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Abstract

The precise identification of adverse geological bodies, such as goafs, karst cavities,
and faults, is crucial for engineering safety and economic viability. However,
conventional drilling methods suffer from high costs, limited coverage, and the risk of
overlooking anomalies. While existing geophysical techniques can address drilling’s
limitations, they are often constrained by non-uniqueness and insufficient resolution.
To address these challenges, this paper proposes a novel technique for stratigraphic
evaluation based on the polarization analysis of microtremor surface waves, aiming
to improve the accuracy and efficiency of identifying dynamic site parameters in
complex geological settings. We systematically validated the feasibility of using the
elliptical polarization ratio of Rayleigh waves for subsurface characterization through
theoretical analysis and field data. Numerical simulations confirmed that the method
can clearly identify localized geological anomalies under noise-free conditions. For
field data processing, we developed a workflow to extract Rayleigh waves with
a high signal-to-noise ratio from microtremors. This workflow isolates valid wave
components using principal frequency filtering and directional discrimination, while
mitigating noise impact on dispersion estimation. The final polarization ratio profile
strongly correlated with magnetotelluric resistivity data, successfully imaging goafs,
fractured zones, and bedrock interfaces. Stacking codirectional wave events further
enhanced deep structural resolution and resulted in consistency. In conclusion, this
study demonstrates that the polarization-based method is a feasible, flexible, and
promising tool for engineering applications, offering a reliable foundation for fine-
scale site characterization.

Keywords: Microtremor Rayleigh wave; Elliptical polarization ratio; Site characterization;
Numerical simulations

1. Introduction

With the rapid advancement of urbanization and infrastructure construction, the
influence of site geological conditions on project safety and economy has become
increasingly significant. The precise identification of adverse geological bodies with strong
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lateral heterogeneity, such as goafs, karst caves, and fault
fracture zones, has emerged as a core task in engineering
investigation.! This demand for site characterization
is particularly urgent in areas with complex geological
conditions, driven by the accelerated pace of development
and the continuous expansion of underground space
utilization. Conventional borehole-based investigation
methods, however, exhibit pronounced limitations.
While capable of providing local point-based geological
information, they are prohibitively expensive, suffer from
low sampling density and limited resolution, and are ill-
suited for large-scale continuous detection. Consequently,
they are prone to overlooking geological anomalies
between boreholes, failing to meet the requirements of
fine-scale investigation for modern large-scale engineering
projects.> To compensate for these deficiencies,
geophysical methods, including high-density resistivity,
seismic reflection, and magnetotelluric methods, have
been widely employed.”® Nevertheless, these techniques
are often hampered by issues such as non-uniqueness of
solutions, signal interference, and inadequate resolution,
which restrict their reliability and precision in complex
geological settings. Therefore, the development of efficient,
high-precision, low-cost, and adaptable multiparameter
geophysical exploration technologies has become a critical
direction for enhancing the capability of site geological
structure evaluation.

Surface wave exploration techniques, by virtue of
their advantages—such as high sensitivity to vertical
stratigraphic changes, a broad depth of investigation,
and ease of field implementation—have been extensively
applied in the identification of site dynamic parameters
and the inversion of subsurface structures.® In particular,
Rayleigh waves, as the principal type of surface wave,
possess propagation characteristics that are closely
correlated with the elastic parameters of the ground (e.g.,
shear wave velocity and Poisson’s ratio). Consequently,
analyzing the dispersion characteristics of Rayleigh waves
has become a mainstream method for subsurface structure
inversion.”® However, traditional Rayleigh wave dispersion
analysis methods predominantly rely on active seismic
sources. In complex sites, such as densely populated
urban areas or mountainous terrain, these methods are
susceptible to interference from environmental noise,
which degrades the accuracy of extracted dispersion
curves. Furthermore, the deployment of active sources
constrains both the investigation range and operational
flexibility. In contrast, microtremor exploration utilizes
natural environmental vibrations (e.g., from traffic, wind
loads, and crustal micro-movements) as its energy source.
Requiring no artificial excitation, this approach offers
significant advantages, including being non-destructive,

enabling large-scale surveys, and adapting to complex site
conditions. It thus presents a new paradigm for overcoming
the application bottlenecks of traditional surface wave
exploration techniques.”!!

