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Abstract

To explore and utilize the urban underground space, it is important for us to accurately obtain
information on the near surface structures. Microtremor signals play a vital role in that they carry
abundant information about the subsurface structure and can be easily observed under
disturbance of human activities in urban areas. We collected microtremor signals at 24 sites along
a survey line in central Jinan city, obtained the dispersion curves by using the Extended Spatial
Autocorrelation method and the resonance frequencies by using the horizontal-to-vertical
spectral ratio method, and inverted the near surface structures by using the forking genetic
algorithm. The lateral variation of the soil-rock interface was delineated at a maximum depth of
33 m and a large fracture zone was determined at a width of approximately 300 m. The frequency
peaks changed from 2.5 to 7.3 Hz for the fracture and stable zones. A frequency-dependent
model of the sediment thickness was obtained as h = 101f,”""'*, where h is the depth with a unit
of m and f, is the resonance frequency. These results may be useful for understanding near surface
structures and then benefit exploration of urban underground space.

Keywords: microtremor signals, soil-bedrock interface, fracture-zone scope, nonlinear
inversion, Jinan City

1. Introduction regarding the soil-bedrock interface and fracture structure

can be extracted by analyzing the subsurface V, profile.
Different seismic methods can be used to estimate the sub-

surface V. structure, ranging from invasive tests, including

Information about subsurface structure, such as overburden
thickness, the geometry of the bedrock surface and the fea-
ture of the fracture zone, is key parameters for urban un-
derground space utilization, city planning, civil engineering
and environmental work. The variation of V, directly reflects
the change in lithology (Mainsant ef al. 2012) since V, is
closely related to the dynamic properties of soil and rock
such as the dynamic shear modulus and standard penetration
test value (Anbazhagan et al. 2013). Therefore, information

cross-hole, down-hole, up-hole and P-S suspension logging,
to non-invasive tests including passive and active-source
seismic methods such as the microtremor survey method,
seismic refraction and seismic reflection. Nevertheless, the
invasive tests suffer from several limitations that include dif-
ficulty in carrying out measurements in urban areas and
the shortcomings of being time-consuming and expensive
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due to the drilling involved (Rosa-Cintas et al. 2017). In
view of this, non-invasive and cost-effective seismic meth-
ods have gain widespread acceptance as powerful tools in de-
tecting information about the subsurface structure (Foti et al.
2018).

Due to the serious noise interference in an urban environ-
ment, it is hard to carry out geophysical exploration by us-
ing active-source seismic methods. On the contrary, the mi-
crotremor survey method can overcome these restrictions by
taking advantage of the high level of ambient noise, which has
gained wide applications such as in mapping deeply buried
geothermal faults (Xu et al. 2012; Tian et al. 2016,2017), in-
vestigating the strata structure of landslides (Du et al. 2018),
seismic microzonation (Bonnefoy-Claudet et al. 2009) and
liquefaction evaluation (Rezaei & Choobbasti 2014).

One of the most commonly used methods is the single-
station horizontal-to-vertical spectral ratio (HVSR) method.
Due to its easy-implementation and low-cost, the HVSR
method has been widely adopted in the field of site-effect as-
sessment (Molnar et al. 2018; Vantassel et al. 2018) to deter-
mine the resonance frequency (f,) of the subsoil. Variation
of the resonance frequency is directly related to the geom-
etry of soil-bedrock interface (Parolai et al. 2002), making
it possible to reveal blind faults (Hellel et al. 2012). More-
over, the ability of the HVSR method to delineate bedrock
geometry as a fast and economical geophysical exploration
tool (Ibs-von Seht & Wohlenberg 1999; Parolai et al. 2002)
has been tested. This method uses the empirical relation-
ship between h and f,, which is given by h = af.’, where a
and b are site-specific parameters, to calculate the overburden
thickness.

Another common method is the array-processing
method, which allows the extraction of a dispersion curve
from the data of multiple sensor records, and then the V,
profile by inversion. There are two main kinds of array-
processing method including the spatial autocorrelation
method (SPAC) (Aki 1957; Okada 2003 ) and the frequency-
wavenumber Spectral method (FK) (Capon 1969). The
array configuration required in the SPAC method is circular,
while the requirement in the FK method is more flexible.
To overcoming the shortcoming of the SPAC arithmetic,
Ling (1994) proposed the extended spatial autocorrelation
(ESAC) method, which makes it possible to deal with ir-
regularly shaped arrays. It has been demonstrated that the
ESAC method gives more accurate results than FK in the
low-frequency range when using the same sized array (Ohori
et al. 2002).

