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The geotechnical parameters of near-surface sediments in Jizan city have been assessed through shear
wave velocity (Vs) from twenty-two profiles of multi-channel analysis of surface waves (MASW) through
Jizan city. The Vs varies between 106 and 560 m/s indicating wide range of soil stiffness properties. While
the allowable bearing capacity, qa varies from less than 1 kg/cm2 at sites till depth 21 m indicating very
soft/loose materials; these are considered by building codes as special cases and increased into 2.5 kg/
cm2 suggesting stiff or medium dense materials Moreover, qa reaches 6.5 kg/cm2 indicating dense mate-
rials, while reaches 8.5 kg/cm2 suggesting the presence of very dense materials. Accordingly, the allow-
able bearing capacity at a depth of 13 m is less than the recommended values for foundation materials by
building codes. Jizan city differentiated into two zones; Jizan salt dome to the west and sabkha deposits
to the east. Several weakness zones in the Jizan salt dome zone have been detected with significant vari-
ations in the topography of salt rock. While sabkha deposits have low shear strength which requires engi-
neering treatment before construction. Furthermore, shear modulus varies both vertically and laterally
through Jizan city where values of shear strength of the near-surface sediments overlying salt rocks
are greater than those of sabkha zone. Therefore, deep foundation and ground improvement are highly
recommended.
� 2020 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

Site soil settings have a vital role in the design ground motions
of the building design codes. Over the past 40 years, soil site con-
ditions have been subjected to detailed and extensive evaluations.
The recent stipulations of building design codes are based on labo-
rious and costly field geotechnical and geophysical measurements
of soil site characterizations. Therefore, site-specific seismic zona-
tion has been recognized as the most appropriate and economical
solution for site categorization.

Although most established editions of international and US
codes assign a single site coefficient to each site class, lately, soil
site provisions have been subjected to significant evaluation, not
only on site class description but also on the associated coeffi-
cients. MASW method is considered as one of powerful techniques
for the estimation of Vs and has been effectively applied in assess-
ing the geotechnical parameters of near-surface deposits
(Anbazhagan et al. 2013). Soil site classes have been proposed by
Borcherdt et al. (1994) with more detailed geotechnical character-
izations, have been incorporated into National Earthquake Hazards
Reduction Program (NEHRP) provisions since 1994.

This study oriented for assessing the geotechnical parameters of
the near-surface deposits in Jizan city (Fig. 1), comprising of sys-
tematic geotechnical and geophysical field data measurements
through identification of soil profiles and assessment the dynamic
soil properties based on Vs profiles reaching depths 50 m below
the ground level as well as borehole geotechnical data from several
test sites across the city. The Vs was measured at 22 sites, while
soil profile was assigned by the local geotechnical soil test author-
ities according to American Society for Testing andMaterial (1992).
2. Geological setting of the study area

Jizan area covered by alluvial deposits of Red Sea coast. Differ-
ent tectonic movements have been documented wherever the Ter-
tiary deposits crop out along a narrow coastal plain with a width of
5–10 km. The extension of these deposits with 2–5 km showing
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Fig. 1. Location map of Jizan study area as well as the locations of MASW sites.
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substantial facies differences. Extensive subsidence took place
between the end of the Oligocene and the end of the lower Mio-
cene. It was associated by some tectonic readjustment led to
upward salt diapiring during the Upper Pliocene and Pleistocene.
The plain is restricted eastward by the Arabian Shield escarpment
and westward by the sharp break-in slope at the edge of the Red
Sea trough. In Jizan area, the coastal plain is entirely flat other than
the Jizan salt dome, which rises 50 m (amsl). The geologic setting
of Jizan is the product of the three major periods encompassing
late Proterozoic rocks of the Arabian Shield, remnants of sedimen-
tary rocks deposited on the Shield between the Cambrian and early
Tertiary times, and igneous and sedimentary rocks deposited in the
Red Sea basin between the middle Tertiary and the present (Blank
et al., 1986). The Arabian Shield rocks consist of the late Protero-
zoic quartz-rich schists that were heavily foliated to gneissic gran-
ite. Deposition of the Cambrian to lower Tertiary rocks was
controlled by fluctuations in the positions of the shorelines of the
surrounding marine basins (Fig. 2).