Microtremor signals are rich in surface wave
information, particularly Rayleigh wave components,
whose propagation characteristics can also reflect
the vertical stratification and lateral heterogeneity of
strata. Early research on microtremor surface waves
primarily concentrated on the extraction and inversion
of dispersion curves. By utilizing the power spectral
density or cross-correlation function of microtremor
signals, these methods obtain Rayleigh wave dispersion
characteristics to subsequently invert the shear wave
velocity structure of the strata.'*'* However, when applied
to laterally heterogeneous sites—such as those with local
geological anomalies such as goafs and fractured zones—
these methods face limitations. Due to their neglect of
the polarization characteristics of Rayleigh waves, they
struggle to accurately identify the spatial location and
morphological features of such anomalies, leading to
reduced reliability of the inversion results. Rayleigh waves
exhibit unique elliptical polarization characteristics during
propagation. Their elliptical polarization ratio (the ratio of
the major to minor axis) is not only correlated with the
elastic parameters of the strata but is also highly sensitive
to lateral heterogeneity. This characteristic provides a
key technological breakthrough for achieving fine-scale
structural evaluation of complex sites.'s

Recent years have witnessed a surge in research
on Rayleigh wave polarization analysis. Theoretical
investigations have established its utility, starting with
the joint inversion method by Arai and Tokimatsu that
enhanced Vs-profile accuracy.'” Subsequent studies by
Woodhouse and Maupin confirmed that Rayleigh wave
ellipticity can constrain the non-uniqueness of dispersion
inversion.'®?! The link between the H/V spectral ratio and
Rayleigh wave ellipticity was further solidified in other
works.?»* Numerical simulations by Yu and Liu* revealed
that the polarization dispersion method offers superior
sensitivity and lateral resolution compared to conventional
velocity dispersion, particularly in laterally inhomogeneous
media. The method’s versatility is evidenced by its successful
application in diverse fields, including depth calibration,”
sedimentary layer thickness estimation,” polar ice sheet
investigation,” and archaeological surveys.”

Nevertheless, a fundamental challenge persists: The
extraction of Rayleigh wave polarization with a high
signal-to-noise ratio (SNR) from the complex ambient
microtremor field. This field is a superposition of multiple
wavefields—including multidirectional Rayleigh waves,
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Love waves, body waves, and background noise—which
degrades polarization estimation accuracy.” In response,
two primary technical pathways have emerged. The first
involves array-based wavefield separation, which leverages
the spatial characteristics of waves to isolate Rayleigh
waves.” The second pathway focuses on transient event
screening, utilizing time-frequency analysis and machine
learning to select high-SNR events, such as distant
earthquakes or industrial vibrations that provide a pristine
signal for polarization analysis.*"*?

Consequently, engineering site evaluation currently
faces a confluence of challenges: Significant constraints
from conventional methods, strong non-uniqueness
in geophysical inversion, and the formidable task of
extracting polarized signals from microtremors. To
address these gaps, this research centers on the elliptical
polarization of Rayleigh waves, with a core focus on
resolving the extraction of high-SNR polarization signals
under complex site conditions. Through an optimized
data processing scheme, this work seeks to improve the
precision for detecting subsurface adverse geological
structures, thereby offering a more robust technological
foundation for site characterization.

2. Methods

Within a homogeneous medium, a strong correlation
exists between the ellipticity of Rayleigh surface waves and
the Poisson’s ratio of the constituent material. Given that
Poisson’s ratio is a vital parameter in the characterization of
subsurface geological structures, this section is dedicated
to theoretically elucidating how wave ellipticity can be
employed as a significant indicator for site evaluation.

For the theoretical analysis, we consider waves
propagating in an infinite, homogeneous medium, where
the fundamental form of the wave equation solution
is &Y. The motion trajectory of a particle is defined
by its radial displacement component u and its vertical
displacement component w. Through the established
relationship  between displacement and potential
functions, the corresponding potentials can be determined.
Consequently, the formulas for the particle’s radial and
vertical displacements can be derived as:

u:A(_e—me+ 22mn e—nkz)ikei(a)t—/cx)
n°+1
—mlez | _2mn LY RIC)

n2+1

w=A(—me

(1)

In this expression, m and n represent the attenuation
coefficients, whereas A denotes the energy coefficient.
The analytical expressions for the vertical and horizontal

components of displacement are derived by applying
Euler’s transformation to the equation and extracting its
real part.

u= A[e_’"kz - iﬂe_"kz]ksin(wt - kx)
n°+1
w= A(—mefmkz + 22”1_’12—nkz Yecos(wt — kx) (2)
n-+1

