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Abstract Microtremor measurements become one of the
widely accepted tools to evaluate the site response char-
acteristics since the last two decades. These measure-
ments have been conducted at four sites inside King
Abdulaziz City for Science and Technology (KACST),
Riyadh city, Saudi Arabia to estimate the resonance
frequency and the associated amplitude of sediments.
Microtremor measurements have been recorded for
24 h with a sampling frequency of 100 Hz in the range
from 0.2 to 25 Hz band-pass filter. Origin of the iden-
tified peaks has been tested. The estimated peaks are
correlated with borehole geotechnical data: (1) the first
peak with an average frequency of 8.25 Hz that reflects
the impedance contrast between the uppermost surface
soil and the underlying completely weathered limestone
and (2) the second peak of 1.43 Hz which corresponds
to the impedance contrast between the completely
weathered limestone and the underlying limestone rocks.
In addition, the relation between sediment thickness and
resonance frequency has been assessed. Based on the
results of this study, it can be stated that microtremor
measurements are capable to estimate thickness of sed-
imentary overburden. These results will support for
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seismic safety in case of civil engineering constructs
in KACST area.
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Introduction

The local geologic effects on the ground motion have been
assessed a long time ago where the soft and loose soils amplify
the ground shaking more intensely than that of the hard rock at
the same distance from the same earthquake magnitude.
Bonnefoy-Claudet et al. (2006a, b) stated that horizontal-to-
vertical spectral ratio (HVSR) is mainly controlled by the
ellipticity of Rayleigh waves. Local amplification of the
ground is governed by the soft surface layer, which leads to
the seismic energy trapping, due to the impedance contrast
between the soft surface soils and the underlying bedrock
(Rao et al. 2011).

Nakamura (1989) updated the HVSR technique of
Nogoshi and Igarashi (1970) to estimate the site response
characteristics. This technique has been widely tested
experimentally and theoretically at several locations by
several researchers all over the world (Ohmachi et al.
1991; Lermo and Chavez-Garcia 1993, 1994; Lachet and
Bard 1994; Field and Jacob 1993; Malagnini et al. 1996;
Seekins et al. 1996; Teves-Costa Matias and Bard 1996;
Theodulidis et al. 1996; Konno and Ohmachi 1998,
Mucciarelli 1998). Results of Nakamura’s technique sup-
port such use of microtremor measurements for estimating
the site response of surface deposits. Recently, Fnais et al.
(2010), Al-Yousef et al. (2014), and Al-Malki et al.
(2014) estimated site response for Yanbu and Dammam
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Fig. 1 A photo taken from
“Google” showing the studied site
including the measurement points
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cities in Saudi Arabia, respectively, using the HVSR
technique.

The site of interest is located inside King Abdulaziz City
for Science and Technology (KACST) to the north of Riyadh
city (Fig. 1). Due to the increase of urban expansion of
KACST, the evaluation of site response characteristics is an
issue of utmost importance where a new site has been recently
selected to be the location for a high-rise building within
KACST. Accordingly, and due to the importance of this
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building, site response characteristics at this location have to
be assessed.

Geological setting of KACST site

The surface geological setting of Riyadh region (Fig. 2) con-
sists of fluvial or aeolian clay, silt, sand, and gravel deposits
(Vaslet et al. 1991). These sediments include fluvial and
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Fig. 3 Field measurements

lacustrine deposits overlain by variable amounts of wind-
blown sand. While subsurface geology is composed of great
thickness of shallow marine limestone with shale and clay
intercalations. Local geologic section of KACST site is com-
posed of three layers (Soil and Foundation Company 2007):
(1) Silty clayey sand with gravel of brown, dense to very
dense, dry to damp silty sand and gravel with an average
thickness of 5.5 m. (2) Completely weathered limestone of
very dense, dry to damp, creamy completely weathered lime-
stone with varying thickness from 0.6 to 6.5 m. (3) Limestone
of creamy moderately weathered and highly fractured lime-
stone rock.