In traversing from west to east, the following units were
encountered: the sabkha unit (200–300 m), wide zone of Quater-
nary alluvial deposits (30–35 km), Quaternary basalts, followed
by narrow zone of Tertiary igneous rocks with Ordovocian sand-
stones exposed by faulting. Farther east, the Precambrian base-
ment complex forms the elevated mountains. Rock salt and
associated cap rocks, consisting mostly of gypsum, have diapiri-
cally moved upward. While the cap rocks are extremely faulted
and disturbed, the succession at the salt dome is as follows: mas-
sive halite with thin anhydrite reaching about 1500 m thickness
and 50 m of fine silty sandstone and shale rich in organic matter.
The bottom of the salt dome is estimated to reach approximately
5000 m below sea level. When erosional processes subsequently
remove the salt dome surfaces, most of the overlying country
and cap rocks.

Alluvial terrace deposits constitute about 40% of the Quaternary
deposits. They are primarily composed of sand and gravel, with les-
ser amounts of cobbles and finer silts. Large elongated bodies of
sabkha deposits occur along the Red sea coast; alluvium or eolian
sands dissect these. This is believed to be the result of tidal flats,
where layers of saline mud are interlarded with saline sands, with
an estimated thickness of approximately 5–6 m. Alluvial deposits
permeate all the major streams, ranging in thickness from a few
meters upstream to more than 100 m near the sea. They also per-
meate the flood plain and terrace deposits. These deposits consist
of gravel, sand, silts, and clay. Locally, the silts and associated fine
sediments are gypsiferous.

The deepest boring within the sabkha was at a depth of 25 m,
which did not reach the underlying bedrock. The sabkha sediment
profile consists of three main units where the depth to the ground-
water table is at 1 m or less. The estimated thickness of the top-
most layer ranges from 1 to 2 m and consists of silty sand and/or
fine sand with silt and gravel, with SPT-N values from 4 to 30.
The 2nd layer composed from non-plastic fine sands to silt and clay
with very low SPT-N values (1–4) with 8 to 12 m thickness. The 3rd
layer is consolidated to very consolidated sand (Al-Farraj, 2008).
3. Methodology

Shear wave velocity for 30 m (Vs30) was calculated using the
MASW procedure, by recording and analyzing using dispersion
parameters approach (Nazarian and Stokoe, 1984; Stokoe et al.,
1994; Park et al., 1999). Density is an essential parameter that is



Fig. 2. Surface geologic setting of the Jizan area (modified after Blank et al., 1986)
where the geologic cross-section is drawn on the map.

Fig. 3. MASW field data acquisition setting.
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often assumed from soil properties for estimating the shear modu-
lus. According to Keceli (2012), density can be appropriately deter-
mined from Vs as follows:

q ¼ 0:44v s
0:25 ð1Þ

Where the density is measured in units of g/cm3 and VS in units
of m/s.

Moreover, the shear modulus, Gmax, of a soil is vital for geotech-
nical applications and can be calculated from Vs (Ohsaki and
Iwasaki, 1973; Kramer, 1996; Mavko et al., 2003; Aki and
Richards, 2009) using the following equation:

Gmax ¼ qV2
s ð2Þ

Furthermore, calculation of the allowable bearing capacity, qa,
to the safety factor FS, to avoid sand liquefaction or shear failure;
this must be considered for optimum engineering constructions;

qa¼ qult=Fs ð3Þ
where qult is the ultimate bearing capacity, while FS is 4.0 for soils
(Kaptan, 2014). qult is the maximum pressure without failure and
can be estimated using the following equation according to Parry
(1977):

qult ¼ 102:9322 logVs�1:45ð Þ ð4Þ
3.1. Data acquisition

Active MASW survey was applied through this study, as it is the
most prevalent type produces 2D Vs profiles. Park et al. (1999) pro-
vided explanations for the field procedures and data processing
steps. Additionally, Park et al. (2002) described a summary of opti-
mum acquisition parameters that are presented as separate opti-
mum parameters for active MASW. In this study, Vs for near
surface materials in Jizan old city was estimated at 22 sites
(Fig. 1) using active MASW procedure (Park et al. 1999; Xia et al.
1999). These data were acquired using Geode seismograph. The
energy source used was the hydraulic weight drop of 80 kg. The
acquired data were carried out using 24 geophones of low fre-
quency (4.5 Hz), which in turn meant long wavelengths that could
reach greater depths, of at least 30 m. The geophone interval was
1 m while the shot-point interval was 5 m with 68 m total length
of array throughout 10 shot-points. The 1st shot-point was placed
before geophone 1 with 10 m and then moved every 5 m along the
spreading profile (Fig. 3). In addition, the national laboratory for
soil and building materials testing carried out geotechnical investi-
gations in 2017 at five boreholes in the sabkha zone (Fig. 1) at
depths of 16 m, provided the geotechnical data.