Based on Equation 2, the displacement of Rayleigh
waves in a homogeneous half-space was calculated for
various Poisson’s ratios. The variation of this displacement
with depth, normalized by the half-wavelength, was
subsequently characterized. The results demonstrate that
the energy of Rayleigh waves attenuates exponentially with
depth and is predominantly confined within a depth range
of one wavelength. Furthermore, the variation in Poisson’s
ratio was found to only marginally affect the rate of this
energy attenuation.*

In addition, Equation 2 reveals that for Rayleigh waves
propagating along the free surface of a homogeneous elastic
half-space, the two displacement components satisfy an
elliptical equation:

OEOK

_ 2 _
where a= Ak[e mkz —#e nkzj and b= Ak(—me‘mkz +
2mn

3)

n”+1
-nkz . . -
e are the semi-major and semi-minor axes of

n +1
the ellipse, respectively. This demonstrates that the particle
motion trajectory of a Rayleigh wave is elliptical. Based on
this elliptical trajectory, the ellipticity E(z) can be defined
as the ratio of the amplitudes of the horizontal and vertical
displacement components:

- 2mn
‘emkz_2 enkz‘

E(z)= n- +1

( ) _mekz 2mn o kz 4)

n?+1
At the free surface (z = 0), the ellipticity is given by:
2
n”+1-2mn

E(0)=2—"°" 5

(0)== 55 (5)

The relationship between the Rayleigh wave velocity,
S-wave velocity, P-wave velocity, and Poisson’s ratio is as
follows:

Vg _0.87+1.120

B l+o (6)
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Ve (0.87+1.12a)/(1-24)/2(1-a)

a l+a

(7)

The following equations are obtained by substituting
the solutions for the P- and S-wave potential functions into
their respective governing equations:

(8)

In a homogeneous half-space, the parameters m and n
are constants, and consequently, the ellipticity of Rayleigh
waves is also a constant. By combining Equations 6,
7, and 8, it is evident that m and » are dependent solely
on Poisson’s ratio of the homogeneous half-space. Thus,
Equation 5 can be reformulated as:

,_(087+1.120 )
I+o

(08741120 (1-20) || (08741125
2[1 {10 (1-0) ]M o ”
(0.87+1.12o-]2\/1_(0.87+1.126)2(1—2o)

l+o 2(1+o-)2(1—c7)

E=

(9)

Equation 6 is a complex nonlinear equation that does
not explicitly reveal the relationship between ellipticity and
Poisson’s ratio. Through numerical fitting, an empirical
relationship with a correlation coefficient of 0.9775 was
obtained*:

E =-0.48550 + 0.797 (10)

In Figure 1, o, 8, and V, are the P-wave, S-wave, and
Rayleigh wave velocities, respectively. Er is the theoretical
elliptical polarization ratio, and the solid line is the
linear fit. As shown in Figure 1, with increasing Poisson’s
ratio, the elliptical polarization ratio decreases at a rate
significantly faster than the rate of increase for the V /f
ratio. This indicates that the elliptical polarization ratio is
more sensitive to variations in Poisson’s ratio. This equation
clearly indicates an approximate inverse linear relationship
between ellipticity and Poisson’s ratio. This finding
further substantiates the feasibility of using Rayleigh wave
ellipticity for the evaluation of geological structures.

3. Numerical simulation

In this section, numerical simulations are employed to
validate the response of Rayleigh wave ellipticity to changes
in geological structure. Initially, a cuboid homogeneous
medium model with dimensions of 600 m x 600 m x 400 m
was constructed to simulate a homogeneous half-space.
The medium properties were defined as follows: A density

of 2000 kg/m?® a P-wave velocity of 1000 m/s, and an
S-wave velocity of 530 m/s. The model was discretized
with a grid spacing of 2 m. In the simulation, a plane wave
source was used to excite the Rayleigh wave field. The
source wavelet was a 20 Hz Ricker wavelet. A linear array
of 140 receivers was deployed along a central survey line
with a receiver spacing of 2 m, and the data were sampled
at a time interval of 0.0005 s. A schematic of the model
is presented in Figure 2. For the homogeneous case, the
entire model was assigned uniform properties. In contrast,
for the heterogeneous simulation, a cavity was introduced
and assigned a density of 1500 kg/m?, a P-wave velocity of
300 m/s, and an S-wave velocity of 150 m/s.