In this study, we conducted microtremor observations,
combining the HVSR method and the ESAC method along
the designated survey line across the fault of Mount Qianfo
in the urban area of Jinan, provincial capital of Shandong.
Single-station measurements were taken to estimate the
resonance frequency. Moreover, array measurements were

carried out to determine the V, profile. The objective of this
study was to assess the ability of the single-station and array-
based microtremor survey method to map the soil-bedrock
interface and image the fracture zone in highly populated
urban areas where serious interference exists.

2. Geology in the urban area of the Jinan city

The study area was in the alluvial-diluvial piedmont plain, ly-
ing in the central urban area of Jinan, capital of east China’s
Shandong province (figure 1). The base consists of Paleozoic
Ordovician carbonate rocks and magmatic intrusive rocks of
the Yanshanian Stage with depths ranging from outcropping
to >40 m (Song et al. 2016). According to the results of the
available PS log, compared with carbonate rocks, the V val-
ues of the intrusive rocks are relatively low, and they are se-
riously weathered because of the long-term effects of envi-
ronmental conditions. The soil deposits (all unconsolidated
materials) overlying the bedrock are mainly man-made fill,
silt clays and gravels ranging from a few meters to more than
30 m in thickness. The fault of Mount Qianfo is an impor-
tant buried fault, the strike of which exhibits wave-shaped
bending on the plane. Generally, the fault is oriented toward
northwest-southeast and the width is from tens of meters to
hundreds of meters (Song et al. 2016). The fault is widely
covered by Quaternary sediments after entering the urban
district of Jinan; therefore, knowledge of the precise localiza-
tion of the fault is needed for this densely populated area.

3. Data and methods
3.1. Data acquisition

The equipment used to perform the measurements consists
of a set of standalone three-channel 24-bit A/D digital dat-
alogger (LS8800, manufactured by the Hakusan Corpora-
tion) connected to a triaxial velocity sensor (CDJ-SC2, man-
ufactured by CGE (Chonggqing) Geological Instrument Co.,
Ltd) with a natural frequency of 2 Hz. Adopting such a
three-component seismic sensor makes it possible to acquire
three components of microtremor data when performing ar-
ray measurements, allowing for the extraction of supplemen-
tary information by using the HVSR data.

In total, 24 array measurements were taken with a sep-
aration of about 40 m between each site along the survey
line across the fault of Mount Qianfo (figure 1). All measure-
ments were performed by using a nested triangular array con-
figuration. As shown in figure 2, 10 sensors were required for
such a configuration, with one sensor (S1) placed on the cen-
ter and the other nine sensors (§1-S10) equally distributed
along the circumference of three circles forming three equi-
lateral nested triangles. These three circles had the same cen-
ter and the radii of these circles were 0.9, 10 and 20 m,
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Figure 1. Map of the survey area located in the central urban area. Yellow triangles are the survey sites in this study, the borehole is represented by a
green circle and the approximate position of the fault of Mount Qianfo is schematic marked by the dash-dotted line.

respectively. The inclusion of such a miniature array with a ra-
dius of 0.9 m can broaden the possible frequency band (Cho
et al 2013), which is necessary to improve the precision of
exploration.

After checking the synchronization of all recorders, simul-
taneous observations were made for 16 minutes at each site
with the sampling interval being set to 0.01 s. Since all the sur-
vey points were in the central urban area, measurements were
taken between 11 pmand S amlocal time to reduce the effects
of local interference sources, with sensors directly placed on
the asphalt pavement.
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Figure 2. A schematic diagram of the array configuration.

3.2. Single-station analysis

The three components’ microtremor signals were processed
using the open-source Geopsy package (www.geopsy.org)
to obtain the HVSR curve and then determine the reso-
nance frequency. Before processing, windows of 20.48 s with
the most stationary signals were selected automatically using
an STA/LTA anti-trigger algorithm (Lee & Stewart 1981),
which eliminated transients usually associated with anthro-
pogenic noise. We calculated the Fourier amplitude spectra
of the three components (including a 5% cosine taper ap-
plied to both ends of the non-overlapping windows) and
smoothed them using a Konno and Ohmachi filter (Konno &
Ohmachi 1998) with a constant of 40. Then, two horizontal
components were merged by using the squared average and
the HVSR was calculated by dividing the merged horizontal
component spectrum by the vertical component spectrum.
Finally, a mean HVSR curve was obtained by averaging the
HVSR from all the analyzed windows.

