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Detection of bedrock depth is one of the critical site investigation procedures for seismic hazard analysis and un-
derground developments that may encounter varying rock formation. The most common practice to detect bed-
rock is to directly drill boreholes. However, the intrusive borehole-based site investigation process is often
expensive and time consuming and provide limited information from discrete boreholes. In the present study,
a surface wave based technique, microtremor array measurement (MAM) and microtremor measurement
(MM) is used to find the depth of bedrock at Bukit Timah granite formation in Singapore. Based on a series of
MAM and/or MM surveys, four interpretation approaches, i.e., (1) Bilinear intersection method; (2) Preselected
shear wave velocity (VS) based approach; (3) Normalized phase velocity approach; and (4) Horizontal to vertical
spectral ratio (HVSR) analysis, are proposed for bedrock depth detection. The first three approaches are based on
surface wave inverted VS profile using a vertical component of MAM. The fourth approach is to utilize the natural
frequency of the ground throughHVSRusing three componentsmicrotremormeasurements (MM). By compiling
experimental data at nine different testing sites, it was demonstrated that non-invasive surface wave-based ap-
proaches can be effectively used for bedrock detection. Especially, a promising empirical correlation between the
natural frequency of ground and the depth of bedrock is subsequently proposed.
© 2019 The Authors. Published by Elsevier B.V. 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 underground development, uncertainty due to unforeseen
ground condition may cause delays and incidents in construction. A va-
riety of technical challenges which might occur during underground
construction should be predefined by a comprehensive site investiga-
tion program. Detection of bedrock depth is critical and can provide
essential information for various objectives in geotechnical develop-
ments: (a) foundation design including appropriate types (e.g., shallow
or deep) and location; (b) information on selecting appropriate equip-
ment for excavation or drilling; (c) ideal location of underground tun-
nels. In addition, it has a significant influence on not only seismic site
classification using average shear wave velocity of top 30-m soil layers
(Anbazhagan et al., 2012), but also site amplification on seismic hazard
assessment (Koesuma et al., 2017).

To assess the subsurface strata and to locate the particular depth of
rock, most of the site investigation practices typically follow
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conventional borehole programs which involve traditional drilling,
sampling, and laboratory testing as well as specific in-situ testing.
Thus, in terms of conventional site investigations, detailed and accurate
underground survey requires intensive boreholeswhich are rather time
consuming and costly. Compared to the conventional site investiga-
tions, various geophysicalmethods such as seismic, gravity, electromag-
netic, and magnetic surveys are considered to be possible alternatives
which may be relatively fast, economical, less/non-intrusive and effi-
cient. For example, Beauvais et al. (1999) attempted to characterize
the geometry of the soil layers above high-resistivity granitic bedrock
using electrical resistivity tomography (ERT). Also, Zhou et al. (2000)
measured irregular bedrocks in karst terranes via ERT, taking advantage
of high contrast of resistivity between the clayey soil and limestone.
Nevertheless, it is important to aware that ERT is sensitive to variations
in electrical conductivity of subsurface materials, though rock is gener-
ally less conductive than soil or sediment, not the rocks of clay-rich or
water filled that may be more conductive than some soils (e.g. dry
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gravel, sand/silt). The efficiency of ERTwas decreasedwhen the bedrock
exhibited poor resistivity contrasts with the upper soil layers
(Coulouma et al., 2010).

With the enhancement in seismographs and processing software, it
is suitable to apply the seismic refractionmethod for shallow subsurface
exploration (b30 m) without any explosive source (Martínez and
Mendoza, 2011; Sloan et al., 2013). For investigation of greater depths
(N30m), seismic reflection involving analysis of the entire wave of seis-
mic energy arriving at an array of geophones from a shot point may be
preferred (Malinowski, 2016). However, the technique may be not ap-
plicable in the regions with considerable layer alterations (e.g., effect
of significant reflection/refraction noises). Where borehole seismic
technologies are available, hole-to-hole or hole-to-surface seismic to-
mography data can also be collected (using downhole geophones and
a source) to improve the resolution of either the seismic refraction or re-
flection surveys. However, generally the invasive borehole geophysics
are rather expensive and provide only limited testing information at
the selected location.