For a homogeneous medium with a density of
2000 kg/m’, a P-wave velocity of 1000 m/s, and an S-wave
velocity of 530 m/s, the theoretical value of the Rayleigh
wave ellipticity is 0.654. Figure 3A displays the simulated
three-component seismic records obtained from this
homogeneous medium model. In the simulation, a single
linear source was employed to simulate Rayleigh surface
waves in the far-field, and body waves were subsequently
filtered out. As the Y-component is perpendicular to the
direction of wave propagation, its amplitude is nearly zero
in the homogeneous model. In contrast, both the vertical
component (Z) and the component along the propagation
direction (X) exhibit high amplitudes. Figure 3B presents
the corresponding ellipticity profile, which clearly reflects
the homogeneous characteristics of the medium. The
calculated ellipticity is consistent with the theoretical
value of 0.654. This demonstrates that in a homogeneous
medium, the ellipticity of Rayleigh waves can effectively
indicate the uniformity of the geological structure.
Furthermore, by leveraging the relationship between
ellipticity and Poisson’s ratio, site characteristics can be
determined.

Furthermore, a simulation was conducted for a
heterogeneous medium containing a low-velocity cavity.
The spherical low-velocity anomaly was characterized by
a density of 1500 kg/m?, a P-wave velocity of 300 m/s, an
S-wave velocity of 150 m/s, a diameter of 8 m, and its center
was located at a depth of 16 m below the surface. Figure 4A
presents the simulated three-component seismic records
from this heterogeneous model, which also employed a
single linear source to simulate far-field Rayleigh surface
waves with body waves subsequently filtered. Similar to the
homogeneous model, the amplitude of the Y-component,
which is perpendicular to the propagation direction,
is negligible, whereas the vertical (Z) and inline (X)
components exhibit high amplitudes. Figure 4B shows
the corresponding ellipticity profile. The regions outside
the low-velocity anomaly clearly reflect the homogeneous
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Figure 2. Numerical simulation model
Abbreviations: d: Density; V,: P-wave velocity; V : S-wave velocity.

characteristics of the background medium. However, at
an offset of approximately 170 m, a weak high-ellipticity
anomaly and a strong low-ellipticity anomaly appear, which
can be used to locate the low-velocity cavity. Notably, the
anomaly imaged in the profile is displaced in the direction
of wave propagation. This demonstrates that the Rayleigh
wave ellipticity profile can effectively identify the location
of localized geological anomalies.

The results from the two numerical simulations above
indicate that the ellipticity of Rayleigh surface waves is
sensitive to anomalies in the geological structure. By
leveraging the established relationships between ellipticity,
velocity, and Poisson’s ratio, this method can effectively
characterize the features of the geological structure.
Consequently, it can serve as a valuable complement to the
conventional site evaluation parameter, Vs30.

The application of the elliptical polarization ratio
method in microtremor data processing fundamentally
relies on the effective extraction of high-SNR Rayleigh
waves. In this section, we investigate this extraction
process by constructing a numerical model of microtremor
signals. This model is developed by introducing random

noise and incorporating the propagation characteristics of
multidirectional surface waves. The model is subsequently
analyzed using techniques such as polarization analysis
and directional filtering to isolate high-SNR Rayleigh
waves.

To better simulate the physical characteristics of
real-world microtremor signals, this study employed
a homogeneous medium model with two oppositely
oriented sources. The resulting synthetic seismogram
contains various components, including multidirectional
surface waves, P-waves, and boundary-reflected waves.
On this basis, a microtremor dataset representing a
complex interference environment was constructed by
superimposing random noise with a maximum amplitude
equal to 50% of the signal’s maximum amplitude, as shown
in Figure 5A. Figure 5B displays the record of coherently
propagating Rayleigh waves, which was extracted after
a series of processing steps, including high-amplitude
signal screening, polarization analysis, and directional
filtering.

Figure 6A illustrates the particle motion trajectories
of the 25-trace synthetic microtremor record. Due
to interference from noise, multidirectional Rayleigh
waves, and body waves, the original record exhibits both
linear and elliptical polarization phenomena, leading to
significant disorder in the particle motion trajectories. In
contrast, after optimization through methods such as event
selection and polarization-based denoising, the extracted
Rayleigh wave signal shows a significantly improved SNR,
and its particle motion trajectories exhibit typical elliptical
polarization characteristics (as shown in Figure 6B). These
results confirm that the proposed technical scheme, which
combines high-amplitude signal extraction with filtering,
is feasible for isolating high-SNR Rayleigh waves from
complex microtremor signals.
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4. Data acquisition and analysis Furthermore, the accuracy of the results is validated

through ti lysis.
To investigate the applicability of Rayleigh wave ellipticity rough compearative anaiysis

from microtremor data for site evaluation and geological 4.1. Materials

structure detection, this section focuses on three The stability of the ground is of paramount importance
aspects: The acquisition of field data, the analysis of data for all infrastructure, including buildings, high-speed
characteristics, and the calculation of ellipticity profiles. railways, and highways. Consequently, site investigation
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Figure 6. Particle motion trajectories of seismic records. (A) Trajectories of the synthetic microtremor record. (B) Trajectories of the Rayleigh wave record.

is an indispensable phase in construction engineering. To
validate the practicality of the method proposed in this
study, field data were used for verification. The case study
data consist of microtremor records newly acquired along
a survey line using three-component seismic instruments.