Data acquisition

Based on the geological setting of KACST site where it is
composed of limestone hard rocks, so the expected frequency
peaks will be greater than 1 Hz. Furthermore, Sobaih et al.
(2008) and Foti et al. (2011) used the accelerometers to
estimate the dynamic characteristics of the surface soil on
the ground motion from ambient noise measurements. Local

site response at four sites at the selected location within
KACST has been acquired using a Q330 instrument, which
is a multi-channel, PC-based, digital seismic data system
designed for site response for field investigations (Fig. 3).
These measurements were recorded continuously for 24 h
through a frequency range of 0.2-25 Hz band-pass filter with
a sampling rate of 100 Hz.

Data processing and results

The collected data have been processed through the Geopsy
software and according to SESAME (2004) and Al-Yousef
et al. (2014) recommendations where microtremor data file
was divided into several time windows of 50 s for spectral
calculations. This time window is proven to be sufficiently
long to provide stable results. The selected time windows
were Fourier transformed using cosine tapering before trans-
formation. The spectra were then smoothed with Konno and
Ohmachi algorithm (Konno and Ohmachi 1998). After data
smoothing, and in order to obtain spectral ratios, the spectra of
EW and NS channel at a site were divided by the spectra of the

Table 1 Results of microtremor

measurements Site no. Resonance frequency (f;) Natural period (7p) Amplification factor (4o)
1 8.72 0.114 1.48
2 8.53 0.117 1.39
3 7.75 0.129 1.43
4 8.72 0.114 1.56

@ Springer



5184

Arab J Geosci (2015) 8:5181-5188

@ Springer

Sa_sTAa =

sSa_sTAs &

a) Recorded waveform

Sa_sTas =

- e

SaA sTaAs e

b) The selected windows

a &
Frequency (H»)

C) The H/V spectral Ratio

b0
o ¢

Specrum anpiude
N
°

A
o]

a <
Frequency (Hi=)

d) Amplitude spectra.

- <
Freauencs (Fis>

€) H/V spectral Rotate.

20

- 12.75 Hz
0.2397%
n—45659

.
N

ols
Time (s>

g) Damping test for Fo= 12.75Hz.

revon
s
0.0 0.4 o.8 Sl 1.6 2.0
e
R

o0 o4 os

12
Time (s>

.0 0.4 o8 1.6 2.0

#-3
Time (s>

h) Damping test for F= 8.73 Hz.




Arab J Geosci (2015) 8:5181-5188

5185

<« Fig4 Processing of microtremor measurements at site No. 4. a Recorded
waveform. b The selected windows. ¢ The H/V spectral ratio. d
Amplitude spectra. e H/V spectral rotate. f Spectral rotate. g Damping
test for fo=12.75 Hz. h Damping test for f,=8.73 Hz
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Fig. 5 Relationship between fundamental resonance frequencies calcu-
lated from H/V spectral ratio and sediment thickness from borehole data.
The solid line is the fit to the data points

vertical channel (Nakamura estimate). The geometrical aver-
age of the two component ratios will be the site amplification
function. Fundamental frequencies (f;) and the corresponding
amplifications (4o) at the measuring sites are summarized in
Table 1. Figure 4 illustrates the processing procedure for site
no. 4 as a representative example for the proposed location.
Site no. 1 shows a fundamental frequency peak at
13.01 Hz and the corresponding amplification factor at
1.57. According to the abovementioned criteria, the
HVSR curve is reliable. This peak has been tested to
verify its origin whether it is natural or industrial by
applying the damping test and amplitude spectra. It is
indicated that this peak is of industrial origin, and
consequently, this peak should not be considered in
the interpretation. Another peak of natural origin was
found at 8.72 Hz with amplitude of 1.34, which repre-
sents the effect of impedance contrast between the
weathered limestone and the overlying sediments. There
is a second peak that has been picked at 1.41 Hz with
an amplitude of 1.25. This peak is of natural origin and

Table 2 Soil profiles in boreholes

illustrates the effect of impedance contrast between the
weathered limestone and the underlying limestone rocks.