To ensure the effectiveness of the results of each site, it was
necessary to inspect the raw spectra of the three components
signal to differentiate the HVSR peaks of stratigraphic origin
from the HVSR peaks of anthropic origin. If all three compo-
nents exhibit local narrow peaks, the HVSR peaks are likely
from industrial origins, which may be related to some kinds
of machinery, so then we should treat the results with cau-
tion (Castellaro 2016). Figure 3 parts a and c illustrate exam-
ples of HVSR curves for two sites and clear peaks around 5.8
and 2.7 Hz are observed, respectively. The curves of Fourier
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Figure 3. Left: (a) and (c) panels; average HVSR (thick line) and one standard deviation (dotted line) curves at site A6 and site A16. Right (b) and (d)
panels; Fourier amplitude spectra of the three components at site A6 and site A16.
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Figure 4. Variation of the HVSR curves for all sensors of the array for site
A9.

amplitude spectra of three components for these two sites are
shown in figure 3b and d.

3.3. Array analysis

Before processing, we tested the variation of the HVSR
curves along the array to check whether the assumption that
the layers under the array are approximately parallel, isotropic
and homogeneous was met. Figure 4 shows the HVSR curves
for all sensors of the array for site A9. In this case, these HVSR
curves were characterized by a predominant peak at around
3.9 Hz and generally comparable with each other, indicting
the 1D hypothesis was validated.

For simplicity, we termed an array with a radius of 0.9 m
as miniature and with 10 and 20 m as large. We deal with

Table 1. The combination of two stations and its distance.

Type of array Separation distance (m) Station to station
Miniature array 0.9 S$1-52 §1-83 S1-54
1.56 §2-83 §2-54 §3-54
Large array 10.0 S§1-85 §1-S6 S1-87
17.3 §5-86 §6-57 §5-S7
20.0 §1-88 §1-89 §1-S10
30.0 §5-810 §7-S9 S6-S8
34.6 §8-810 S8-59 §8-S10

these measurements recorded by these two kinds of array
separately.

Microtremor records of the vertical component were di-
vided into time windows of 10.24 s for the miniature array
and 20.24 s for the large array, with each window overlapped
by half and tapered for 5% of its length using the cosine win-
dow to reduce any leakage effect (Carter et al. 1973). We dis-
carded those windows with the abnormallylarge or small am-
plitudes and then calculated the power or cross spectrum of
each window and smoothed using a Parzen window with a
width of 0.3 Hz. As shown in the Table 1, there were two
types of separation for the miniature array and five for the
large array. The normalized autocorrelation functions of each
station pair and the autocorrelation coefficients of each sep-
aration were calculated, respectively. Subsequently, two in-
dividual fittings between the autocorrelation coefficients of
two arrays and the Bessel function of the zero-order first
kind were performed to obtain the dispersion curves of the
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Figure 5. Results of microtremor data process for miniature array at site A9.
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Figure 6. Results of microtremor data processing for the large array at site A9 (same legend as for figure S).

Rayleigh wave. Finally, a combination of these two dispersion
curves was conducted to determine the dispersion curve over
a broad frequency band.

Figures S and 6 illustrate an example of microtremor data
processing at site A9 with figures Sa and 6a showing the au-
tocorrelation coefficients for the miniature and large array,

respectively, and figures Sb and 6b showing the phase veloc-
ity of a Rayleigh wave fitted by a Bessel function for four fre-
quencies. In figure 6a, there was a decrease in autocorrelation
coefficient below 6 Hz. Contrary to the expected value that
autocorrelation coeflicient will go infinitely close to 1 with
a decrease of frequency and increase of phase velocity. This
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Figure 7. Comparison of dispersion curves inferred from the large and
miniature array at the site A9.

kind of decrease was observed in other studies when using
microtremor signals because of the limited maximum separa-
tion in the array (Asten et al. 2014). To get reliable results, we
omitted the unreliable data below 6 Hz. Figure 7 shows the
comparison of dispersion curves estimated from the minia-
ture and large array. It is observed that the dispersion curve
derived from the large array agrees well with that from the
miniature array at the overlapping frequency. Therefore, it
is possible to obtain a reliable dispersion curve for the fre-
quency range of 6.24-30.24 Hz. The maximum wavelength
is 119 m. As a rule of thumb, the investigation depth is about
half of the maximum wavelength (Park et al. 1999); thus, its
penetration depth would be 60 m.

The same procedure was applied to all other sites. The ob-
served dispersion curves in figure 8 show differences from
site to site. The phase velocities were derived at the frequency
range of 10-30 Hz in sites A1-A11 and A20-A24, while we
could acquire the phase velocities down to a lower frequency
of 4.8 Hz in sites A12-A19. Over the frequency range 8-
13 Hz, the phase velocities of sites A1-All and A20-A24
were much faster than those in sites A12-A19, presumably
covered by thinner soil deposits.

