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Abstract
Microtremors were measured at 18 stations to the west of Riyadh, and the H/V spectral ratio method was used to estimate the
resonance frequency and amplification factor. These parameters indicate the presence of foundation bedrocks at various levels
with variable thickness of soil where resonance frequency varies from 0.26 to 2.63 Hz, while the amplification factor ranges from
1.1 to 8.9. Moreover, four seismic refraction profiles have been carried out and illustrated two layers: the first of which has a P-
wave velocity of 2000 m/s and a thickness of 1.5 m, whereas the second layer is characterized by P-wave velocity from 4010 to
4274 m/s. Besides, four multichannel analyses of surface wave (MASW) profiles have been conducted along the same refraction
profiles to estimate the shear wave velocities along these profiles. The constructed 1D and 2D models indicate shear wave
velocity ranges from 400 m/s to more than 4000 m/s with horizontal and vertical variation through the investigated area.
Furthermore, the dynamic properties of rock and soil materials including Poisson’s ratio, Young’s modulus, shear modulus,
material index, concentration index and ultimate bearing capacity have been calculated based on P- and S-wave velocities. These
properties reveal less competent to competent material scales. Subsurface karst cavities have been detected in the study area at
different depths and various dimensions. It is highly recommended that preventive measures including probing drilling to
anticipate karst cavities below the designed foundations must be applied before construction of new engineering facilities in
the study area. Otherwise, it will be geotechnical problems in the future.
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Introduction

Riyadh has witnessed a significant city growth and expansion
in recent years. The western part of the city will undergo
future extension (Fig. 1) as new urban communities have
emerged in this region. Numerous facilities are beginning to
appear in this region such as electrical power plants, which
demand certain construction and implementation specifica-
tions. Therefore, it has become necessary to conduct engineer-
ing geological analyses of this region to evaluate its suitability

for urban sprawl and the maintenance of important projects in
this area. These objectives will be achieved by applying near-
surface geophysical methods such as microtremor measure-
ments and seismic refraction and multichannel analysis of
surface waves (MASW) (Aldahri et al. 2017, Abdelrahman
et al. 2017a, b, 2019). At present, microtremors are used as a
fast, widely applicable, and cost-effective site effect assess-
ment method. Moreover, these measurements are able to as-
sess the engineering parameters for the surface soil materials
and the foundation bed as well based on the fundamental
resonance and amplification factor. Therefore, microtremor
measurements have been executed at 18 localities to the west
of Riyadh.

The seismic method is a powerful geophysical exploration
technique that has been in widespread use in ground engineer-
ing for more than 40 years and has been increasingly used
since 1996 in geotechnical and environmental applications,
usually at depths shallower than 40 m. The applicability of
seismic methods depends on the presence of acoustical con-
trasts in the subsurface. In many cases, the acoustical contrasts
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occur at boundaries between geological layers, although man-
made boundaries such as tunnels and mines also present con-
trasts. Seismic survey is the geophysical method, which is
most closely related to rock and soil mass properties, since
seismic wave velocity varies with the main mechanical prop-
erties, such as Poisson’s ratios and other modules. The earliest
applications of the method primarily concerned the determi-
nation of the depth to the bedrock beneath a soil cover. Later,
the same method was used successfully for the location of
“weak” zones, such as shear zones and faults. Nowadays,
seismic methods have been used in connexion with planning
of dams (e.g. Klimis).

Furthermore, seismic methods are powerful geophysi-
cal exploration techniques that have been used in geo-
technical engineering for more than 40 years; they have
been increasingly used since 1996 for geotechnical and
environmental applications. While recently, MASW

becomes a more powerful technique for engineering site
evaluation. They are often used for depths of <40 m
(Soupios et al. 2015). In many cases, the impedance con-
trasts occur at the boundaries between geological layers.
Seismic surveys are the geophysical method most closely
related to rock and soil mass properties because seismic
wave velocity varies with major mechanical properties,
such as Poisson’s ratio and other modulus values. Early
applications of seismic methods primarily focused on de-
termining depth to the bedrock beneath soil cover.
Subsequently, the same method was used to locate areas
of weakness such as cavity karst features, and sinkholes
and faults especially in limestones. These karst features
are originated due to the seasonal and long-term varia-
tions in the groundwater level that may occur because of
changes in local and regional groundwater abstraction
and recharge.