3.2. Data processing

The MASW data processing was carried out using ‘‘SurfSeis 5.000

software package (Kansas Geological Survey). The processing
sequence (Fig. 4) comprises the following steps: a) Conversion of
the recorded SEG2 data into KGS format combining all shot gathers
into single file. b) Allocate the dispersion analysis comprising the
frequency versus phase velocity. c) Inverting each dispersion curve
into lD shear-wave velocity profile. d) The produced sets of 1D
models were interpolated for producing 2D-Vs geoseismic cross-
sections.

4. Results and interpretations

The 1D –Vs models reflecting the depth in meters to the respec-
tive layer, Vs and layer thickness. The Vs for the depth (h) of soil
denoted as VH is computed using the following equation
(International Building Council, 2012):

VH ¼
X

hi=
X hi

v i

� �
ð5Þ



Fig. 4. Processing sequence for MASW data.
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where, H = Rhi is the cumulative depth in meters, i refers to any one
of the layers between 1 and n, while Vsi, and hi are the shear wave
velocity and depth of the i th layer.

For 30 m average depth, shear-wave velocity is calculated as:

Vs30 ¼ 30Pn
i¼1 hi=v ið Þ ð6Þ
Fig. 5. Examples of the resulted 1-D-shear w
where n is the total number of layers in the top 30 m.
Fig. 5 shows six 1-D velocity-depth profiles for six MASW sites

that illustrated in Fig. 1. These profiles signify the urban zones in
the Jizan city, where profiles 3 and 8 are located in the potential
Jizan salt dome zone while profiles 16, 18, 20, and 22 are within
the sabkha zone. Profile 3 indicates four layers, where the topmost
three layers extending down to 8.6 m depth have low velocities
ave velocity models in the study area.



Table 1
Geotechnical properties of Sabkha in Jizan city in borehole No.4.

Average
Thickness (m)

lithology SPT (Soil class)

0.0–4.8 Silty sand
Very loose to medium dense, gray,
dry to wet

9–16
(ML-SM)

4.8–9.6 Clayey silt
Medium stiff to stiff, dark gray, wet

1–6
(SM, CL, SC, OH)

More than 9.6 Silty sand
Medium dense to very dense, brown,
wet

Variable up to
refusal
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(less than 300 m/s) suggesting stiff sediments. Below 8.6 m, there
is the salt rock type having shear velocity greater than 1000 m/s.
Profile 6 illustrates a five-layer model extends 6.4 m depth where
velocity increased abruptly to greater than 1900 m/s underneath
this depth. Profiles 16 and 20 have very low velocity at greater
depths indicating not densely packed sabkha. Profile 18 presents
lesser velocities than 360 m/s down to 16.6 m, then increased to
760 m/s till 32 m depth; hard bedrock lies below this depth. In pro-
file 22, the velocity is less than 180 m/s up to a depth of 10 m and
increases into 360 m/s up to a depth of 23 m, then further increases
to 720 m/s below this depth.

Moreover, the detailed inspection of geotechnical borehole data
carried out in the sabkha zone clarifies three distinct lithological
units with different stiffness degrees, with stiffness increasing at
higher depths (Table 1). These can be characterized as:

1) Silty sand, very loose to medium dense
2) Clayey silt, medium stiff to stiff
3) Medium dense to very dense silty sand

5. Discussion and conclusions

Due to the location of the Jizan area very close to the Red Sea so
it can be affected by strong and moderate earthquakes from the
Red Sea seismogenic source (e.g., Baish earthquake that recorded
Fig. 6. Detected weakness zone
on 24 January 2014 with magnitude of 5.1). Moreover, the surface
soil of the study area composed mainly of very soft, soft to mas-
sive/stiff sediments and some of sediments have poor geotechnical
properties (e.g., the sabkhah deposits). These sediments cause the
damages of buildings and structures because they provoke the site
effect phenomena and a considerable amplification.

