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Abstract. Shear wave velocity (Vs) profile is one of the critical geotechnical measurements of soil layers for seismic hazard
assessment and liquefaction potential evaluation. Enhancing the effectiveness of in-situ Vs profiling by reducing time and cost is
of great interest. For that reason, this study aims at assessing Vs profile generation from a single-station three-component
geophone with additional borehole log data for constraining parameter space. Based on multichannel analysis of surface waves
(MASW), and microtremor array Measurements (MAM) conducted previously at seven sites located in Bukit Timah Granite,
Singapore, this study utilized HVSR signals for Rayleigh wave ellipticity (ellipticity curve) inversion with additional inversion
constraint using borehole log data. The resulting Vs profiles and reference Vs profiles from MASW and MAM were
quantitatively compared using average Vs of 30 m (Vo). The profiles generated from ellipticity curve inversion revealed a good
agreement with Vs reference profiles. Vg based site classification results also indicated a good fit of two test results. Therefore,
HVSR measurements for further ellipticity curve inversion, with already available borehole log data for constraint, is considered
as a promising cost and time-effective site classification approach.
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1. Introduction

To assess the subsurface strata, usually, traditional log
tests are conducted which involve site drilling, soil
sampling, and further conductance of laboratory tests using
the sample (Hobiger et al. 2013, Moon et al. 2016).
Borehole logging can be expensive, take a huge amount of
time, and inevitably cause an environmental effect due to
the invasive nature (Hobiger ef al. 2013, Moon et al. 2019).
Boreholes can be used to explore soil properties at exact
locations, and as a point of interest gets far apart from the
explored location, the gathered soil property information
becomes less reliable. As an alternative for borehole
logging, geophysical surface wave investigation approaches
sometimes can be employed. Surface wave methods are
nowadays a promising approach for (1) the identification of
Vs profiles of the site, and (2) characterization of
geotechnical properties of tested sites utilizing dispersive
behavior of surface waves (Moon et al. 2016, Moon and Ku
2016a, Moon and Ku 2016b, Moon et al. 2017, Moon and
Ku 2018).

Geophysical tests such as multichannel analysis of
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surface waves (MASW), microtremor array measurements
(MAM), and horizontal to vertical spectral ratio (HVSR)
tests would be considered as: (1) a better option over
borehole log (Moon et al. 2017, Moon et al. 2019), (2) an
alternative way for site response evaluation (Bonnefoy
Claudet et al. 2006), and (3) site classification (Pavel and
Vacareanu 2015). Each of these tests has its own limitations
like allowable survey depth, sharpness of resulting Vs
profile, and effects of environmental noise type,
underground utilities, and water. However, in a highly
urbanized zone like Singapore, the application of
geophysical tests is more preferred due to portability, which
helps to reduce potential risk to underground utilities during
tests.

Previously, Singapore geology was explored using
MASW, MAM, and HVSR tests for evaluating the
application of tests in local rock formations (Moon et al.
2016; Subramaniam et al. 2019) and surveying the
weathering of decomposed granite (Moon et al. 2017;
Moon and Ku 2017). For geotechnical design, local rock in
accordance with (1999) is classified as “Grade III (G III)”
that is based on weathering degree of a rock formation (see
Table 1). Results of those studies were utilized for
surveying of soil/rock interface (Ku et al. 2020) providing
empirical approaches of estimating soil/rock interface based
on Vs profiles and proposing a local power function from
HVSR results that expresses the correlation between the
fundamental frequency of site and the depth of soil/rock
interface for Bukit Timah Granite (Moon et al. 2019).