Fig. 1 Location map of the study area, locations of microtremor sites and seismic refraction and MASW field survey
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Geological setting

The sedimentary rocks forming the Arabian platform
comprise a thick sequence (>2 km below Riyadh) of

shallow marine basin deposits, primarily carbonate and
siliclastic deposits with intermittent evaporites (Le
Nindre et al. 1990). In the vicinity of Riyadh, these strata
are dominated by Jurassic (145–200 Ma) and Cretaceous

Fig. 2 Geological map for the area of interest

Table 1 The equations used to estimate elastic properties andmaterial competence scales of soil and rocks in the study area.Whereν is Poisson’s ratio,
Vp is the P-wave velocity, Vs is the shear wave velocity and ρ is the material density

Item Parameter Formula

Elastic properties Stress ratio (Si) Si=ν/(1−ν)
Poisson’s ratio v ¼ V2

P−2V
2
S
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Young’s modulus (E) E ¼ ρ
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Shear modulus (G) G ¼ ρV2
S

Bulk modulus (k) B ¼ ρ V2
P− 4

3V
2
S

� �

Competence scales Material index (Mi) Mi=(1−4 ν)

Concentration index (Ci) Ci=(1+ν)/ν or Ci=(3−4 α)/(1−2 α)

Foundation material bearing capacity (Qult) Log Qult=2.932 (log Vs–1.45)
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Fig. 3 a–g Processing sequence of microtremor data

Fig. 4 Examples of H/V of some selected microtremor stations
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Table 2 Results of the microtremor data measurements

Station No. of
samples

Windows Fundamental
frequency

H/V peak Reliable H/V peak Vulnerability
index

Window
length

No. of
win-
dows

Fo STD Ao STD ÕA( f )<2 Ao>2 F-
<Ao/
2

F+<Ao/
2

Õf<E
(Fo)

ÕA<(Fo) A(F)±sA=
(F0)±5%

1 360,000 25 135 0.26 0.03 1.1 2.03 No No Yes Yes Yes Yes Yes 4.653846
2 360,000 25 140 0.29 0.04 1.2 1.79 Yes No Yes Yes Yes Yes Yes 4.965517
3 360,000 25 143 2.61 0.33 1.31 1.22 Yes No Yes No Yes No Yes 0.65751
4 360,000 25 127 2.58 0.22 1.79 1.43 Yes No Yes No Yes Yes Yes 1.241899
5 360,000 25 91 2.63 0.23 2.96 1.94 Yes Yes No No Yes Yes Yes 3.331407
6 360,000 25 110 2.57 0.12 3.14 1.53 Yes Yes No No Yes Yes Yes 3.83642
7 360,000 25 138 0.63 0.07 1.21 1.75 Yes No Yes Yes Yes No Yes 4.066944
8 360,000 25 62 0.83 0.17 4.1 2.51 No Yes Yes Yes Yes No Yes 20.25301
9 360,000 25 92 1.03 0.13 1.58 1.42 Yes No No No Yes Yes Yes 2.423689
10 360,000 25 22 0.8 0.14 4.21 3.16 No Yes No Yes Yes Yes Yes 22.15513
11 360,000 25 89 2.12 0.34 2 1.49 Yes Yes Yes No Yes No Yes 1.886792
12 360,000 25 38 0.89 0.14 8.9 1.88 Yes Yes Yes No Yes Yes Yes 89
13 360,000 25 52 0.88 0.15 3.7 1.67 Yes Yes No No Yes Yes Yes 15.55682
14 360,000 25 39 0.94 0.2 3.39 1.66 Yes Yes No Yes Yes Yes Yes 12.22564

Fig. 5 Distribution of amplification factor through the area of study
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(65–145 Ma) sedimentary rocks, predominantly marine
limestones, claystones and marls (calcareous mudstones).
These sedimentary rocks can form aquifers, some of
which are used by Riyadh. Generally, the Arabian plat-
form has been incised by southward-flowing seasonal
streams forming a series of channels and plateaus.
These wadi channels are filled with predominantly un-
consolidated, weakly cemented, alluvial deposits of silts
and sands that can form fresh to brackish shallow uncon-
fined aquifers.

Riyadh city is established over soluble Mesozoic-
Cainozoic sedimentary rocks with a wide variety of karst
cavities recorded in numerous sites constituting one of the
most important geohazards in the Arabian platform (Al-
Refeai and Al-Ghamdy 1994; Amin and Bankher 1997).