For surface wave, Aki (1957) explicitly computed spatial autocorre-
lation coefficients among the Rayleigh waves recorded at different loca-
tions. Subsequently, dispersion characteristics of Rayleigh waves and
inversion techniqueswere explored to generate the shearwave velocity
(VS) profile (Nazarian and Stokoe, 1984; Tokimatsu et al., 1992; Xia
et al., 1999). Especially, a passive-source surface wave technique is an
eco-friendly (less environment impact) method for geotechnical sur-
vey. For example, using the surface wave measured by microtremor
array measurement (MAM) and processed by spatial autocorrelation
(SPAC), Okada and Suto (2003) explored the subsurface (100m to kilo-
meters) and Hayashi (2008) similarly applied it to shallow site investi-
gations (10 m–100 m) to generate a VS profile. Recently, the combined
active MASW and MAM was employed to estimate the bedrock depth,
based on a preselectedwave velocity of rock and/or the normalized Ray-
leigh wave dispersion curve at a specific site in Singapore (Moon et al.,
2017; Moon et al., 2016; Moon and Ku, 2017).

In this study, we propose more effective methodologies utilizing
only passive-source surface waves based on the conventional MAM
and microtremor measurements (MM) with a three-component
(i.e., one vertical and two horizontal) geophone, which enables site-
Fig. 1. Testing locations in the Bukit Timah granite fo
specific detection of bedrock depth. To build a comprehensive database,
a series of MAM and MM were carried out at various site locations at
Bukit Timah granite region, Singapore where the bedrock varies from
10 m–70 m with an average of around 30 m (Sharma et al., 1999;
Zhao, 1998). Firstly, based on the MAM, three independent approaches
are proposed to find the bedrock depth. Secondly, a new empirical cor-
relation is established between the natural frequency of the ground cal-
culated from the MM and the bedrock depth from conventional
borehole drilling towards its application at Bukit Timah granite. Finally,
the efficacy of the different approaches proposed to detect bedrock
depth is assessed using conventional bore log information as reference.
2. Site information

Fig. 1 presents the geological materials of Singapore comprising four
main types: (1) igneous rocks (Bukit Timah granite and Gombak
norite); (2) sedimentary rocks (Jurong formation); (3) Quarternary de-
posit (Old Alluvium); and (4) recent alluvial deposit (Kallang forma-
tion) (Pitts, 1983; Sharma et al., 1999). Residual soils from two
geological formations such as the Bukit Timah granite formation and
the Jurong sediment formation cover approximately two-thirds of
Singapore's land area (Rahardjoa et al., 2004; Winn et al., 2001). Bukit
Timah granite distributed in the central part of Singapore is considered
as base rock of Singapore as it is underlying other geological formations.
Due to the humid climate, tropical rainfalls and the presence of dense
biological system, the Bukit Timah granite formation usually varies
from residual soil (Grade VI) at shallow depth to intact rock (Grade I),
as described in Table 1. The microtremor array measurement (MAM)
tests were conducted at nine different locations in Bukit Timah granite
formation in Singapore, as shown in Fig. 1. The geomaterial types at
the testing locations can be broadly classified into three categories
such as backfill soil, residual soil and completely weathered granite,
and moderately and slightly weathered granite rock. Based on the
non-invasive MAM and microtremor measurements (MM), this study
intends to explore the possibility to locate the surface of themoderately
weathered rock (Grade III) since mechanical properties and behaviors
start to alter significantly from the Grade III (Sharma et al., 1999).
rmation (Modified from Lee and Zhou (2009)).



Table 1
Weathering classification for Bukit Timah granite and Gombak norite in Singapore (from
British Standards Institution (1999)).

Grade Basis for assessment

I Intact strength, unaffected by weathering. Not broken easily by hammer
rings when struck. No visible discolouration.

II Not broken easily by hammer – rings when struck. Fresh rock colours
generally retained but stained near joint surfaces.

III Cannot be broken by hand. Easily broken by hammer. Makes a dull or
slight ringing sound when struck with hammer. Stained throughout.

IV Core can be broken by hand. Does not slake in water. Completely
discoloured.

V Original rock texture preserved, can be crumbled by hand. Slakes in water.
Completely discoloured.