Inversion of ellipticity of the fundamental mode of
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Table 1 Bukit Timah Granite rock classification based on

weathering degree (1999)

Table 2 Testing location and corresponding invasive and
non-invasive data

Intact strength, unaffected by weathering. Not broken
I easily by hammer rings when struck. No visible
discoloration.
Not broken easily by hammer — rings when struck. Fresh
I rock colors are generally retained but stained near joint
surfaces.
Cannot be broken by hand. Easily broken by a hammer.
Il Makes a dull or slight ringing sound when struck with a
hammer. Stained throughout.
Core can be broken by hand. Does not slake in water.
Completely discolored.
Original rock texture preserved, can be crumbled by
hand. Slakes in water. Completely discolored.
Original rock structure completely degraded to soil, with
VI none of the original fabric remains. Can be crumbled by
hand.

v

Rayleigh wave (ellipticity curve), which is estimated from
HVSR measurements, is generally considered as an
unconventional geophysical surface wave analysis method
that could be implemented in cities with highly limited
space because it requires only one geophone (Hobiger et al.
2013). In previous studies, a group of Vs profiles generated
by scaling each other has resulted from an identical
ellipticity cruve (Dal Moro 2011, Hobiger et al. 2013). To
prevent the non-uniqueness of the inversion solution, it
needs to be further constrained by additional geophysical or
geotechnical data. Due to the demand for additional
constraints, it is not clear yet whether ellipticity curve
inversion is a well-recognized and reliable method to
generate a reasonable Vs profile in practice. In this study,
single three-component 4.5 Hz geophones and a Geometrics
seismograph were utilized to record ambient noise near the
seven test sites for 30 min each. Measurements are used for
generating Vs profiles and further site classification by
average Vs values in accordance with National Earthquake
Hazard Reduction and  Prevention (NEHRP)
recommendations (BSSC 2001). This paper aims to
generate Vs profiles for shallow depths using ellipticity
curve inversion and assess its credibility by comparing
soil/rock interface from Vs profile, and Vszp site
classification.

2. Testing location and geology

The geology of Singapore island consists of four rock types
such as volcanic rocks, sedimentary rocks, Quaternary store,
and late alluvial store. Among the listed rock types, Jurong and
Bukit Timah Granite formations consist of about 2/3 of the
total Singapore territory. Bukit Timah formation is considered
as a basal bedrock forming Singapore island due to its location
below other rock formations. Due to the tropical climate of the
island, heavy rains, and the presence of organic components in
soil, the Bukit Timah Granite development’s weathering
condition varies significantly from weathered soil to hard rock
layers in different locations (Ku et al. 2020). Geophysical
methods such as multichannel analysis of surface waves
(MASW), and microtremor array measurement (MAM) were

Site ID Testing location  Borehole Test method Array size (m)

MAM 30x30
S1 AngMoKioPark Bl MASW 345
HVSR -
And Mo Kio St. MAM 40 x 40
S2 24a B2 Lsr -
And Mo Kio St. MAM 40 x 40
S3 24b B3 HVSR -
MAM 50 x 50
S4  Woodlands Ave 1a B4 MASW 46
HVSR -
MAM 50 x 50
S5 Woodlands Ave 1b  B5 MASW 46
HVSR -
MAM 40 x 40
S6 Woodlands Dr. 19 B6 HVSR i
MAM 30x30
S7  Woodlands St 81 B7 HVSR i

conducted by (Moon ef al. 2019) in Bukit Timah Granite
territory. Locations where the HVSR test was conducted, and
previous tests’ array sizes can be seen in Table 2.

3. Methods

3.1. Multichannel Analysis of Surface Waves (MASW)
and Microtremor Array Measurements (MAM)

MASW and MAM (also called Passive MASW) are
geophysical surface wave methods developed specifically
for subsurface purposes (Park er al. 1999). This method
quickly became popular among geophysicists and civil
engineers; it provides a subsurface wave that can give a 1D or
2D Vs profile, which is one of the most important geotechnical
parameters in seismic engineering. The MASW and MAM
tests are designed for high-frequency and low-frequency
recordings, respectively, and subsequently investigate shallow
and deep ground characteristics. The procedure in both cases
consists of 1) data acquisition, 2) data processing, and (3)
inversion. MASW test utilizes artificial noises like an
explosion, or a sledgehammer shot generated at a certain
distance away (called offset) from a linear spread of signal
receivers in data acquisition. To increase the quality and
sharpness of gathered data, several subsequent sledgehammer
shots are usually recorded. All the received signals are then
utilized for plotting the dispersion curve, Rayleigh wave
velocity vs frequency curve with maximum magnitude in
frequency spectra. MAM test is aimed at recording natural
ambient noises, and receivers are placed at isotropic geometric
shape or “L” shape. Ambient noises’ source and direction are
usually unknown. Data processing will result in generating the
dispersion curve at lower frequency ranges.

