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in Padang city, Indonesia. The study also demonstrates that
the Vs values obtained from the different methods are
consistent with the microtremor array technique. This
technique may thus be deemed a valuable tool, as it can be
used in engineering practice with confidence. Comparison of
the Vs for different soils at the first layer between the
microtremor array observation results and the SCPTu results
exhibited the microtremor array method is unable to
determine the Vs at the layer where its Vs changes
dramatically, such as at the same layer as station UNP at 2 to
3.5m deep.
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1. INTRODUCTION

The location of Padang city is on the west
coast of the island of Sumatra. The city is on
the western part of Indonesia. It is situated
nearby the Sumatran subduction zone and
on the fault line formed on the Indo-
Australian plate beneath the Eurasian plate.
The plates' movement is about 50 to 70
mm/year. The plates activity is associated
with the seismicity in the area (Genrich et
al., 2000) and (Prawirodirdjo et al., 2000).
The most recent earthquake in the Padang
region occurred on 30 September 2009. The
epicenter of this earthquake was in the
ocean slab of the Eurasian plate of
Indonesia at a depth of 80 km, specifically
at -0.81°S, 99.65°E. It produced a ground
motion that contributed to a high degree of
shaking and tremors that were felt within a
radius of approximately 923 km from the
epicenter, including the Indonesian capital
Jakarta as well as the neighboring countries
of Malaysia and Singapore (Parker et al.,

2020).
According to seismicity records, the fault
line in the Sumatra island region

contributes to destructive earthquakes. The
earthquakes typically occur at shallow
depths of 10 km to 100 km (Figure 1). This
powerful earthquakes significantly affect
the infrastructure, economy, and society of
Padang (Putra et al., 2014). The average
seismic shear-wave velocity from the
surface to a depth of 30 meters (Vs30) is
used as the fundamental parameter to build
an earthquake-resistant building (Thein et
al., 2015; Putra et al., 2017; Sutrisno et al.,
2017). Seismic hazard and risk analyses for
Padang city were conducted in 2012 (Putra
etal.,, 2012; Putra et al., 2014), yielding data

regarding local soil properties, especially
the shear-wave velocity (Vs). The research
was conducted at four surface
accelerometer stations of the monitoring
network.

The subsurface soil in the Padang has
unconsolidated sediments as well as
heterogeneous composition and properties
(Lanin et al., 2019; Rosyidi et al., 2011).
Numerous different methods were applied
to obtain in situ Vs values to a target depth
of at least 30 m, or the maximum capacity
penetration of the cone: as much as 22
MPa for SCPTu. The techniques include
seismic cone penetration tests (SCPT) with
varying source offsets and microtremor
array observation on Rayleigh waves with
different processing approaches. SCPT
proved to be a powerful and cost-effective
approach in determining representative Vs
profiles at the selected soil type (McGann
et al., 2015; Pradono et al., 2019), such as
soft soil for two stations (UNP and FTB) and
a rock type for another (ADS).

The measured Vs profiles corresponded
closely with the modeled profiles and
significantly enhanced the ground motion
model’s  derivation  (Sofyan, 2016);
moreover, the level of similarity between
the theoretical transfer function from the
Vs profile and the observed amplification
from vertical array stations was excellent
(Noorlandt et al.,, 2018), opposite from
advantage, the used SPTu for this research
is heavy to carry. This paper describes how
this observation was conducted and how
the procedures to attain clear information
regarding the shear velocity (Vs), the
relationship between the microtremor
array results, and the seismic cone
penetration unit (SCPTu).
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Figure 1. Seismicity details (a) Earthquake seismicity of Sumatra, Mw > 4 from 1779—
2020 (b) the September 2009 Padang earthquake (red circle is the epicenter).