VI Original rock structure completely degraded to a soil, with none of the
original fabric remains. Can be crumbled by hand.

Table 2
A summary of testing programs conducted at Bukit Timah granite formation in this study.

Testing
location

Borehole
#

Testing methods Array
size

Geophone base
(number of geophone)

Woodlands
Ave 12

1.1 MAM
(Passive-source)

50 m × 50 m Spike (11)

MM – Spike (3)
1.2 MAM

(Passive-source)
50 m × 50 m Spike (11)

MM – Spike (3)
Ang Mo Kio
Park

2.1 MAM
(Passive-source)

40 m × 40 m Spike (11)

MM – Spike (3)
2.2 Active-source 34.5 m Spike (24)

MAM
(Passive-source)

30 m × 30 m Spike (11)

MM – Spike (3)
Ang Mo Kio
St 24

3.1 MAM
(Passive-source)

40 m × 40 m Tripod (11)

MM – Spike (3)
3.2 MAM

(Passive-source)
40 m × 40 m Tripod (11)

MM – Spike (3)
Ang Mo Kio
3&6

4.1 Active-source 34.5 m Spike (24)
MM – Spike (3)

4.2 MAM
(Passive-source)

40 m × 40 m Spike (11)

MM – Spike (3)
Woodlands
Ave 1

5.1 MAM
(Passive-source)

50 m × 50 m Spike (11)

MM – Spike (3)
5.2 MAM

(Passive-source)
50 m × 50 m Spike (11)

MM – Spike (3)
Woodlands
Dr. 19

6 MAM
(Passive-source)

40 m × 40 m Spike (11)

MM – Spike (3)
Woodlands
St 81

7 MAM
(Passive-source)

30 m × 30 m Spike (11)

MM – Spike (3)
Woodlands
St 12

8 MAM
(Passive-source)

40 m × 40 m Tripod (11)

MM – Spike (3)
Springleaf
Garden

9 MAM
(Passive-source)

40 m × 40 m Spike (11)

MM – Spike (3)

Note: Spike – Natural ground; Tripod – Pavement, Concrete floor
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3. Experimental program

Generally, multi-channel analysis of surface wave (MASW) includ-
ing active-source and passive-source (referred as microtremor array
measurement (MAM)), and microtremor measurements (MM) have
been employed for various geotechnical and geophysical applications
(Foti et al., 2011; Lin et al., 2004; Moon et al., 2017; Moon and Ku,
2018; Moon et al., 2018; Rezaei and Choobbasti, 2017). In this study,
MAM and MM surveys were conducted because the targeting bedrock
depth in Bukit Timah granite formation is generally located in the
range of 20–50 m.

Fig. 2 illustrates two types of data-acquisition systems of (a) MAM
with one-component geophones and (b) MMwith a three-component
geophone. Basically, they employ ambient energy unintentionally gen-
erated from human activity and natural phenomena (Del Gaudio and
Wasowski, 2011; Moon et al., 2017). In this study, MAMwas conducted
using 4.5-Hz vertical geophones with spike/tripod base connected to a
24 channel seismograph (Geode) developed by Geometrics (San Jose,
California). In addition, a 4.5-Hz three-component geophone with 3-
spike base was used for recording two horizontal components and a
vertical component of microtremor simultaneously for the MM. Before
taking the measurement, vertical geophones for MAM and three com-
ponent geophones were securely aligned to the ground by a set of
spikes/tripods.

A total of thirteen MAM tests with L-shape array and fourteen MM
tests were performed at each borehole location, as indicated in
GEOPHONE (1-Component)

PLAN VIEW
Distance (EW) (m)

0 25 50-50 -25
-50

0

-25

-50

-25

D
is

ta
nc

e 
(N

S)
 (m

)

PORTABLE 
COMPUTER

SEISMOGRAPH

GEOPHONE 
(Vertical -

Component)

SOURCE (AMBIENT NOISE)

Distance (EW) (m)
0 25 50-50 -25

-50

0

-25

-50

-25

D
is

ta
nc

e 
(N

S)
 (m

)

PORTABLE 
COMPUTER

SEISMOGRAPH

GEOPHONE (3-Components)