Previously, for the Bukit Timah Granite in Singapore,
dispersion curves were derived using a phase shift stack
method for MASW and Spatial Autocorrelation (SPAC)
(Aki 1957) or cross-correlation (Zhang et al. 2019, Zhang et
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Fig. 1 HVSR measurements at the test site (S2)

al. 2019) for MAM respectively. The resulting dispersion
curves were overlapped in a border frequency zone of 6 Hz
and utilized for an inversion. The initial inversion model
was constructed by one-third wavelength to the apparent
depth and Rayleigh wave velocity transformation (Moon et
al. 2017). Vs profiles generated by the least square method
(Moon et al. 2019) are used as reference profiles for further
comparison with ellipticity curve inversion results.

3.2. Horizontal-to- Vertical-Spectral-Ratio (HVSR)

The proposed empirical approach considers the HVSR
method, popularized by (Nakamura 1989) and extensively
used for two decades. The HVSR is a commonly used
geophysical site investigation test that is aimed to
characterize the soil (Pavel and Vacareanu 2015). This
method assumes that there is a relationship between the
HVSR of ambient noises and the fundament frequency (fo
in Hz) of the soft sediment layer (Tokimatsu 1997, Bard
1999, Bonnefoy-Claudet et al. 2006, Hakimov et al. 2021).
Ambient noise is low amplitude ground motion (usually on
the order of 0.1-10 pum/s) caused by natural phenomena
(earthquakes, wind, tides, rivers, rainfall) and human
activities (roads, machines). Seismic noise associated with
natural phenomena is mainly below 1 Hz, and human
activities - above 1 Hz. The types of vibration waves
covered by ambient noise contain a small portion of body
waves (namely S-waves and P-waves) and rich in surface
waves (Love waves and Rayleigh waves). Surface waves
are dispersive waves, meaning that the surface wave’s phase
velocity is a function of frequency, i.e., the phase velocity is
reversely proportional to frequency. Since there is a
relationship between the dispersion curve and how Vs
changes by depth in different soil layers, it can be utilized
as a non-invasive method of assessing underground soil. At
the site, the HVSR method consists of recording ambient
noise over a short period using a three-component seismic
station (Wathelet ez al. 2020). All three-component ambient
noise records (two horizontal and one vertical) are divided

into several time windows. For each time window, it is then
transferred into the frequency domain by Fourier transform,
transformed spectra then smoothed. For each predetermined
window, the fractional relationship between averaged H to
single V spectra is then calculated. A final HVSR graph is
plotted by taking an average of all windows. These spectra
show an amplitude peak at fp, which correlates with the
site's resonant frequency. Eq. (1) describes the correlation of
fo to soil parameters such as thickness (h), shear wave
velocity (Vs), and in a single layer (Nakamura 1989)

fo=Vs/4h (1)

In this study, seven single microseismic recordings were
made for 30 minutes using a three-component geophone
with a frequency of 4.5 Hz for each point. The distribution
of measurements can be seen in Table 2. The data were
collected and processed according to the recommendations
by the SESAME project (2004). As an example, among
seven test sites, Fig. 1 presents HVSR measurements at the
Ang Mo Kio St. 24a (S2). Fig. 1(a) shows three component
signals (two horizontal components and a vertical
component) with time windows and corresponding HVSR
of each time windows (Fig. 1(b)).

3.3. Ellipticity curve inversion

In 1D HVSR data, along with fundamental frequency
and amplitude, is also utilized for calculating the ellipticity
curve. The ellipticity curve information can be then applied
to constrain the inversion using surface wave phase velocity
curves (Fih et al. 2009). Combined inversion of both
dispersion curves taken from surface wave data and
ellipticity curve can be used for determining bedrock (Féh
et al. 2008).

