Earthquake
in 1988, the large horizontal amplifications and widespread dam-
ages in Leninakan, as compared with the damages in relatively
close Kirovakan, have been correlated with the characteristics of
local geologic deposits.

The evaluation of the liquefaction potential strategy at selected
sites initially focused on the collected information from boring
conducted in the area to characterize the engineering properties
of various geologic units. The soil logs of each city were obtained
from several soil testing companies, engineering firms, and govern-
ment agencies. The SPT-N values, grain size data, and soil classifi-
cation data were the primary information compiled. To
supplement our data, 14 carefully selected sites in Jizan City were
tested using the CSSASW technique to obtain mean SWV results in
the upper 30 m.

Soil conditions, based on collected data and data obtained from
field work in Jizan City, are presented in the following sections.
Three categories of geologic units are recognized in the city of Jizan
as; sand dunes, sabkha deposits and salt rocks.

Sand Dune Deposits: These aeolian deposits vary in thickness
(0–20 m) and are underlain by salt rock. The sand is primarily com-
posed of fine quartz grains and volcanic rock fragments with a fine
sediment content of 7%–30%, with an average of 19.8%. The natural
water content of the sand ranges from 4% to 20%, with an average
of 12.7%. The relative density of the sand significantly varies from
loose at shallow depth (0–2 m), loose to medium at intermediate
depth (2–10 m), and dense to very dense below. The standard pen-
etration resistances vary by location and appear to range from 4 to
18 for the upper 5–10 m.

Sabkha Deposits: The flat coastal plain surrounding the ele-
vated terrain in the north and south is covered by recently depos-
ited thick sediments that consist of soft or loose organic saline
soils, known locally as sabkha. The base layer consists of fine to
coarse and dense to very dense sand.

Salt dome: According to Basyoni and Aref (2015), the highest
topographic area (50 m) in the coastal plain of Jizan is a salt dome
at the old Jizan city (Fig. 1). The salt dome consists of a massive and
thin bedded clear, colorless, mosaic, halite crystals on fresh surface
and gray on weathered surface. The halite mass has vertical disso-
lution lines with sharp ridges in between due to their recent disso-
lution by rainfall. Several dissolution sinkholes with a diameter
less than 4 m and depth exceeding 6 m were observed at the floor
of the quarries made in the area of salt dome. The halite of the salt
dome is usually enclosed with duricrust due to re-precipitation of
halite crust on the weathering surface that may form polygonal
ridges. The cap rocks of the salt dome are gypsum, anhydrite, dolo-
mite, shale, and sandstone layers.
Fig. 3. Flow chart of CSSASW data collection and processing sequence.
4. Methodology

The CSSASW is utilized in the project for SWV measurements
and is recognized as a relatively noninvasive and cost-effective
approach for obtaining SWV data (Rodriguez-Ordonez, 1994). The
CSSASW technique measures the dispersion of Rayleigh waves pro-
duced by a controlled vibrator using an accelerometer and a digital
data processing unit. The 700-kg electromagnetic source is made to
vibrate with a periodic random signal produced by a signal ana-
lyzer and amplified by a 20-Amp power amplifier. The signal has
a flat spectrum over the considered frequency range. The system
4

produces Rayleigh waves in the range of 3 to 100 Hz, with a wave-
length of up to 59 m. During the test, the wave component velocity
is obtained by measuring the phase of the cross-power spectrum
between two receivers located at specified distances from the
source. The velocity is assessed depending on the phase lag and
the receiver’s distance. The typical spacing used is 1, 2, 5, 10, and
15 m, and the frequencies are between 3 and 100 Hz. From the test
data and further processing, it is possible to get the SWV profile
down to a 30-m depth.