2. METHODS AND SETUP
2.1 Overview

The research was conducted in Padang
City from 2009-2018. Padang is the capital
city of West Sumatra province, Indonesia.
The location of Padang city is at 100.38°E,
0.95°S. The main part of Padang city is
located on an alluvial plain between the
Indian Ocean (offshore) and the mountains.
Almost all the mountainous area is
composed of tertiary sedimentary rocks,
with outcrops of metamorphic rocks in
some places (ONO et al., 2012) and (Putra,
2020b). The alluvial plain spreads along the
base of the mountains and is roughly 10 km
wide in the east-west direction and 20 km
wide in the north-south direction (Figure 2).
The shallow subsurface in the Padang city
region is of heterogeneous composition as
a result of the microtremor array
observation from a previous study.

The location of this city is between the
the Indian Ocean, the Sunda Trench fault,

and the Sumatran fault. The two faults are
active. The slip rates of the faults are from
10 to 27 mm/year (natawidjaja & triyoso,
2007) and (Sieh & Natawidjaja, 2000).
Based on our records, there are 2,995
events occurred in this region with a
magnitude greater than four from AD 1779
to 2010 (Putra, R.R et al., 2014; Putra, R.R
2020). There were seven giant earthquakes
occured in this area. One of the earthquake
was in 2009 Padang. The earthquake was
located in the ocean slab of the Indo-
Australian plate. It caused extensive
shaking and damage to houses and
buildings in Padang and Padang Pariaman,
due to the epicenter location (Juliafad et al.,
2021). lts epicentre was about 60 km
offshore from Padang (Figure 1.b).
Fortunately, the earthquake did not
generate a tsunami given that it was an
intra-slab earthquake. It was also at
intermediate depth with comparable
magnitude.
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Figure 2. Topography of Padang.

A database of shear-wave velocity (Vs)
measurements using the microtremor array
technique and the seismic cone penetration
test unit (SCPTu) on high-quality samples
for rock and soft soil in Padang region sites
has been established. Experimental
microtremor studies were also verified
using the analytical model proposed by
(Tavakoli et al., 2016), which provided
reasonably good comparison of Vs for the
subterraneous alluvium. The SCPTu results
proved to be a useful and cost-effective
approach in determining representative
values of Vs. The purpose of this study was
to evaluate the different methods of
measuring Vs, as well as to develop
guidelines and correlations to assist in
estimating the Vs profiles of clayey soils in
Padang and nearby regions in the absence

of site-specific data. Such relationships can
be used in first-order estimates of Vs values
from conventional soil properties. It was
found that reliable and reproducible
measurements of Vs can be obtained from
the microtremor array technique for use in
practical engineering applications.

The Vs values obtained from the
different methods are similar to the data
derived from the microtremor array
technique (Putra et al., 2014), such as from
field survey studies suggesting that the
SCPTu method is a convenient, fast and
fairly accurate method to derive Vs values
(Khazaei, Amiri & Khalilpour, 2017) and
(Thornley et al., 2019). A summary of the
survey setup for the two different shear-
wave methods is presented in Table 1.
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Table 1. Summary of survey setup for the two different shear-wave methods.

SCPT Microtremor array
Sources Steel beam and sledgehammer at Ambient noise
2.5m
Receiver Three component Three component acceleration sensors,
accelerometers in SCPT cone GPL-6A3P,
Remark Vertical sample interval, max 1.0 Recording of ambient noiseat1, 3,7 and

m, coinciding with stratigraphical 30 m for one station. Sampling

translation

Depth of investigation  4-18m
Lateral average 2.5m

frequency is 100 Hz and 200 Hz;
recording ground motion duration from
10 to 30 minutes.

Upto-102mand ~

Up to 30m

Vertical resolution High, except shallow part Medium decreasing with depth

N

Figure 3. A four-point array observation.

2.2 Microtremor Array Observations

We conducted microtremor array
investigations on 12 sites in several districts
in Padang (Figure 4). The sampling
frequency used was 100 Hz and 200 Hz,
with recording ground motion duration
from 10 to 30 minutes and an array radius
from 1m up to 1km for each observation.
Figure 3 provides a succinct summary of the
four-point array technique used in the

present study. The site coordinates are
0°54'46.7"S, 100°27'53.7E"”, 0°55'45.3"S
100°2126.5"E, and 0°53'52.1"S,
100°20'56.2"E for ADS, FTB and UNP
respectively.