HVSR and ellipticity curves are close to each other
because the contribution of the Rayleigh wave’s
fundamental mode to the HVSR model is much higher
among the surface waves (Poggi et al. 2012). If a site’s
surface wave energy contribution consisted only of the
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Fig. 2 Ellipticity inversion process at the test site (S2)

Rayleigh wave, then HVSR and Ellipticity curves would be
exactly the same. However, considering HVSR as an
ellipticity curve would be incorrect because the contribution
of Rayleigh and Love waves is not constant even for the
same site and differs with frequency (Hobiger et al. 2013).
For that reason, the ellipticity curve of a site is needed to be
estimated, although the main problem in extracting
ellipticity curve from HVSR lies in adjusting the spectral
recordings accordingly based on surface and body wave
energy contributions.

Ellipticity curve can be typically estimated by using the
RayDec method (Hobiger ef al. 2009) or the method of
elliptical retrieval, which utilizes a concept of a time-
frequency analysis with a continuous wavelet transform
(CWT) (Fdh et al. 2009, Poggi et al. 2012). In this study,
the latter method is utilized in the Geopsy software (Fah et
al. 2009; Wathelet et al. 2020) to minimize the influence of
horizontal S-wave (SH) and estimate the ellipticity curve
from P-wave and vertical S-wave (SV) by CWT (Ullah et
al. 2017). First, three-component signals are transformed
into time-frequency (TF) representation using CWT
separately. TF representation of two horizontal signals then
merged via vector sum and TF representation of vertical
signal would be considered as reference data in further
estimations of Rayleigh wave contribution (Féh ef al. 2009;
Poggi et al. 2012, Ullah et al. 2017). The procedure of
CWT consists of time integration of measured signal (x(t))
and wavelet function (y(t)(a, b)) expressed in Eq. (2)

fee)

WTWan = [ OV Oande @)
Where (t)(qp) is analyzing wavelet created from the

mother wavelet function (y(2)) by scaling and translation
via parameters “a” and “b” by the Eq. (3)

1 t—>b
lp(t)(a.b):\/ﬁlp( 7 ) 3)

Table 3 List of investigated sites using the HVSR method in
the territory of Bukit Timah Granite in Singapore

SiteID  fo(Hz) stdv(fo) Ao HVSR type
S1 34 0.22 5.7 clear peak
S2 3.0 0.24 4.5 clear peak
S3 2.7 0.14 3.7 double peak
S4 1.9 0.34 24 clear peak
S5 1.9 0.25 4.7 clear peak
S6 3.0 0.43 4.8 clear peak
S7 2.5 0.43 2.3 clear peak

Where the parameter “a” in the wavelet function is
called the scale parameter and “b” is a shift of the wavelet
function in time. The transformation process is repeated for
all “a” and “b” values. Modified Morelet function is used as
a mother wavelet in CWT (Féh et al. 2009). Outputting
time-frequency  representation will result in a
multiresolution: (1) good frequency/ poor time resolution at
low frequencies; (2) poor frequency/good time resolution at
high frequencies (Fédh et al. 2009, Ullah et al. 2017).
Second, for statistically enhancing the reliability, TF
representation is divided into a minute-long time windows
(n) for further averaging the results (Poggi et al. 2012).
Rayleigh waves’ vertical arrival is determined by assessing
each time windows in vertical TF representations. Such
time windows are further scanned for maxima at each
frequency (fi,). Horizontal amplitudes for each frequency
are taken with a lag of quarter period (//4f;,) in comparison
with vertical maxima time (#;,). As a result, ellipticity curve
is estimated as a ratio of horizontal amplitude to the vertical
maxima and plotted in log scale. The same procedure is
repeated for each frequency and time windows.

For the inversion procedure in the software, a global
search method called the Neighborhood algorithm described
by (Sambridge 1999, Wathelet 2005) is utilized. Given
algorithm is classified as global search algorithm, meaning
that the algorithm analyzes a whole parameter space
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Fig. 3 HVSR results in seven test sites

including a possible thickness interval of each layer, and
soil properties (density, Poisson’s ratio, and minimum-
maximum Vs and Vp). After the analysis, the inversion
algorithm will find the Vs models with the lowest misfit
value. Inversion misfit is estimated using the following Eq.

(4).

Misfit = 4

Where x4 and x.; are reference and calculated velocities
at frequency fi respectively, o;is standard deviation, N is the
number of samples.