In a CSSASW test, the receivers are located colinearly to the
source at specified distances. The acceleration, or velocity
response, is measured at the receiver locations, and the cross-
power spectrum is calculated. The recorded phase of the cross-
power spectrum is the basis of the spectral analysis of Rayleigh
waves. During the tests, the phase shift (£) between the two recei-
vers is automatically computed. The calculation of the phase veloc-
ity is based on the consideration that the travel time for one
wavelength is the inverse of the frequency (f ). The travel time
(tÞ, which is equivalent to the phase shift, is computed using Equa-
tion (1):

t ¼ £
360

f ð1Þ

During this time, the wave traveled over the distance between
the receivers (X) at a velocity of Vf. The phase velocity (Vf = X/t)
is automatically computed using Equation (2):

Vf ¼ 360Xf
£

ð2Þ

The wavelength (k) is computed as k = Vf/f. The results obtained
from Equation (2) for the discretized frequency range represent the
experimental dispersion curve. These data are the basis for the
interpretation of the SWV structure, as presented in Fig. 2. The
entire interpretation procedure (Rodriguez-Ordonez 1994) addi-
tionally handles distinct layers within the SWV that deviate from
the reference profile. However, the focus of this paper is on the
obtainment of the reference SWV profile of the soil from the mea-
sured dispersion curve. Therefore, it is expected that the SWV ref-
erence profile has a typical form (as most soils do) and that it is
composed of one or more relatively uniform materials.

Fig. 3 presents the flow chart for the new interpretation proce-
dure including three components; The first is the definition of the
target dispersion curve from the Vf–Vs measurement, denoted by F
(k). This module describes the phase velocity as a function of the
wavelength k. F(k) is related to the dispersion curve of the obtained
SWV profile. This interpretation procedure is useful in case of the
dispersion curve is controlled by the fundamental mode of Ray-
leigh waves. The second is the computation of the phase velocity
reference profile. The parameters that describe the reference pro-



Fig. 4. Shear-wave velocity profile for test site No.3 in Jizan city.
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file are attained by minimizing the sum of squares of the difference
between the target data and the reference profile (RO) as follows:

Ro ¼
X
1

ðF kið Þ � Vof ðk
2
Þ
mf

1
Þ
2

ð3Þ

The third component is the computation of the SWV reference
profile. The dispersion curve of the SWV reference profile matches
that of the phase velocity reference profile. It is assumed that the
SWV and phase velocity reference profiles have the same func-
tional form. Equations (4) and (5) may be used to calculate the
SWV reference profile parameters when considering only one
material. An optional optimization may be carried out to refine
the parameters obtained from the equations, although this is usu-
ally not required for a single material model.

VOf ¼ 0:94� 0:36m1:19
s

1:04� 0:04ms
VOS ð4Þ

The corresponding equation obtained for mf isasfollows :

mf ¼ 0:09ln 1:48Vosð Þms ð5Þ
When there are several materials, Equations 12 and 13 can be

used to calculate the first estimate of the parameters for the
SWV reference profiles associated with each material. A refinement
is then obtained by minimizing R1, which is the sum of squares of
the difference between the phase velocity reference profile and the
dispersion curve obtained with the SWV reference profile parame-
ters as follows:

R1 ¼
X
1

ðVof k
2

� �mf

i

� VosZms
i Þ

2

ð6Þ

At this point, the obtained dispersion curve is compared with
the target dispersion curve (F(k)). Often, the approximation
obtained from the reference profile is accurate enough for a final
interpretation within the resolution limits of the Vf–Vs method.
In the case, the site amplification evaluation of the data is
adequate.

5. Results and discussion

Fig. 4 reveals the SWV depth profile for site no. 3, as an example,
in Jizan city while Figs. 5 and 6 illustrate the soil profiles from 14
sites. The data are organized in columns indicating depth (D) in
m spanning up to the bottom of the respective layer, SWV (Vs) in
m/s, and layer thickness in m. The depth limit is 30 m, which is
in accordance to the proposed site classification methods of the
NEHRP (1994a), NEHRP (1994b). The bottom of the dataset shows
the respective average SWV to 30-m depth that is calculated as the
average of the layered SWV inverse values, as expressed in Equa-
tion (7).

According to NEHRP (1994a), NEHRP (1994b) recommenda-
tions, the seismic soil profile classification (site class) is defined
in terms of a weighted average of SWV (Vs), that can be calculated
for the top 30 m as follows:

Vs ¼
Pn

i¼1diPn
i¼1

di
vsi

ð7Þ

where the symbol i refers to any one of the layers between 1
and n; Vs, the SWV; and di, the depth of the respective layer in con-
sistent units.