We followed the SPAC method to
calculate the dispersion curves to estimate
a velocity structure from the microtremor
recordings (Nakamura, 2000; Carniel,
Barazza & Pascolo, 2006). In this study, we
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used the SPAC methods only. SPAC is a normalized coherence function. It s
method of calculating the phase velocity defined as the spectrum from a site pair on
from different frequencies of the Bessel the array.

function by taking the average of the

Arrav Observation

Calculate power spectra (SPAC function)

Y

Calculate SPAC coefficient

:

Estimate velocities

$

Inversion

'

Geological structure

Figure 4. SPAC method flow chart.
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Figure 5. The 12 array observation sites; red circles are the compared observation
stations ADS (right), FTB and UNP (left).
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The outline of the SPAC method for the
phase velocity calculation of Rayleigh
waves is as follows:

1 [0
F@) =5 | £ exp(=ivn
= Ar(w) - exp (—i(bf(w))
1 [e/0)
G(w) = Ef g(t) - exp(—iwt) dt

= Ag(w)exp (—iBy(w))
Ar(w), Ag(w) and@pare differences
between the amplitude of @,(w),
F(w) and G(w),respectively. Futher cross-
correlation in the frequency region of the

two waveforms will be as follows:

CCry = F(w)' G(w)

= Ap(w) - Ay(w) - exp(iAd(w))

(1)

(2)

(3)

This shows the phase difference
of A@(w)
AG(w) = wr

= ) )

c(w) is the phase velocity from the phase

difference.
wr

CCrg = Ar(w) - Ag(w) - exp (i C(w)) (5)

The complex coherence of two
waveforms is defined by the following
equation:

COHpy(w) = Ar(w) - Ay () 6)
_ ~wr
e Co)
r
Re (COHfg(w)) = cos (i C(E)w)) (7)
_ c(w)
clw,p) = cosQ (8)
SPAC(w,T)
1 ~wr 4
= %jo exp(lc(w) cosp)de (9)

(10)

Re(SPAC(w,7))

1 fZ” ~wr Y
=5 . cos(tc(w) cosp)dp

@)
Aven)

1 (%" wr (11)
=— d

271[0 exp(c(w) cosp)dep
where Jo(x) is the zero-order Bessel

function of the first x, and c(w) is the phase
velocity at w frequency. The SPAC
coefficient p(r,w) can be taken from the
frequency domain using the Fourier series
transformation of the observed
microtremors. From the SPAC coefficient
p(r,w), the phase velocity is calculated for
different frequencies from the Bessel
function. Equation 11 and the velocity
model can be inverted. The layer thickness
and the average S-wave velocity at each
array site can be estimated. The average S
wave velocity model was obtained by taking
the average of the estimated ground
structure of the array site. It was calculated
by a weighted average using an S-wave
velocity structure for a weighted layer
thickness.

wrTr

Re(SPAC(w,7)) =] (C(w)) (12)

From the SPAC coefficient p(r,w), the
phase velocity is calculated for every
frequency from the Bessel function
argument of equation 12, and the velocity
model can be inverted. The layer thickness
and the average S-wave velocity for each
array site were determined. The average S-
wave velocity model, obtained by
averaging the estimated ground structure
of the array site. It was calculated by a
weighted average using an S-wave velocity
structure estimated as a weighted layer
thickness. Figure 7 shows an example of the
dispersion curve obtained using the array
observations.
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(a)

(c)

Figure 6. Phase velocity from SPAC and CCA method at several sites in Padang, (a) Station
FTB, (b) Station UNP and (c) ADS.
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Figure 7. Dispersion curve at several sites in Padang; (a) Rock at station ADS, (b) Soft
type at station FTB, (c) Soft type at station UNP.
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By conducting an inversion analysis
using the particle swarm optimization
(PSO) algorithm on the above dispersion
curves, the subsurface structure beneath
the site can be estimated. The PSO is a

solution method for a non-linear
optimization  problem  (Chopard &
Tomassini, 2018). We estimated the

subsurface structure of the model by
minimizing the difference between the
observed and theoretical phase velocity
curves. We estimated the subsurface
structure of the model by solving a
nonlinear minimization problem with the
fitness function below.