Several previous studies (e.g., Dal Moro (2011), Ullah et
al. (2017), Tumurbaatar et al. (2019)) highlighted that
inversion of HVSR will reveal non-unique solutions. The
global search algorithm itself might be time-consuming and
might even not converge to the solution (Tumurbaatar et al.
2019). To overcome the non-uniqueness issues of inversion,
additional  constraints  derived from  geotechnical
information would be required (Hobiger et al. 2013). In this
study, borehole log data including geological information
was utilized for constraining parameter space. In particular,
Vs and layer depths were limited based on the known
geology of layer and borehole log information.

Fig. 2 shows the ellipticity inversion process at the test
site (S2). The resulting ellipticity curve from the time-
frequency analysis can be seen in Fig. 2(a). Color dynamics
from red to green show energy dynamics of HVSR

amplitude and the black line is the ellipticity curve that was
statistically selected from the histogram. Fig. 2(b) illustrates
ellipticity curves generated during the inversion and how
well they fit with the ellipticity curve from Fig. 2(a). Grey
lines and reddish-brown lines correspond to models with
low misfits and high misfits, respectively. Fig. 2(c)
illustrates inverted Vs profiles resulting from ellipticity
curve inversion (Fig. 2(b)). The model with the lowest
misfit value (grey) is selected for conducting further
analysis.

4. Results
4.1. HVSR results

Fig. 3 presents HVSR curves of each test site using
Geopsy software after the Rayleigh wave ellipticity
(ellipticity curve) inversion process with ambient noises
recorded. In the computation processes, three-component
ambient noises were filtered out and were further smoothed
using Konno-Omachi algorithm with the smoothing
constant of 40. For each obtained HVSR, f;, and standard
deviation (stdv) is estimated by considering the clear peaks
in frequency spectra and taking an average of all time
windows. The amplitude of the peak Ay is also measured as
an indicator of the reliability of the estimate and the
impedance contrast according to the SESAME project
(2004). The average spectrum (black line) exhibits clear
peaks (HVSR curves), black dashed lines as HVSR
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Fig. 4 The Vs profiles generated by Rayleigh wave ellipticity from the inversion of HVSRs (red line) on boreholes near and
compared to the reference model from MASW and MAM (dashed line)

standard deviation (stdv), vertical grey marks as HVSR
peak frequency f, with stdv and its associated peak
amplitude Ay for sites S1 to S7 (Fig. 3). The summary of
results can be seen in Table 3.

The data is analyzed over a frequency range of 0.4 to 25
Hz considering the recommended criteria of clear and
reliable peaks in following the SESAME project (2004).
The HVSR results show a clear peak in the range of 1.9 Hz
to 3.4 Hz (Table 3). For this class of sites, the average Vs,
which was estimated after MASW and MAM results of the
previous study (Moon ef al. 2017, Moon et al. 2019), is in
the range of 200-250 m/s for shallow and 450-650 m/s deep
contrasts, suggesting that a large and sharp impedance
contrast exists at the sediment (Bard 1999). Such clear
peaks show frequencies greater than 1 Hz, corresponding to
shallow sediment depth variation from 25 to 35 meters.

4.2. Ellipticity curve inversion results
The ellipticity curve inversion of the Rayleigh wave was

applied to determine shear wave velocity (Vs) profiles using
borehole data as an additional constraint (Fig. 4). We

established the maximum thickness of each layer, the P-
wave and S-wave velocity, and density ranges by
combining values from previous geophysical information
(Moon et al. 2016) and calibration using HVSR
measurements on boreholes data (Table 4). The range of the
Poisson's ratio from 0.2 to 0.5 for all layers at each site was
defined as the standard values for soils and rocks. To
better limit the inversion and obtain reliable results, the
average Vs estimated from the collected model Vs for
shallow and deep contrasts were determined in the range of
200-250 m/s and 450-650 m/s, respectively. We calculated
and compared the fundamental mode of the Rayleigh wave
ellipticity curve at each site with the inverted part of the
ellipticity curve obtained from measurements through misfit
values. The S-wave velocity model corresponding to the
minimum misfit value (the best model) is obtained (Fig. 4).
Fig. 4 reveals the Vs profiles of the test sites and
corresponding borehole log data separately. Also, the
reference Vs profiles obtained from the combination of
MASW and MAM in the previous study (Moon et al. 2019)
were compared with newly generated Vs profiles. Based on
the borehole log composition and depth of each soil



Seismic site classification from HVSR data using the Rayleigh wave ellipticity inversion: A case study in Singapore 237

Table 4 Intervals for model space investigation used in the
HVSRs curve inversion procedure of the study area

. Vp (m/s) Vs (m/s) Density (kg/m?