Vaslet et al. (1991) described the Jurassic to Early
Cretaceous rocks (Fig. 2) that outcrop through the Riyadh
area. The Jubaila Formation extends several kilometres
west of Riyadh city and close to the Jubaila Village. This
formation has a stratigraphic extent of 118.3 m (in the type
section) and is composed of partially dolomitised aphanitic
limestones in the lower 85 m and calcarenitic limestones in
the upper 33 m. It is described as a sequence of medium
strong to strong (depending on the weathering), dark grey,
and pale grey, mud-rich and grain-rich carbonate rocks.
The Jubaila Formation is divided into two units; the lower
unit (J1) is predominantly composed of compacted lime-
stone with a thickness of ~56 m; the upper unit (J2) is 60-
m-thick and more compacted. Moreover, it shows interca-
lations of grey limestone organic materials.

Fig. 6 Distribution of fundamental frequency through the area of study
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Methodology

Microtremors are ground vibrations with displacement
amplitudes of ~1–10 μm, and velocity amplitudes of
0 .001–0.01 cm/s . Many resea rchers have used
microtremors for engineering site evaluation (Nakamura
1989; Singh 2015; Mundepi et al. 2015; Pilz et al. 2014;
Panzera et al. 2013a, b; Matassoni et al. 2015). The ratio
between horizontal and vertical motions for each observa-
tion point is related to soil conditions. Moreover, the hor-
izontal component of the shear wave is amplified by a
layer of soft soil because of the multiple reflection phe-
nomena of waves while soft soil layers do not amplify the
vertical component (Nakamura 1989; Milana et al. 2011;
Choobbasti et al. 2014; Rao et al. 2011).

Furthermore, seismic methods have emerged as power-
ful tools for computing the elastic moduli from which
elastic deformation can be estimated (Stumpel et al.
1984). The reliability of rock or soil materials for founda-
tion purposes is a qualitative term that can be estimated
by the average line method (Sjogren et al. 1979; Abd El
Rahman and Abd El Latif 1990), such that weak zones
can be identified. Nevertheless, the classification of the
rocks or soils of a given area on the basis of their degree
of competence can be recognized using N value,

concentration index, stress ratio and allowable bearing
capacity (Imai 1975; Abd El Rahman and Abd El Latif
1990; Abd El Rahman et al. 1991). The estimated P- and
S-wave velocities in this study are used to compute the
elastic constants in an investigated area. Depending on
material elastic parameters, seismic measurements for pa-
rameters, such as density (ρ), stress ratio (Si), Poisson’s
ratio (ν), rigidity modulus (μ), Young’s modulus (E) and
bulk modulus (B), have been calculated based on the
equations shown in Table 1 to evaluate the foundation
layer for civil engineering purposes and rock mass
quality.

Data collection and analysis

Microtremor data were obtained for 18 sites to the west of
Riyadh (Fig. 1) during September 2019 following the rec-
ommendations of the European SESAME research pro-
ject. For reducing the effect of noise sources that may
interfere with the signal, recordings were performed be-
tween 10 pm and 6 am. A Taurus digital seismograph was
used with a three-component velocity sensor unit of
Trillium compact seismometers. Measurements continued
for 60 min, with a sampling rate of 100 Hz for every site.

Fig. 7 a, b Geoseismic cross-
sections underneath profiles 1 and
2 and based on P-wave velocities
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Appropriate windows of data were selected from the 50
windows obtained at each site, avoiding windows influ-
enced by proximal noisy sources. Each window is tapered
with the Konno-Ohmachi algorithm and filtered from 0.2
to 20 Hz. Fourier spectra were obtained for the selected
windows using the fast Fourier transform (FFT)
algorithm.

After obtaining the H/V spectra for specific windows,
an average spectrum was obtained and used as the H/V
spectrum for a particular site. For this purpose, re-
searchers used the SESAME guidelines (http://sesame-
fp5.obs.ujf-grenoble.fr, SESAME Project 2004). H/V
spectral ratios for selected windows were computed at
16 surveyed sites. Figures 3 and 4 show the analytical
procedures and H/V spectral ratio for stations 06, 14, 15
and 16. Table 1 shows the analytical results for all
recording stations.