vigt = w vy + or(ply — xf) + Cz’”z(Pf;d - xfm)(13)

Xig ' =Xjg tvig " (14)
where v/ is the particle velocity of the it"
component in dimension d in the
interaction, xf; is the particle position of
the it" component in dimension d in the
interaction, ¢; and c, are constant weight
factors, p; is the best position achieved by
particle i, p9 is the best position found by
the neighbour of particle i, r;and r, are
random factors in the [0,1] interval and w is
the inertia weight. Before performing the
inversion analysis, the subsurface structure
was assumed to consist of horizontal layers
of elastic and homogeneous media above a
semi-infinite elastic body. The shear wave
velocity and thickness of each layer are the
parameters determined by the inversion
analysis. The results enabled us to
determine the condition of shallow
subsurface structures (Kiyono et al., 2011).
The outline of the SPAC method for the
phase velocity calculation of the Rayleigh
waves is shown in Figure 3 and 4.

2.3 Determination of Layer Thickness

The peaks in the short and long periods
of the observed H/V spectrum could be

explained by the estimated subsurface soil
structure. In this study, we used the two
distinct peaks in the observed H/V spectra
and Vs structure obtained by array
observation. The technique used was the
1/4 wavelength principle, which can
approximately be extended to multi-
layered media.

_ T Xt Vs, - Hi

H*
4 nH,

(15)
i=1

where H is a thickness of a layer. Here we
divided the ground into three layers: the
upper two layers and a base semi-infinite
layer. The range of the shear wave velocity
for the first, second and third layers was
assumed: () Vs = 300 m/s; (Il) 300 < Vs <
300 m/s; (1) Vs = 3000 m/s.

The target area is shown in Figure 8(a),
in which the rapidly varying area of the
subsurface condition and dense
observation area are enclosed. The ground
model was constructed as follows: the
rectangular area (about 10 km x10 km) in

Figure 8(a) was divided into100*100
meshes (100 m square). According to the
Kriging  technique, the values of

predominant periods Ts and T at the centre
of each mesh are interpolated by using the
finite number of peak periods read from
the observed H/V spectrum.

In Figure 9 (a) at station ADS shows the
Vs from 0-4m depth is average 308.8m/s
corresponds to relatively rock type and (b)
at station FTB from the Vs from 0- 18 m
(green line) is average 169.3m/s and at
station UNP from the Vs from 0- 16 m
(yellow line) is average 169m/s correspond
to relatively soft type at the first layer.

Three of the 12 observation sites were
considered for evaluating the relationship,
one each for rock at station ADS (Vs >
300m/s) and two for soft soil at FTB and
UNP (Vs < 200m/s) (Figure. 5).

3. Seismic Cone Penetration Test unit
(SCPTu)

DOI: https://doi.org/10.17509/ijost.v6i2.34191
p- ISSN 2528-1410 e- ISSN 2527-8045


http://dx.doi.org/10.xxxxx/ijost.v2i2

Putra et al., Relationship between Shear Velocities Recorded by Microtremor... | 324

Seismic cone penetration tests (SCPTu)
consist of a normal CPT with an
accelerometer contained in the cone. The
cone penetrates into the soils until it
reaches defined depth intervals for a Vs
measurement.  Shear  waves  were
generated at the surface by striking a 10 kg
sledgehammer on opposite sides of 2.5 m
hardwood beams. The cone penetration is
typically stopped every 1.0 m and the
source is located ~ 1 m from the entry point
at the surface (Noguchi et al., 2010) (Figure
7). The seismic cone penetration test unit
(SCPTu) used for seismic data acquisition
was the BCE SC1-DACtm 2013. The field
conducted survey method as shown in
Figure 10.