Layer  Thickness (m) mﬁlgma))( min(—maz( miily—fnfx :
1t 0-10 320450 180-260 1700-1900
2nd 5-15 400-650 220-380 1800-2000
3rd 10-30 450-800 250-450 2000-2100
4th 25-50 600-1400 300-650 2200-2400

Table 5 Site Classification by HVSR and reference Vs
profile data

Site ID HVSR Reference Vs profile

Vs3o (m/s)  Site class  Vs3o (m/s) Site class
S1 280 D 275 D
S2 250 D 278 D
S3 253 D 271 D
S4 251 D 240 D
S5 252 D 228 D
S6 271 D 290 D
S7 270 D 281 D

formation, the Vs profiles are divided into three to four
layers in the ellipticity curve inversion. Among inverted
models, such an increased number of layers is observed in
the sites (S3, S4, and S6). For all test sites, the Vs profiles
modeled from the ellipticity curve and reference Vs profiles
show a good agreement. In addition, soil/rock interface (i.e.,
depth of G III layer) in the sites (S1, S3, S4, S6, S7) fits
well with increased Vs of the last layer of HVSR inverted
profiles while the soil/rock interface in the sites (S2, S5)
shows a 3-5 m difference. Newly generated Vs profiles are
then also utilized for estimation of average Vs value for 30
meters.

4.3. Site classification by Vsso

Site amplification of earthquake caused by soft soil
sediment and consequent site response are a drastic issue in
seismic design and construction (Gautam et al. 2016,
Maruyama and Sakemoto 2017, Zhao et al. 2017, 2018).

To evaluate and minimize potential earthquake hazard,
seismic site classification has been conducted. Average Vs
of 30 m (Vs30) is conventionally utilized as an index of site
characteristics in accordance with the National Earthquake
Hazards Reduction Program (NEHRP) (BSSC 2001). The
Vs profile inverted in the previous section is taken for
estimation of Vs3y of each site. Vs were calculated
following NEHRP guidelines and determined by the
following Eq. (5)

i=1d;
(di/Vsy)

Where di and Vsi are depth and velocity of the i-th layer
of soil in 30 m.

Table 5 shows the site classification of all seven test
locations according to Vs3o values. For site classification,
the Vs3¢ in the range of 180 to 360 m/s indicates Site Class
D (stiff soil). For all the sites, the site classification based
on the Vs3p obtained by the combination of MAM and

VS30 =

)

MASW and HVSR data reveal the same site class D with
almost identical Vs3o value, which corresponds to the stiff
soil class.

5. Conclusions

In this study, the shear wave velocity (Vs) profiles of
seven locations in Bukit Timah Granite were generated
using  ellipticity curve inversion following the
recommendations of earlier studies concerning additional
constraints. A horizontal to vertical spectral ratio (HVSR)
was also estimated for assessing the validity of data in
accordance with SESAME project recommendations. A
comparison of Vs profiles from the ellipticity curve with
additional borehole constraint and the reference Vs profiles
have indicated a reasonable trend in Vs profiles and similar
Vs3o values. In accordance with National Earthquake
Reduction Program (NEHRP) recommendations, Vs3o
values in all seven test sites were estimated by the Vs
profiles from the ellipticity curve inverted Vs and the
reference Vs profiles all tested sites were classified as site
class D (stiff soil). Also, soil/rock interface or bedrock
depth in Bukit Timah Granite was estimated from newly
generated Vs profiles using empirical approaches. Vs
profile and borehole data have shown good agreement in
soil/rock interface depth estimation. Thus, it can be stated
that a single inversion of HVSR with parameter space
constrain by borehole information can be a useful tool in
site classification and Vs profile generation.
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