3.4. Inversion

A global optimizing technique known as the forking genetic
algorithm (fGA; Cho et al. 1999) was used to invert the ob-
served phase velocities to find the appropriate 1D V, profile.
Sensitivity analysis (Xia et al. 1999) has shown that P-wave
velocity (Vp) and density (p) have little effect on a disper-
sion curve. For this reason, during the inversion, the V, and
thickness of each layer were allowed to vary over pre-defined
ranges, while the v, and p were decided using the relation-
ships from Kitsunezaki ef al. (1990) V,=11"V,+1.29and
Herrmann (2013) p = 0.8*log(V,) + 2.3 (Herrmann 2013),
respectively. Theoretical phase velocities of the fundamental
mode were computed based on Haskell (1953). The search
areas for the inversion were determined based on the bore-
hole information and the values of V, for each lithotype iden-
tified in the borehole were selected according to the literature
data (Foti et al. 2018). After trial and error, we chose three or
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Figure 8. The observed dispersion curves of the Rayleigh wave for all sites.

.0z 1sNBny /0 UO Jasn sa0usiog J0 AWspeoy asaulyD‘yoleasay s90In0say [einieN pue saousiog alydelboas) jo ainmsu| Aq £906£5S/0102xB/8Bl/£60 1 01 /10p/10BI1Sqe-0j0ie-a0ueApe/abl/woo dno-olwapeoe//:sdny Wolj PPEOJUMC



Journal of Geophysics and Engineering (2019) 0, 1-10

Duetal

Table 2. Parameter spaces for an inversion considering three or four
layers.

Three layers Four layers
Layer
number Thickness (m) Vs (kms™') Thickness (m) Vs(kms™)
1 2-10 0.18-0.40 2-10 0.18-0.40
2 2-20 0.30-0.60 2-15 0.25-0.50
3 — 0.60-2.00 5-20 0.30-0.60
4 — 0.60-2.00

four layers in the inversion. In Table 2, the parameter spaces
applied in the inversion were presented. The inversion was
performed aiming to minimize the differences between the
observed and theoretical phase velocities. The misfit func-

tion of the observed and theoretical phase velocities was
defined as:

C.(N) -cN]’
VI

where N is the number of phase velocities, and C,( f)and
C,(f) are observed and theoretical phase velocities.

Assuming the predominance of the fundamental mode of
Rayleigh wave, six inversions with 6000 models generated
in one inversion were conducted, and then the model with
the smallest residuals among six estimations was chosen as
final V_ profile. Figure 9a shows the comparison between ob-
served and theoretical dispersion curves calculated from the
best-fitting model for site A2 and it can be seen that both
curves accord well with each other, indicating that the in-
verted model was acceptable. This is also proved by the de-
creasing tread of misfit value with the increase of generation
number (figure 9b). It is evident that the misfit value began
to drop rapidly and then gradually stabilized indicating the
value convergence toward the global minimum.

4. Results and discussions

We calculated the HVSR using single-station measurements
before the analysis of array-based records. The results offer
a first idea about the geometry of the soil-bedrock inter-
face, which is closely linked to the resultant HVSR resonance
frequencies. The variation of the f, along the survey line is
depicted in figure 11a. It is clear that the f, values change be-
tween 2.52 and 7.25 Hz. Since the bedrock depth / varies in-
versely with f,, with the average V, of the soil deposits being
constant (Parolai et al. 2002), f, is characterized by a smaller
value where the regions have thick soil deposits that are prob-
ably related to the fracture zone. At each side of the survey
line, the significant increases in f, values reveal important
basement uplift over a small distance of 40 m orless. One pos-
sible explanation for this uplift is a cluster of two sub-order
faults accompanied by the main fault.