The data were collected in October 2015 at a
construction site for a proposed railway line, with the
objective of evaluating the stability of the geological
structures along the route. The survey line was located in a

mountainous area with elevations ranging from 350 m to
460 m. The site conditions were complex, featuring a varied
surface of forests, shrubs, ponds, farmland, and residential
houses, with some sections exhibiting steep topography.
According to geological data, the bedrock in the area is
primarily composed of mudstone, shale, and coal seams.

The geophones used for data acquisition had a
frequency response range of 0.1-150 Hz. A total of 11
digital seismic instruments were deployed simultaneously
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in an array along the survey line. The receiver spacing and
sampling interval were set to 10 m and 0.01 s, respectively.
The X-component was oriented along the survey line, the
Y-component perpendicular to it, and the Z-component
vertically. Considering the intensity of fieldwork and time
constraints in the mountainous terrain, the recording
duration for each setup was limited to 10 min. Over a 2-day
period, a total of 12 setups were completed, yielding 132
three-component data traces. As the raw seismic records
contained DC-offset interference, a band-pass filter from
0.1 Hz to 32 Hz was applied to the data. Figure 7A displays
the gathering of the 132 vertical-component records, and
Figure 7B shows the amplitude spectrum of the entire
dataset.

The seismic records appear complex and chaotic,
making it difficult to directly discern useful information.
However, after applying amplitude gain, it is observed
that some time segments exhibit relatively stable signals,
whereas others are characterized by high-amplitude
vibrational events. The amplitude spectrum of the 10-min
records reveals that the signal energy is predominantly
concentrated below 8 Hz. In contrast, the high-frequency
components tend to exhibit characteristics consistent with
white noise.

4.2, Field data analysis

This section analyzes the field microseismic signals in terms
of their energy distribution, events with a high SNR, and
the propagation direction of Rayleigh waves. This analysis
serves as a preparatory step for the field data processing
required by the microseism-based Rayleigh wave ellipticity
method.

Initially, a single three-component seismic record with a
duration of 600 s was selected. The microtremor signal was
amplified using Geogiga Seismic Pro software (Geogiga

Time (mins)

Amplitude

Technology Corp, Canada), and based on the observed
amplitude distribution, two 10-s segments were extracted,
as shown in Figure 8A and B. The segment in Figure 8A
contains a distinct high-amplitude event, whereas the
segment in Figure 8B is relatively stable, lacking any
significant vibrational activity.

Time-frequency analysis was employed to characterize
the signals in Figure 8A and B, with the resulting time-
frequency distributions shown in Figure 9A and B,
respectively. As shown in Figure 9A, the high-amplitude
event occurring between 6 and 8 s in Figure 5A is composed
of a low-frequency component at approximately 3 Hz and
a high-frequency component at approximately 20 Hz. In
contrast, the time-frequency plot in Figure 9B indicates
that the energy is distributed nearly uniformly across both
time and frequency, exhibiting stationary characteristics
similar to those of white noise.

Conventional methods, such as the spatial
autocorrelation and traditional ellipticity approaches,
presuppose that seismic records adhere to the properties
of a stationary random process. Consequently, strong
vibrational events, such as the one depicted in Figure 8A,
can severely compromise the final interpretation. In
contrast, the present study seeks to extract geological
information directly from such high-amplitude events,
provided they are dominated by Rayleigh surface waves.
The presence of these events in the microtremor records
thus provides the fundamental basis for our methodology.