GEOPHONE 
(Vertical and two-horizontal 

– Components)

(a) (b)

Fig. 2. Data acquisition system: (a) MAMwith one-component geophones; (b) MMwith a three-component geophone.
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Table 2. Data acquisition during about 40-min intervals for MAM and
20-min intervals for MM were conducted using the Geometrics Geode.
Additional active-source MASW tests were conducted at two borehole
locations (i.e., 2.2 and 4.1) due to a smaller size of L-shape array (30 m
× 30 m) at borehole #2.2 and very shallow bedrock depth at borehole
#4.1. The reader is referred to Moon et al. (2017) for details of active-
source MASW test and combined active and passive methods.

Fig. 3 illustrates the sequences of the typicalMAMandMMdata pro-
cessing used in this study. Fig. 3(a) presents the waveform data on a
vertical component recorded from MAM at 11 geophone locations, re-
spectively. Thereafter, the phase velocity was determined using the
SPAC method developed by Aki (1957) and Okada and Suto (2003), as
shown in Fig. 3(b). The SPAC function in Eq. (1) is employed to find
the average complex coherence function of the array and equate it
with directional average of the trigonometric function which leads to
the estimation of dispersion curve (Hayashi, 2008).

SPAC x;ωð Þ ¼ 1
2π

Z φ¼2π

φ¼0
Re COH x;φ;ωð Þð Þdφ ¼ J0

ω
c ωð Þ

� �
� x

� �
ð1Þ

where COH is complex coherence, x is the separation of two receivers,
and φ is the direction of two receivers, J0 is Bessel function, and c(ω)
is phase velocity at angular frequency ω.

For the dispersion curve inversion, an initialmodel based on only the
fundamentalmode is constructed by one-third wavelength transforma-
tion in terms of apparent depth (DA) and Rayleigh wave velocity (VR)
(Eqs. 2 and 3) (Moon et al., 2017).

DA ¼ a� λ ¼ a� c= f ð2Þ

VR ¼ c ¼ b� Vs ð3Þ

where a is 1/3,λ iswavelength, c is phase velocity, f is frequency, and b is
0.9–0.95.

From the inversion process of phase velocity curve based on a non-
linear least square method (LSM) (Xia et al., 1999), the corresponding
shear wave velocity (VS) model was generated (Fig. 3(c)). In order to
obtain a stable and unique solution, the number of layers and thickness
of each layer are fixed through the iteration process (Kumar et al.,
2006).
Fig. 3. Typical MAM and MM data processing sequences: (a) raw dataset obtained from MAM
(e) Fourier spectrum, and (f) HVSR.
Fig. 3(d) shows the ambient seismic noises on a vertical component
and two horizontal components measured from MM. From the calcu-
lated Fourier spectrum for each trace (Fig. 3(e)), the horizontal to verti-
cal spectral ratio (HVSR) was calculated (Fig. 3(f)) as follows:

HVSR ωð Þ ¼ S2 ωð ÞNS þ S2 ωð ÞEW
� �

=2S2 ωð ÞV
h i1=2

ð4Þ

where S2(ω)NS and S2(ω)EW are the horizontal spectra of north-south
and east-west directions, respectively, and S2(ω)V is the vertical spectra.
It was reported that different HVSR equations (equation itself) also do
not have a significant effect on identifying a peak frequency and the
adopted equation (Eq. (4)) can provide a reliable result in Singapore ge-
ology (Zhang and Ku, 2019). The following section explains the detailed
methodology of each method proposed in this study.

4. Methodology for bedrock evaluation

From data acquisition and analysis of surface wave measurements,
four independent approaches to estimate bedrock location are proposed
using: 1) bilinear intersection; 2) preselected shear wave velocity (VS);
3) normalized phase velocity (VR); and 4) horizontal to vertical spectral
ratio (HVSR). Fig. 4 illustrates a flow chart to estimate the depth of bed-
rock. The first three approaches are based on the conventional
microtremor array measurement (MAM) processed by a spatial auto-
correlation (SPAC) method, whereas the fourth approach is based on
the three-component (i.e., one vertical and two horizontal) microtre-
mor measurements (MM) processed by the horizontal to vertical spec-
tral ratio (HVSR).