alttude(m)

(a)
H/V spectra(035)
100
10 | T Td
S
1
0.1 .
0.1 1 10
period(s)
(©)

Three stations were compared based on
the soil type result from the microtremor
testing: soft type (Vs<200m/s) for the FTB,
UNP station and rock type (Vs>200) for the
ADS station. The considered depth of the
surface structure for each site was 4 m for
ADS, 18 m for FTB and 16 m for UNP
because the cone could not penetrate
further having reached the maximum
capacity of as much as 22 MPa. At every 1
m increment, a ground motion wave form
was obtained and the recorded data were
converted to the frequency domain using
the fast Fourier transform (FFT) method
(Figure 11).
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Figure 8. Three dimensional shape of the estimated subsurface structure: (a) target area
for the analaysis of three layered model, (b) Observation sites for microtremor single
observation, (c) sample of H/V spectrum, and (d) H/V distribution for whole Padang city
and (e) boundary depth for one layer.
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Figure 9. Microtremor array results for three stations in Padang: (a) results for station
ADS (rock type) and (b) FTB and UNP stations (soft type).
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Figure 10. Illustration: (a) SCPTu observation mechanism, (b) setting up the SCTPu
device.
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Figure 11. Flow chart to highlight the procedure followed in order to estimate Vs from
SCPTu.

Table 2 shows the comparison of Vs
results. The Vs was determined from the
SCPTu for every 1 m increment depth using
Equation (16) (Wang et al., 2018) by
following a single layer model according to
a simplified single degree of freedom
system. The considered layer is the first
layer only, where Hi = 1 m increment,
p_i=1.7 ton/m3 and T_i is estimated from

the FFT of recorded ground motion at every
1 metre increment result as shown in

Figure 13-17.
T = ' hi 16
=T 7 (16)

where T is the frequency obtained from FFT
from the recorded acceleration for each
depth 1 m, and H is the depth from the
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surface. Figures 13-17 summaries the
results of various soil properties from the
data generated from SCPTu.
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Figure 12. Single shear velocity model.

Cone resistance (gc) m MPa

0 3 10 13 20
= s

< Depth inom o referenos bevel

Figure 13. CPT data for station ADS: (a) CPT sounding of SCPT at ADS with cone resistance.
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Figure 14. SCPT data for station ADS: (a) acceleration at 1 m depth and (b) frequency at 1
m depth (from FFT).
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Figure 15. CPT data for station FTB: (a) CPT sounding of SCPTu with cone resistance.
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Figure 16. SCPT data for station FTB: (a) acceleration at 1 m depth and (b) frequency at 1 m
depth (from FFT).
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Figure 17. SCPT data for station UNP, (a) CPT sounding of SCPTu with cone resistance.
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Figure 18. Microtremor array results: (a) Vs and depth; (b) dispersion curve for site UNP.
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Comparison Vs for soft soil type at station FTB and UNP
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Figure 19. Comparison of Vs (a) for soft soil from station FTB and UNP, (b) for the rock
soil type from station ADS.
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Table 2. The comparison of Vs results.

Depth (m) SCPTu Microtremor array
ADS (m/s) FTB (m/s) ADS (m/s) FTB (m/s) UNP(m/s)
UNP(m/s)
0-2 145 152 163 308 165 163.5
2 4 145 160 350 308 165 163.5
4-6 - 145 175 308 165 163.5
6-8 - 143 170 308 165 163.5
8-12 - 148 130 308 165 163.5