The high-resolution 2D shear wave velocity profiles generated
in the process clearly display subsurface details up to a depth of
30 m, including soft layers of different degrees of compactness as
well as rock materials of varying elastic properties and stiffness.
The resulting MASW data reveals the average ground stiffness
along the length of the receiver spread. Therefore, the potential
weakness zones can be easily identified (Fig. 6) when localized
low velocity values (i.e., rocks or sediments of low stiffness) are
embedded within higher velocity values (i.e., rock or sediments
of higher stiffness).

Fig. 7 demonstrates the disparity of shear modulus both verti-
cally and laterally inside Jizan city. It is evident that even at equal
depths; the values of shear strength of the near-surface sediments
in overlying Jizan salt rocks are greater than those of sabkha zone.
In the Jizan salt dome region, sites 1–10 have very low shear
strength up to 5 m depth, which then gradually increase till the salt
rock at depths of 6.4, 8.6, 10 m at sites 8, 4, and 5 respectively.
While, the other sites in the same region have lower values of shear
strength at greater depths. In contrast, all the study sites in the
sabkha zone (sites 11 to 22) reveal lower values of strength down
to 30 m depth, except site 15, where intermediate shear strength
values have been recorded at the depth ranging between 13 and
22 m, which then decease up to 30 m depth.

Fig. 8 illustrates the distribution of qa, throughout the study
area. Values of qa are less than 1 kg/cm2 at sites 4, 5, 16, 19, 20,
and 21 at the depth of 30 m indicating very soft /loose materials;
these are considered by building codes as special cases (Keceli,
2012). On the other hand, the increase to 2.5 kg/cm2 at depths of
13 m and 16 m at sites 2, 8, and 15 suggest stiff or medium dense
materials at these depths. Moreover, qa reaches 6.5 kg/cm2 at site 1
at a depth of 20 m, indicating dense materials, while it reaches
8.5 kg/cm2 at site 7 at 20 m depth suggesting the presence of very
s in Jizan salt dome region.



Fig. 7. Shear strength variation in the study area.

Fig. 8. Distribution of the allowable bearing capacity in the study area.
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dense materials. Additionally, qa reaches 3.5 kg/cm2 at 20 m depth
at sites 9 and 10. Accordingly, the allowable bearing capacity at a
depth of 13 m is less than the recommended values for foundation
materials by building codes.
Moreover, the, site classification has been conducted based on
the average Vs30 values for Jizan city (Fig. 9), it is concluded that
there are three site soil classes C, D, and E. C class represented by
deep deposits of dense or medium-dense sand, gravel or stiff clay



Fig. 9. Site soil classes of Jizan area based on Vs30.
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with thickness from several tens to many hundreds of meters; D
class composed of deposits of loose-to-medium cohesionless soil
(with or without some soft cohesive layers), or of predominantly
soft-to-firm cohesive soil. While E soil profile consisting of a sur-
face alluvium layer with V30s values of class C or D and thickness
varying between about 5 m and 20 m, underlain by stiffer material
with V s30 greater than 800 m/s

Depending on the integrated approach for the geophysical and
geotechnical borehole data, it can be concluded that the near-
surface sediments, composed of loose stiff medium dense to very
dense materials, within the Jizan study area have a significant dele-
terious impact on the infrastructure and buildings in the area.
Shear wave velocity illustrates great variance, heading deeper indi-
cating the presence of sediments with different stiffness values.
According to the estimated 2-D MASW profiles, many subsurface
weakness zones were detected, especially overlying the salt rocks
due to the dissolution of these salt rocks. The topography of the salt
rocks is highly irregular indicating different diapiric movements
and/or series of weakness zones. The density as well as allowable
bearing capacity change drastically either horizontally and/or ver-
tically, indicating a heterogeneous setting reflecting several tec-
tonic activities in this area associated with the Red Sea floor
expansion. Results of this study should be forwarded to civil engi-
neers, land-used planners, and decision makers during the design
of either new buildings or rehabilitation of pre-existing structures.
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