Site no. 2 illustrates a clear peak at 12.92 Hz associated
with an amplitude of 1.52. The H/V spectral ratio curve is
reliable. Damping value and amplitude spectra tests were used
to check the origin of this peak where it was found to be of
industrial origin and should not be considered in the interpre-
tation. First peak of natural origin was identified at 8.53 Hz
with an amplitude of 1.43, due to the effect of impedance
contrast between the weathered limestone and the overlying
sediments. While the second clear and natural peak was
picked at 1.46 Hz with an amplitude of 1.3. This peak clarifies
the effect of impedance contrast between the weathered lime-
stone and the underlying limestone rocks.

Site no. 3 shows a clear peak at 12.79 Hz with an amplitude
of 1.52. The HVSR spectral ratio curve is reliable. The origin
of this peak is industrial and not be considered in the interpre-
tation. It is noticed that the presence of clear peak at 7.85 Hz
with an amplitude of 1.43 of natural origin reflects the effect of
impedance contrast between the weathered limestone and the
overlying sediments. Another peak of natural origin is recoded
at a frequency of 1.41 Hz with an amplitude of 1.13, which
indicates the effect of impedance contrast between the weath-
ered limestone and the underlying limestone rocks.

Site no. 4 presents peak at 12.75 Hz and an amplification
factor of 1.56 (Fig. 4). The H/V spectral ratio curve is reliable.
Origin of this peak was tested and it is of industrial origin
(Fig. 4g), so this peak should not be considered in the inter-
pretation. There is another peak of natural origin at a frequen-
cy of 8.72 Hz with an amplitude of 1.4 (Fig. 4h) due to the
effect of impedance contrast between the weathered limestone
and the overlying sediments. In addition, third peak has been
recorded at a frequency of 1.43 Hz with an amplitude of 1.36.
This peak was found to be of natural origin that reflects the
effect of impedance contrast between the weathered limestone
and the underlying limestone rocks.

Sediment thickness and resonance frequency relationship

Several studies indicated that microtremor measurements can
be used to estimate the sediment thickness (Ibs-von Seht and

BHI1 BH2

BH3 BH4

Depth  Soil type Depth  Soil type

Depth  Soil type Depth  Soil type

0.0—  Silty clayey sand with gravel 0.0—  Silty clayey sand with
6.8 6.4 gravel

6.8—  Completely weathered 6.4-  Completely weathered
8.0 limestone 8.0 limestone

0.0—  Silty clayey sand with 0.0—  Silty clayey sand with
7.3 gravel 6.5 gravel

7.3—  Completely weathered 6.5—  Completely weathered
8.0 limestone 8.0 limestone
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Table 3 Geotechnical parameters of boreholes

Depth (m) BHI1 BH2 BH3 BH4
SPT Ne  V.(mls)  SPT Ne  Ve(ms)  SPT Ne  V.(mks)  SPT Neo  V.(mls)
N value N value N value N value

0.0 41 25 187 40 24 184 37 22 177 45 27 193

1.5 55 33 209 59 35 214 60 36 217 58 34 212

3.0 70 42 231 75 45 238 68 40 227 72 43 233

4.5 81 49 246 87 52 252 75 46 240 70 42 231

6.0 100 60 267 85 51 250 88 52 252 81 48 244

8.0 100 60 267 100 60 267 100 60 267 100 60 267

Wohlenberg 1999; Delgado et al. 2000; Parolai et al. 2002; V, = 5()(N60)0‘4l (4)

Motamed et al. 2007; Abdel-Rahman et al. 2012). Of partic-
ular, Ibs-von Seht and Wohlenberg (1999) stated that the
resonance frequency (f;) of a soil layer is closely related to
its thickness (%) as follows:

h=af? (1)