After HVSR analysis, the ESAC method was applied to ex-
tract dispersion curves from array measurements, and then
the subsurface V structures of each site can be acquired by
adopting an fGA method for the inversion. Figure 10 shows a
comparison between the inverted V, profiles of sites in zones
1 and 2 located on the stable zone and sites in the fracture
zone. Such a set of 1D V profiles has been interpolated using
the Kriging method (Pokhrel et al. 2013) to generate a 2D V,
map (figure 11b) along the survey line. The information from
borehole D1 (see figure 1 for relative location) was used to
correlate the V, map with the geological structure. The sec-
tion that was divided into three zones (zone 1, fracture zone
and zone 2) based on the characteristics of V, profiles, was
interpreted as follows:

The fracture zone has a V, of 150-350 m s~ in the top
6-10 m, corresponding to miscellaneous fill and silt clay. The
next 20-25 m shows a V, of 350-500 m s™!, which is re-
lated to gravel clay. A total soil thickness, of which V, values
are lower than 760 m s™! (Anbazhagan & Sitharam 2009),
is approximately 25-35 m. The engineering bedrock with V
of 800-1000 m s~" is located at the bottom, the geological
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Figure 10. Comparison of the inverted V, profiles. (a) sites in zone 1 located in the stable zone. (b) sites in the fracture zone. (c) sites in zone 2 located

in the stable zone.
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Figure 11. (a) Variation of the resonance frequency along the survey line. (b) The V, map along the survey line from array results. Yellow triangles
indicate the projection of the measurement points. Borehole logs of D1 are shown in the right. The thick black line represents the interface of the soil

and bedrock.

content of the layer was observed to be diorite and the intru-
sive rock was relatively broken and rich in water because of
long-term weathering denudation.

Zones 1 and 2 have a more heterogeneous soil layer and
the geological substances of the surface layers, of which
V, <760 m s, also consist of silt clay and gravel clay. The
thickness of the soil layer changes rapidly, ranging from 8 to
23 m and displaying a dip to the middle of the section. The

layer with V, values of >1300 m s~ was identified as engi-
neering bedrock, of which the geological unit was Paleozoic
Ordovician limestone. Compared with intrusive rock, the
limestone was compacted, complete and possessed higher V.,
which is consistent with the results of the previous PS log.
According to those results, the interface of soil-bedrock
can be delineated by the thick black line in figure 11b. It

is clear that the soil-bedrock interface is not a geometric
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Figure 12. Sediment thickness as a function of the resonance frequency
for 24 sites. The best fit values and R* are shown.

surface, but a rather undulating boundary with depth varying
from 8 to 35 m. Rapid subsidence and uplift of bedrock can
be observed in the ranges of A11-A12 and A19-A20, respec-
tively, probably due to the existence of two secondary faults.
The width of the fracture zone was roughly 300 m, which
was consistent with the results of previous studies (Song et al.
2016).

The empirical relationship between the thickness & of the
sedimentary layer computed from the inversion of Rayleigh
wave and the resonance frequency f, calculated from the
HVSR data was developed. The plot of the thickness  of the
sedimentary layer as a function of the resonance frequency
f, is shown in figure 12 and the values of best fit parame-
ters a and b equal to 101 and —1.132, respectively. The er-
rors of a and b for confidence of 95% are +£31.93 and +0.252,
respectively.

Finally, theoretical 1D SH transfer functions were calcu-
lated using the 1D propagator-matrix by Haskell (1953) for
allthe models in figure 10. For this modeling, we assumed the
Q value of each layer to be 1/15 of its V, (lida et al. 2005). A
comparison between the peak of theoretical 1D SH transfer
function and peak of the observed HVSR curve was made to
validate the resultant model (figure 13). From the large R?, it
is clear that HVSR peak frequencies were generally in agree-
ment with those of the transfer function, indicating the inver-
sion results were reliable (Bonnefoy-Claudet et al. 2008).

S. Conclusion

In this study, in order to map the soil-bedrock interface and
identify the position and width of the fracture zone, we car-
ried out single-station and array microtremor measurements
at 24 sites along the survey line in the urban area of Jinan.
Our goal was to use the HVSR method to determine the res-
onance frequency, and the ESAC method to extract the dis-
persion curves and then to derive V, profiles.
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Figure 13. Comparison of the peak frequency from transfer function and
HVSR data.

The results show the fracture zone exhibited low V, and{,,
whereas high V_ and f, were found in the stable zone. The ge-
ometry of the top of the basement was delineated, the depth
of which showed rapidly spatial variation ranging from 8 to
35 m. Rapid subsidence and uplift of bedrock occurred over
a small distance of 40 m or less, probably affected by two sec-
ondary faults and the V, map reveals a comparably large frac-
ture zone with a width of approximately 300 m. The nonlin-
ear regression relation between the resonance frequency f,
(Hz) and the sediment thickness 4(m) for Jinan City is de-
rived as h = 101f,”""*, which could be useful in engineer-
ing application. Finally, to verify the reliability of the V, pro-
file obtained from array measurements, the peak frequency of
HVSR curve was compared with that of the transfer function
for the modeled V profile. A good agreement between them
showed that ESAC modeling results were reliable.
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