4. RESULTS AND DISCUSSION
4.1 Results

Figure 14 (a) and (b) presents
acceleration data at 1 m depth and the
FFT of acceleration, the predominant
period of acceleration was 0.26s. By
following the same procedure, each
predominant period was determined at
every 1 mincrement for station ADS (rock
type). Figure 16 (a) and (b) presents
acceleration data at 1 m depth and the
FFT of acceleration. From FFT the
predominant period of acceleration was
found to be 0.26s. The predominant
period was determined for every 1 m
increment at station FTB by following the
same procedure for station UNP at
station UNP, as shown in Figure 17, the
Vs ranges from 0 to 15m. The Vs changed
rapidly from 2m to 3.5m (sand to gravel,
whereas the Vs of gravel was >300m/s)
and the cone resistant value ranged from
7 MPa to 13 MPa. Figure 19 (a) indicates
that the microtremor array result is
unable to determine dramatic changes of
Vs at the same layer as station UNP at 2
to 3.5m deep. The various soil properties
at every depth (m) can be seen in Figure
17 (b).

The Vs profiles result obtained
difference methods; from microtremor
array and SCPTu on 3 site with difference
soil types, The Vs profiles are not

comparable due to their difference in
resolution. While the SCPTu is able at
every 1m depth up to cone’s maximum
penetration resistance, the microtremor
array is more suitable for deeper
measurement but with lower resolution.
By considering constrain the inversion
process, it can improve the resolution for
Vs from microtremor array method. Our
conclusions are based on comparing Vs
between the microtremor array and
SCPTu results with a limited number of
observation sites (three in total: two for
soft soil types and one for the rock type).

4.2. Discussion

The various techniques used to
determine Vs (Tavakoli et al., 2016),
(Fatehnia et al., 2015) in the field
generally performed well. The
comparison obtained Vs from
microtremor and Borehole shows phase
velocities with the dispersion curve
calculated from the velocity structure
was found that observations agree with
borehole results to better than 11%
except when the wavelength is greater
than 2 times the array aperture (Hsi-Ping
Liu, 2020).

These result show the conducted
survey by SCPTu for three sites are The Vs
profiles are not comparable due to their
difference in resolution. While the SCPTu
is able at every 1m depth up to cone’s
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maximum penetration resistance, the
microtremor array is more suitable for
deeper measurement but with lower
resolution. The depth of penetration of
SCPT was up to 18 m because the cone
could not penetrate further upon
reaching the maximum capacity of 22
MPa (McGann et al., 2015). In some
cases, this maximum was not achieved
owing to a combination of high friction
due to stiff clay, high tip resistance, or
high friction in the Pleistocene sands.

The other result shows the
microtremor array result is not suitable
for shallow measurement compare with
SPTu. The clearest case was station UNP,
where the top 2 to 3.5m was hard
material (Vs >300m/s), while the
opposite result was found for shear
velocity from the microtremor array
technique, leading to generalized Vs=
163.6m/s from 0-30.9 depth (no change
at 30m depth, called layer 1). In this
location, the dispersion could be
determined down to approximately 1 Hz,
but the modelling indicated that it only
obtained information from the top 15 m
(Figure 16).

Microtremor array is more suitable for
deeper measurement with lower
resolution (Sant et al., 2018). By
considering constrain the inversion
process, it can improve the resolution for
Vs from microtremor array method
(Yoshida & Uebayashi, 2021).

5. CONCLUSION

The shear velocity results from the
microtremor studies were used to
classify Padang soils into soft soils,
medium soils and rock. The seismic cone
penetration test unit (SCPTu) was used
up to a depth of 18 m for the soft soil type
and 4 m for the rock type. Comparison of
the Vs for different soils type at the first
layer between the microtremor array

observation results and the SCPTu results
indicated The compared the Vs profile
within the first ~20m, as obtained from
the microtremor array and the SCPTu.
However, the accuracy of the Vs profile
from the microtremor array is highly
ambiguous. It is a known fact that
microtremor techniques are not reliable
in the near-surface due to the lack of high
frequency data. Consequently, it is not
surprising that the Vs profiles have poor
resolution, in particularly at shallow
depths, the microtremor array is more
suitable for deeper measurement but
with lower resolution. The resolution
could have been improved by
constraining the inversion process. On
the hand, the SCPTu Vs profile returns a
far better resolution because it is
considered as an intrusive active seismic
test and the signals were acquired at a
depth interval of 1m.
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