According to the estimated f; from microtremor measure-
ments from the present study and sediment thickness from
borehole data (Fig. 5), a new equation was obtained from the
site:

h=60.178 f, 102 (2)

Borehole geotechnical data

Four geotechnical boreholes were logged at the proposed
location with a maximum depth of 8.0 m (Table 2). The
standard penetration test (SPT) has been performed every
1.5-m depth at each and every borehole according to the
ASTM D1586 (Table 3). The measured SPT values in the
field have been corrected for the following: (1) overburden
pressure (Cy), (2) hammer energy (Cg), (3) borehole diameter
(Cp), (4) presence or absence of liner (Cs), (5) rod length (CRr),
(6) fines content (Cgpnes) (Seed et al. 1983; Skempton 1986;
Sitharam et al. 2005) using the following equation:

N60: NX(CNXCEXCBXCsXCRXCfmeS) (3)

The calculated Ny, values (Table 3 and Fig. 6) can be used
to estimate the average shear wave velocity V for each layer
using Anbazhagan and Sitharam (2006) equation for silty sand
soil:

@ Springer

Then, the derived V; values were averaged for the sediment
thickness at each borehole. The fundamental frequency at
every borehole was estimated (Table 4) using the well-
known relation:

Vs

Discussions and conclusions

Microtremor measurements have been recorded at four
sites inside KACST for 24 h and in the frequency range
of 0.2 to 25 Hz band-pass filter with a 100-Hz sampling
rate. The origin of the identified peaks of resonance
frequency has been tested to check whether it is natural
or industrial. The industrial peaks are not to be taken in
the interpretation.

Two peaks of natural origin are identified: (1) the
first peak varies from 7.85 to 8.72 Hz. This peak
clarifies the impedance contrast between the uppermost
soil surface and the underlying completely weathered
limestone. The large peak values are generally associat-
ed with sharp velocity contrasts and are likely to am-
plify the ground motion. (2) the second peak ranges
between 1.41 and 1.46 Hz that correspond the imped-
ance contrast between the completely weathered lime-
stone and the underlying limestone rocks.

The characteristic site period (or site resonance fre-
quency) which depends on the thickness (%) and shear
wave velocity (V) of the soil represents a very useful
indication of the period of vibration at which the most
significant amplification can be expected.



Arab J Geosci (2015) 8:5181-5188 5187
0 50 100 150 200 250 300 0 50 100 150 200 250 300
0 I ] 1 ] 1 | 1 | 1 | 1 | 0 ] | 1 I I I I ] 1 l I |
2 — 2 —
£ E
=4 £
=4 — <4 -
& &
[=] [=]
6 — 6 =
BH1 BH2
NMeasured Nueasured
. Ngo . Nso
8 — 8 =
0 50 100 300 0 50 100 150 200 250 300
O I P O TV INNTH AU SRR RS R
2 — 2 —
€ E
£4 - £ 4 —
5 §
(<] a

BH3
NMeasured

-1 ——— Ngo

Vs

8§

Fig. 6 Corrected N values and calculation of V at four boreholes

Results of microtremors compared with that of the
geotechnical borehole data proved to be in agreement in
terms of f. Furthermore, microtremor measurements
have been used to estimate the sediment thickness. It
is concluded that the use of both methods lead to
reliable results, and consequently, the estimated f; values

Table 4 Estimated values of f, from boreholes

BH4
NMeasured
Neo
Vs

through this study should be taken into account through
designing and implementing phases of new construc-
tions inside KACST.
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BH1 BH2 BH3 BH4
Average V5 (m/s) fo (Hz) T, (s) Average Vi (m/s) fo(Hz) To(s) Average Vi(m/s) fo(Hz) To(s) Average Vi (mv/s) fo(Hz) To(s)
218 8.54 0.117 228 8.38 0.119 223 7.63 0.131 223 8.58 0.116
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