4.1. Bilinear intersection-based approach

This is an intuitive solution to estimate the depth of bedrock. The
ground is simply assumed as a two-layer model which consists of soil
and bedrock. Themethod infers the depth of bedrock based on a typical
shape ofVS profile obtained fromMAM.As noted, the top layer is consid-
ered as soil where the VS increases with the increase in depth. The bot-
tom layer is stiff stratawhere themoderatelyweathered rock (Grade III)
presents. In this method, linear lines are drawn along the slope of the
average VS at each depth. It is assumed that the intersection point of
the two straight lines corresponds to the depth of bedrock. For example,
, (b) dispersion curve, (c) shear wave velocity profile, (d) waveform dataset from MM,
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Fig. 4. Flow chart for the bedrock estimation in this study.
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Fig. 5 shows a graphical example how to utilize the VS profile for apply-
ing this approach at borehole #6. From 15 m to 30 m, VS continuously
increases with depth while beyond 30 m VS increases with depth at a
much slower rate. The two different rates of increase in VS allow two
straight lines to be drawn, one at a shallow depth (up to 30 m) and an-
other for depth N30m, approximately connecting the average VS values
at each depth. The intersection of the two straight lines indicates the
depth of bed rock (i.e. 26.8 m). At borehole #6, the difference between
bedrock locations estimated by the bilinear intersection-based ap-
proach and the reference borelog is found about 2.4m (Fig. 5). It should
be noted that the effect of confining pressure in rock is almost negligible
on VS, thus resulting in apparent distinction, as shown in Fig. 5. Bedrock
depths at all test sites are estimated from the bilinear intersection-based
approach, and the discussion of the results is followed in a subsequent
section.
0

0 100 200 300 400 500 600 700

 Shear wave velocity (m/s)

VS (Pre)
: 456 m/s
4.2. Preselected VS-based approach

Pre-selecting the VS value of bedrock surface would be the simplest
approach to infer the depth of bedrock. In this approach, a reference
VS of bedrock is determined based on the generated VS profile for each
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Fig. 5. Typical illustration of a bilinear intersection method at borehole #6.
test site with the corresponding borehole information. From the MAM
survey, it is found that the VS values of bedrock surfaces in the Bukit
Timah granite formation vary from 333 to 584 m/s. In order to facilitate
the interpretation in a practicable manner, an average VS value
(456 m/s) on bedrock surfaces of all test sites was considered as pre-
selected VS (VS(pre)) to estimate the depth of bedrock.

In order to apply the approach at Bukit Timah granite formation, a
vertical linewhich has the VS(pre) of 456m/s needs to be constructed to-
gether with the VS profile obtained from MAM. If the vertical line en-
counters the VS profile, then a horizontal line is drawn to find the
corresponding bedrock depth. Moreover, two vertical lines correspond-
ing to 392 m/s and/or 521m/s (VS(pre) ± standard deviation, SD) would
be employed as alternative references. For example, Fig. 6 compares the
two VS profiles obtained fromMAM at boreholes #1.2 and #3.2, respec-
tively. As shown in Fig. 6, the VS of borehole #3.2 is greater than that of
borehole #1.2 in the range of 15–30m, and it becomes smaller than that
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Fig. 6. Shear wave velocity profiles at two borehole locations (borehole #1.2 and #3.2).
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of borehole #1.2 below a depth of 30m. The VS(pre) of 456m/s yields the
estimated bedrock depth of 34.8 m and 31.6 m at borehole #1.2 and
#3.2, respectively. The discrepancies between the bedrock depths pre-
dicted by the VS(pre) and observed from the reference borelog are
about 5.1 m for borehole #1.2 and 3.1 m for borehole #3.2. In addition,
the differences between the bedrock depths estimated by the VS(pre) ±
SD and borelog are in the range of 5.1–9.7 m for borehole #1.2 and
0.7 m (VS(pre) + SD: not applicable) for borehole #3.2. It is found that
these pre-selected reference values work reasonably well as a rough es-
timation. The preselected VS-based approach is applied to estimate bed-
rock depths at all test sites. The results will be further discussed in
section 5.
4.3. Normalized Rayleigh wave phase velocity (VR)-based approach

In previous studies, normalized Rayleigh wave phase velocity (VR)
was employed to estimate the depth to shallow bedrock (b10 m) from
simulated master dispersion curves (Tamrakar and Luke, 2013) and
the depth to bedrock between 28 and 36 m from combined active-
source and passive-source MASW tests (Moon et al., 2017). It was
inferred that bedrock depths could be estimated by normalizing the ve-
locities of the dispersion curves due to impedance contrast between soil
layer and rock formation.