In noninvasive testing, there is the issue of valid comparisons
with the direct measurement methods. It is widely accepted that
the cross-hole SWVmeasurement is the only method that provides
accurate comparisons for the CSSASW method. The down-hole
SWV measurement can be useful for such a comparison; however,
5

it is less precise and more operator-subjective than the cross-hole
measurement, and its application is limited by the cost of such a
comparison. Many investigators have used the CSSASW database,
which is available in more than 400 sites in Japan, California,
New York, Alaska, and Hawaii, for site-specific seismic response
studies. In Japan, there is a database with more than 20 sites where
comparative cross- and down-hole SWV measurements were
obtained at a depth of 30 m in several different geologic forma-
tions. In March 1997, the Japanese Ministry of Construction used
this database to approve the CSSASW method as a standard
method. The JMC certification in Japan is similar to other test
methods, such as the American Society for Testing and Materials
(ASTM). Based on the recent CSSASW results from Japan and
Alaska, the CSSASW has been proposed as a standard method,
and it is now being considered for adoption by ASTM Committee
D18 (ASTM STP 1350, January 1998). Several independent
researchers have demonstrated a strong correlation of the CSSASW
results to direct SWV measurements. Park and Elrick (1998) used
the CSSASW to map seismic site response in Southern California.
whereas Nath et al. (1997) demonstrated a very strong correlation
between the CSSASW and direct SVW measurements.
6. Conclusions and recommendations

Shear-wave velocity has been estimated at 14 carefully selected
sites in Jizan city to depict the soil profile at depths of 50 m. The
used approach depends on SWV structures from Rayleigh wave
dispersion curves (the Vf–Vs method) according to the reference
profile concept. A reference profile describes the average disper-
sion curve and corresponding SWV structure, and it is consistent
with the fundamental dependency of SWV on the confining pres-
sure (depth) in soils.

The noninvasive CSSASW dispersion measurements provide
cost-effective dispersion data up to a great depth. These data are
used to obtain reference profiles for most soil formations. This
technique is rapid and computationally efficient, and its results
are more illustrative of the actual soil structure than the results
attained from other noninvasive methods. This method was veri-



Fig. 5. Shear-wave velocity profiles for test sites from 1 to 8 in Jizan city.

Fig. 6. Shear-wave velocity profiles for test sites from 9 to 14 in Jizan city.
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fied at several sites where accurate cross-hole SWV data was also
available.

The most significant and notable results that have been
achieved. The technique of the CSSASWwas employed for the mea-
surements of SWV profiles at depths down to 50 m for 14 sites in
Jizan City. These velocities were comprehensively used to classify
the soil profiles of Jizan sites, as per the recent state of knowledge
on the soil-site categories for building design codes. Specifically,
6

the current provisions of the NEHRP on soil profile definitions
(1994), which were adopted in both UBC-1997 (1997) and IBC-
2000 (2000), were adopted in this study. The values of Vs were cal-
culated for Jizan City.

In Jizan City, the soil profiles cannot be classified solely based
on the Vs values. This is due to the inferred problematic soil forma-
tion and pertinent liquefaction potential in the city. As presented in
Fig. 2, there are two main soil formations in Jizan. These are the
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elevated terrain and sabkha soil. The elevated terrain is underlain
by the salt dome, which is the predominant structural feature in
the coastal area. Thus, the hard soil profiles of soft rock that were
revealed by the Vs values in this terrain (sites No. 7, 8, and 13) can
be attributed to the existence of a dense layer of salt rock. Con-
struction in such areas is prohibited due to the high susceptibility
of large settlements in foundations as a consequence of salt disso-
lution. In the sabkha terrains, all soil profiles were related to Vs,
defined as stiff soils that were then modified to a softer class owing
to their high liquefaction potential. The predominant liquefaction
potential in the sabkha terrains causes the classification of these
sites to fit softer classes. Therefore, these sites require site-
specific geotechnical evaluations, especially for buildings that are
classified as special or essential in the seismic design code.
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