Four seismic refraction profiles were conducted (Fig.
1) using multiple channels signal enhancement seismo-
graph of Geode-model with 48 channels. These profiles
have different geophone spacing such that the distance
between the shot-point, and the first geophone was 2 m
for profile 1 and 1.5 m for profile 2. The data files include
the precise positions of each geophone and the shot point
as measured by the synchronized GPS instrument in the
field. Furthermore, three shooting points used the for-
ward, the mid-point and the reverse shooting technique.
Field measurements were acquired using a hydraulic
weight drop with 200 kg for generating compressional
waves via repeated impacts on a metal striker plate.
Moreover, four MASW profiles have been carried out
along the same seismic refraction profiles. These data
were carried out using vertical geophones of 4.5 Hz that
could reach greater depths, of at least 30 m.

Fig. 9 a, b 1- and 2D shear wave velocity models along profile 3
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Results and discussion

At 18 surveyed stations, the H/V spectral ratios for des-
ignated windows were calculated (Table 2). These data
displayed the peak frequency f (Peak) varies from 0.26 to
2.63 Hz within the study area and can be sub-classified in
two frequency ranges. The first group corresponds to
those <1.5 Hz, whereas the second group corresponds to

those >1.5 Hz. Most measurements are at higher values of
f (Peak) (>1.5 Hz, i.e. ~80%), indicating a small thickness
of sediments. Furthermore, the amplification factor ranges
from 1.1 up to 8.9, where it can be categorized into two
groups, i.e. those <2.0 and those >2.0 (~60%). Figure 5
shows the distribution of peak frequencies for the study
area, where the majority show a peak frequency greater
than 1.5 Hz. The central part is characterized by higher

Fig. 8 a, b 1- and 2D shear wave velocity models along profile 3

Table 3 Ranges of concentration
index and stress ratio
correspondent to the soil
competent degree (after Abd El
Rahman 1989)

Weak Fair Good

Incompetent Fairly competent Competent

Very soft Soft Fairly compacted Moderate compacted Compacted

Concentration index 3.5–4.0 4.0–4.5 4.5–5.0 5.0–5.5 5.5–6.0

Stress ratio 0.7–0.61 0.61–.52 0.52–0.43 0.43–0.34 0.34–0.25
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peak frequency values (>1.5 Hz) while the residual part of
the map shows the frequencies below 1.5 Hz. Figure 6
displays the variation of the amplification factor (H/V
amplitude) where the major part of the study area is
shown to have lower amplification (<2.0), while the
higher amplification factor recorded at sites limited num-
ber of stations reflecting greater thicknesses of alluvium
sediments or highly weathered limestone rocks.

The acquired seismic refraction data was processed
using the SeisImager of Geometrics Company software
(Fig. 7). The first arrivals were identified at each channel
and subjected to processing, beginning with elevation cor-
rection to the ground datum. The waveforms were filtered
to eliminate high-frequency noise. Figure 9 show the anal-
ysis sequences of seismic refraction data for P-wave ve-
locities in profiles 1 and 2 for examples. Profile 1 has a
length of 94 m, including 48 geophones with a geophone
interval of 2 m. The first arrivals of P-waves were used to
construct travel time-distance curves based on observed
and calculated travel time-distance curves. The resulting
geoseismic ground model indicates two layers (Fig. 9a).
The average thickness of the surface layer reaches ~0.5 m
with P-wave velocity of 2000 m/s. This layer is composed
of weathered limestone and has a very limited extension.
The second layer composed of hard limestone with a P-
wave velocity of 4010 m/s. This layer represents the pri-
mary bedrock at the study area.

Profile 2 is 70.5 m long and contains 48 geophones
with a 1.5-m geophone spacing. The first arrivals of P-
waves and the recorded seismograms show observed and
calculated travel time-distance curves, and the ground

model constructed is shown in Fig. 9b. The first layer is
very thin, with a maximum thickness of ~0.2 m with P-
wave velocity of 2000 m/s. This layer is constituted of
clayey sand and gravel while the second layer has P-
wave velocities of 4274 m/s and composed of hard
limestone.

There are two low-velocity zones at depths of approx-
imately 5 m and 15 m. Figure 8 illustrates 1- and 2D
ground models along profile 3. This ground model indi-
cates the range of shear wave velocity ranges 550 to 4850
m/s and extends down to 37.5 m depth. The surface soil
extends to a depth of 1.25 m whereas low-velocity zone
recorded between 3.5 and 7.0 m depth. Figure 9 shows 1-
and 2D shear wave velocity model extends down to more
than 40 m depth while the velocity varies between 400
and 3250 m/s. The surface soil layer extends to a depth of
5 m below the ground surface (where Vs is less 800 m/s).
It is noticed that there are low-velocity zones between
7.25 and 10.8 m depth below the surface of the earth.