In this study, dispersion curves observed from only MAM for each
borehole location are normalized with respect to the VR of the top
layer on the dispersion curve and plotted against corresponding wave-
length (λ). For example, Fig. 7 shows the dispersion curves normalized
by VR of 245m/s and 252m/s on the top layer at two borehole locations
(2.1 and 3.2), respectively. From the bore logs (Borehole #2.1 and #3.2)
details of testing site, the depths of bedrock (Grade III) are known as
39.9 m and 28.5 m. It is assumed that the depth of bedrock corresponds
to 1/3 of wavelength (Moon et al., 2017). Thus, the wavelengths (λ) of
119.7m and 85.5m corresponding to each bedrock depth are calculated
from where a vertical line is drawn to the normalized phase velocity
curve. Subsequently, a horizontal line is drawn from the intersection
point to find the normalized VR. It is found that the normalized VR are
approximately 1.7 and 1.5 at the two borehole locations (1.2 and 3.2).
The normalized VR for all test sites are respectively determined for esti-
mating bedrock depths.
Fig. 7. Dispersion curves normalized by the top layer at two borehole locations (#1.2 and
#3.2).
4.4. HVSR-based approach

In several previous studies, seismic noise measurements have been
used for mapping the thickness of soft sediments (Delgado et al.,
2000a; Delgado et al., 2000b; Ibs-von Seht and Wohlenberg, 1999).
Nakamura (1989) described that the HVSR usually shows a peak point
that depends on the subsoil profile. The observed peak corresponds to
the site-specific natural frequency of the ground. In addition, the funda-
mental nature frequency is related to sediment's thickness which is the
bedrock depth (Akkaya and Özvan, 2019; García-Jerez et al., 2007;
Parolai et al., 2002; Rosenblad and Goetz, 2010). They showed that
this method could be a promisingmethod in the field where the imped-
ance contrast is significant (e.g., stiff layer that has at least two times
large impedance compared to sediment layer). However, most of previ-
ous studies are in the view of earthquake seismology where the inter-
ested rock depth is located at 100 m to kilometers.

In this study, HVSR is applied for identifying the top surface of Grade
IIIweathered rock located above 50mdepth. The highlyweathered rock
(Grade IV) and residual soil (Grade VI) are considered as overburden.
From the three-component seismic data captured, calculated Fourier
spectra corresponding to horizontal components (EW & NS) are aver-
aged and then divided by Fourier spectra of vertical component to find
the spectral ratio. Then, HVSR is calculated in the frequency domain to
find the fundamental resonance / natural frequency of the particular
site. For instance, Fig. 8 shows the HVSR calculated for two of the ana-
lyzed sites. It indicates that the clear peaks in the HVSR are determined
at each natural frequency (i.e., 2.53 Hz for borehole #1.2, and 2.87Hz for
borehole #3.2). Using theHVSRmethod, the natural frequencies at each
test location are investigated for further analysis. The results are
discussed in the following section.

5. Results and discussion

As mentioned at section 4.1 and 4.2, after deriving the VS profiles,
bedrock depths are estimated from the bilinear intersection-based ap-
proach, and the preselected VS-based approach for the entire Bukit
Timah granite formation region, as indicated in Table 3.

In order to identify the possibility of estimating the bedrock depths
using the normalized VR-based approach, the normalized phase veloci-
ties (VR) corresponding to the observed bedrock depths (based on 1/3
wavelength) are selected and compiled from all the testing sites, as
shown in Fig. 9. It is found that the normalized phase velocities fall in
the narrow band (i.e., 1.5 to 1.7) except for some outliers at shallow/
deep depths. Thus, it is suggested to use the reference value of 1.6 in
normalized phase velocity tofind thewavelength at Bukit Timah granite
formation. Based on the apparent trend, the depth of bedrock is
Fig. 8. HVSR at two borehole locations (#1.2 and #3.2).



Table 3
Comparison of the bedrock depths estimated using different approaches in this study.

Borehole
#

Measured
bedrock
depth
(m)

Estimated bedrock depth (m)

Bilinear
Intersection

Pre-selected Normalized
VR

H/V

VS VS-SD VS+SD

1.1 34.3 41.0 34.8 30.2 39.6 38.3 31.2
1.2 39.9 37.0 34.8 30.2 34.8 39.3 35.9
2.1 25.8 27.0 27.8 24.2 N/A 27.7 25.1
2.2 25.5 23.0 36.4 23.7 N/A 25.7 27.5
3.1 31.0 31.0 27.5 24.1 N/A 29.3 29.1
3.2 28.5 32.0 31.6 27.8 N/A 35.3 30.8
4.1 10.0 11.0 10.0 8.0 N/A 9.0 8.4
4.2 13.9 25.0 24.2 20.8 27.8 13.3 14.9
5.1 45.5 47.0 44.6 34.8 60.7 36.7 43.5
5.2 41.2 42.0 39.6 30.2 60.7 38.3 45.0
6 24.4 27.0 23.7 20.9 28.0 24.7 26.1
7 31.0 30.0 36 26.8 N/A N/A 36.9
8 18.5 20.0 24.2 20.8 31.6 26.0 21.8
9 32.0 32.1 N/A 35.7 N/A 32.1 31.8

Note: N/A: Not applicable, SD: Standard deviation.

Fig. 10. HVSR for all tested sites: (a) #1.1, #1.2, #2.1, #2.2; (b) #3.1. #3.2, #4.1, #4.2;
(c) #5.1, #5.2, #6; (d) #7, #8, #9.
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recalculated to assess the prediction accuracy by adopting the reference
value of 1.6, as shown in Table 3.

HVSR analyses are performed to estimate the natural frequencies of
all test sites. The HVSR plots for all test sites are shown in Fig. 10. In this
study, the effect of performance and sensitivity of 4.5 Hz geophones on
HVSR would be ignored because main noise signals are generally mea-
sured around/above 4.5 Hz as shown in Fig. 11. In addition, the lower
frequency geophone (e.g., 2 Hz) show only marginal improvement of
accurate recordings compared to the 4.5 Hz geophone (Havskov,
2007; Strollo et al., 2008). The peaks are clearly determined for most
of the plots, thus allowing the observation of natural frequencies of all
test sites. The observed natural frequencies of all the tested sites are
shown with the corresponding bedrock depths in Fig. 11. For Bukit
Timah granite formation, a new empirical relationship between the nat-
ural frequency (f) and bedrock depth (D) is developed using a power
function as follows:

D mð Þ ¼ 92:5 � f−1:06 Hzð Þ;
R2 ¼ 0:94;RMSE ¼ 2:92

ð5Þ

where R2 is a coefficient of determination and RMSE is a root-mean-
square error. For comparison, two existing empirical correlationmodels
developed by Ibs-von Seht and Wohlenberg (1999) and Parolai et al.
(2002) are also shown together. It is found that two empirical relation-
ship developed in previous studies underestimate the bedrock depth in
Bukit Timah granite formation. In this study, the noted bedrock actually
represents a weathered bedrock with grade III, which is different from
Fig. 9. Normalized phase velocity versus bedrock depth for all tested sites. Fig. 11. Variation of bedrock depth with natural frequency at all test sites.
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the intact rocks in previous studies. So, in this geologic condition, the VS
on bedrock surface is much lower and it may result in the disagreement
with the previous empirical equations based on basement rocks. In ad-
dition, the depth dependency of VS of the soil sediment would be rela-
tively not significant due to the value of −1.06 in Eq. (5) which is
closed to −1 (f = VS/λ; λ = 4D). The depth of bedrock estimated
from the Eq. (5) and the actual bedrock depth are listed in Table 3.