The density gradient in the study area ranges from 2.46 to
2.5 gm/cm3 for the limestone bedrock, indicating compacted
rock (Tables 3, 4 and 5). The study area has a stress ratio of
0.27, indicating competent and compacted rock as per
Tables 3, 4 and 5. The Poisson’s ratio, ν, at the study site, is
0.21 for the bedrock, indicating competent (hard) rocks. The
Young’s modulus (E) at the study area varies from 3.49 to
4.02 × 1011, again indicating competent and compacted rock.
The values of shear modulus (G) and bulk modulus (B) in the
study area range from 1.434 to 1.653 × 1011 and from 2.053 to
2.372 × 1011, respectively, once again indicating compacted
rock.

Rocks and soil materials competence scales including
material index (Mi), concentration index (Ci) and ultimate
bearing capacity (Qult) have been calculated based on
measurements of P- and S-wave velocities. The values
of Mi range from 0.129 to 0.132, suggesting competent
materials (Tables 3, 4 and 5). Concentration index (Ci)
varies from 5.59 to 5.61, suggesting a competent and
compacted rock. The foundation material bearing capacity
(Qult) in the study area varies from 462.59 to 556.58 kg/
cm2 for the bedrock layer indicating compacted rock
(Tables 3, 4 and 5).

Table 4 Poisson’s ratio (ν), rigidity (μ) and material index (Mi)
correspondent to different materials (after Birch 1966)

Rock sample ν μ Mi

Liquids 0.5 0 −1
Perfect elastic rocks 0.25 μ=λ 0

Very hard indurated rocks 0.00 λ=0 +1

Table 5 Soil description with
respect to Poisson’s ratio (ν) and
material index (Mi) (after Birch
1966)

Soil description
parameters

Incompetent to slightly
competent

Fairly to moderately
competent

Competent
materials

Very high
competent materials

Poisson’s ratio 0.4–0.49 0.35–0.27 0.25–0.16 0.12–0.03

Material index (−0.5)–(−1) (−0.5)–(0.0) 0.0–0.5 > 0.5
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Conclusions

In this study, site response effect and site soil character-
istics have been assessed for western Riyadh. There is a
wide range of resonance frequency of 0.26–2.63 Hz while
the corresponding amplification factor varies between 1.1
and 8.9. The sharp peaks indicate the impedance contrast
between the uppermost surface soil and the underlying
hard rock (SESAME Project 2004). These second peaks
reflect large impedance contrasts (SESAME Project
2004). Other sites present broad peak curves, which could
be related to the presence of a subsurface sloping interface
between softer and harder layers (SESAME Project 2004;
Fnais et al. 2010).

Moreover, seismic refraction illustrates two layers; the
first layer has P-wave velocities of ~2000 m/s and repre-
sents the Quaternary deposits (<2.6 Ma) at the site of
interest, which are likely loose to dense interbedded allu-
vium and composed of red-brown clay, silt, and sand.
Aeolian deposits composed of thinly laminated and gently
inclined fine sand and coarse silt are present. This layer
has a thickness of 1.5 m. Whereas, the second layer pos-
sesses of P-wave velocities ranging between 4310 and
4720 m/s and composed of slightly to moderately weath-
ered limestone which, in turn, represents the main bed-
rock at the study area. Based on the MASW results,
Figs. 10, 11, 12 and 13 indicate a low-velocity zone at

depth of 15 m, at a depth of approximately 5 m as well as
at a depth of 15 m and at depth ranges from 3.5 to 7.0 m
and between depths of 7.25 and 10.8 m, respectively.

In conclusion, the Jubaila Formation has possibilities to
create subsurface cavities (low-velocity zones), and this is
illustrated in Fig. 10, which displays several karst cavities
at different depths and with different dimensions. There
are several geohazards due to karst generation as follows:
(1) the presence of undetected voids and infilled cavities;
(2) the uncontrolled and potentially significant groundwa-
ter ingress during construction, connected voids could be
potential pathways for uncontrolled water inflow; and (3)
the existing joints may be enlarged because of dissolution
and may result in secondary fissuring. Finally, these low-
velocity zones (cavities) have been detected and localized
through MASW investigation. These low-velocity zones
have to be explored and avoided during land-use
planning.
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