Fig. 12 compares the estimated bedrock depth to actual bedrock
depth along with the line of equality, obtained from (1) bilinear inter-
section method, (2) preselected VS-based approach, (3) normalized
VR-based approach, and (4) HVSR-based approach, respectively. From
Fig. 12(a), it is seen that the bilinear intersection method gives reason-
ably good estimates (R2= 0.87; RMSE=3.88) atmost of the testing lo-
cations. The bilinear intersection method seems suitable for an initial
estimation of the depth of bedrock. However, it would be only applica-
ble in this site specific condition (e.g., weathered granite formation in
Singapore). If the competent rock exists, it may not work due to the sig-
nificant impedance contrast between upper soils and bedrock. From
Fig. 12(b), it is understood that the preselected VS-based approach is
the least accurate method (R2 = 0.71; RMSE = 5.59) among all the
four proposedmethods. However, themethod can be still used as an ini-
tial estimate due to its easiness. It should be noted that the suggested
average VS of 456 m/s and/or average VS ± SD are regional specific
values which depend on the type of rock, degree of weathering and
Fig. 12.Measured and estimated bedrock depth based on (a) bilinear i
nature of rock formation. Therefore, the method should be used with
caution and shall be employed with other suggested methods in this
paper.

From the Fig. 12(c), it is observed that the normalized VR based
method predicts reasonably well (R2 = 0.84; RMSE = 4.04) in most of
the testing sites although the passive tests may result in poor estimates
where bedrock is at shallow depth (b 20 m; i.e., at the shallow region
where active-source surface wave is more appropriate). The consider-
able deviation shown in borehole #8 might be attributed to the lack of
active-source data at such a shallowdepth region. The selection of refer-
ence factor is important since it serves as a guide to predict the depth of
bedrock.

Fig. 12(d) presents that the estimated bedrock depths using this
HVSR are generally within 5m deviation from the actual depths. It is in-
dicated that the HVSR based approach gives relatively promising esti-
mation of the depth of bedrock (R2 = 0.94; RMSE = 2.92). It
demonstrates that the new empirical relationship between the thick-
ness of the overlying soil layer and natural frequency of the site can
be successfully used to estimate the depth of bedrock at Bukit Timah
granite formation. Moreover, the method uses only a single three-
component geophone which is very easy to deploy without forming
an array using multiple vertical component geophones. However, the
empirical correlations are regional specific, and the accuracy of the pro-
posed equation needs to be further tested for other regions.
ntersection, (b) pre-selected Vs, (c) normalized VR, and (d) HVSR.
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6. Conclusions

Towards effective and eco-friendly detection of bedrock, a series of
passive surface wave tests were performed at the Bukit Timah granite
formation in Singapore. Four different approaches were proposed to es-
timate the depth of bedrock based on: 1) bilinear intersection;
2) preselected VS; 3) normalized VR; and 4) HVSR. Following key find-
ings are made based on the experimental data analyses and test results.

• MAM test can be successfully used for bedrock detection, which is the
low frequency ambient noise acquisition method. The method might
be less confident at shallow depth based on SPAC method of signal
processing. However, the method works well beyond the depth of
20 m. In such shallow cases, active MASW tests are recommended to
be performed together to complete the VS profile.

• Bilinear intersection and preselected VS velocities may be used as an
initial estimate. The bilinear intersectionmethod is an intuitive graph-
ical method which might be rather subjective. Since these two
methods are based on the VS profile (i.e., VS vs. Depth) generated
after an inversion process with a layered model by the SPAC method,
non-uniqueness in the inversion process needs to be taken into ac-
count while using these two approaches. Thus, two approaches
should be used together with the normalized VR-based approach
and/or the HVSR based approach.

• In the normalizedVRmethod, the recommended reference value to lo-
cate the wavelength for Bukit Timah granite formation region is 1.6.
Although there are still outliers, the reference of 1.6 works generally
well in this region. The approach can be applied similarly in other re-
gions with calibration.

• The HVSR method employing MM seems to give better estimates of
the depth of bedrock. In view of the simplicity of field acquisition, it
is advisable to apply this approach for bedrock detection. As far as
the VS profile is also concerned, MAM is still required to carry out. It
is also recommended to conduct both MAM and HVSR together to
counter check each other.
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