The subsequent analysis focuses on the characteristics
of high-SNR events within the microtremor data. An
SNR threshold is first established based on data quality,
from which high-SNR events, each with a duration of
10 s (determined by site conditions and target depth), are
extracted from the 600-s records at each station. A variable

Frequency (Hz)

Figure 7. Seismic records and their corresponding amplitude spectrum. (A) The vertical-component seismic records from 132 channels, each with a

10-min duration. (B) The amplitude spectrum corresponding to (A).
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Figure 8. Three-component seismic records, where X, Y, and Z denote the two horizontal and vertical components, respectively. Panels (A) and (B) are
microtremor records extracted from the 10-min, three-component seismic data after band-pass filtering from 0.1 Hz to 30 Hz.
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Figure 9. Time-frequency spectra. Panels (A) and (B) show the spectra for vertical component records containing a high-signal-to-noise ratio event and

for those without, respectively.

number of such events, resembling those in Figure 8A, are
identified at each location. If a station fails to produce an
event meeting the initial criterion, the SNR threshold is
incrementally lowered, or an estimation is performed using
data from adjacent stations. It is important to note that the
selected high-amplitude signals may originate from either
Rayleigh surface waves or linearly polarized body waves.

Following the selection of high-SNR events, it is
necessary to discriminate between signals dominated by
Rayleigh waves and those dominated by linearly polarized
waves. Phase-difference filtering is applied to all selected
high-SNR events to isolate the former, with the objective
of identifying at least one Rayleigh wave event for each of
the 132 stations. It is crucial to note that this filtering step
serves exclusively as a screening mechanism and is not part
of the final signal processing for analysis.

Figure 10 displays the particle motion trajectories for 20
ofthe selected Rayleigh wave-dominated records. Although
these signals are primarily composed of Rayleigh waves,
they still contain high-frequency interference outside the

target band and residual linearly polarized waves. As a
result, the trajectories exhibit an overall elliptical shape but
are chaotic and lack a clear, well-defined geometry. Direct
determination of the propagation direction from such
raw trajectories would be significantly compromised by
this interference, and accurate calculation of the ellipticity
would be infeasible.

Time-frequency analysis is a standard technique for
the investigation of microtremor signals, as it facilitates the
clear discrimination of the principal components within a
seismic record. Therefore, in this study, we applied time-
frequency analysis to all Rayleigh wave-dominated records
to identify the principal component of the signal, which is
defined as the frequency, f, at which the energy is maximal.
Subsequently, a band-pass filter centered at this f_ is applied
to the data. The particle motion trajectories of the processed
microtremor records are presented in Figure 11.

As illustrated by the contrast between Figure 11 and
the pre-filtered Figure 10, the filtering process yields
distinctly elliptical particle motion trajectories, thereby
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X 104

Figure 10. Particle motion trajectories for 20 of the selected Rayleigh wave-dominated records

confirming the dominance of Rayleigh wave components
and their inherent elliptical polarization. This enables the
subsequent identification of the propagation direction
from the principal component of these filtered signals.

Given that numerical simulations show anomalies in
polarization profiles shift along the propagation path,
selecting codirectional Rayleigh wavesis crucial foraccurate
polarization analysis. Consequently, a comprehensive
directional analysis was performed on all Rayleigh wave-
dominated data from the 132 geophones to identify a set
of 132 high-SNR waves propagating uniformly. The 360°
azimuthal range was partitioned into six 60° sectors, with
the survey line oriented at 0°. Statistical results, exemplified
by the 20 randomly selected geophone plots in Figure 12,
reveal that most signal groups possess two to three
dominant propagation directions, whereas some records
exhibit a more uniform directional distribution. A notable

X 10‘1

similarity was also observed in the directional statistics
among the eleven concurrently acquired data sets.

In addition, a statistical analysis of the propagation
directions of all high-SNR Rayleigh wave events was
conducted across all stations. From the 132 datasets, each
with a 10-min recording duration, a total of 6600 events
were identified. The resulting azimuthal distribution is
presented in Figure 13.

As shown in Figure 13, the number of events in the
0°-30° and 270°-360° sectors is slightly lower compared
to other directions, although the overall distribution
remains relatively uniform. This suggests that the high-
SNR Rayleigh waves in this region do not fully satisty
the assumption of spatial stationarity. Concurrently, the
presence of Rayleigh waves from various propagation
directions within the signals makes it feasible to select a
subset of codirectional waves for analysis.
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Figure 11. Particle motion trajectories of 20 Rayleigh wave-dominated microtremor records after principal frequency-centered band-pass filtering

In summary, the selection of high-SNR, codirectional
Rayleigh waves from the in situ microtremor data is
demonstrated to be a practical and feasible approach. Based
on the results from both the overall and single-record
directional statistics, the Rayleigh waves propagating in
the direction opposite to the survey line were selected for
the subsequent calculation of ellipticity. The analysis of the
processed results is presented in the following section.

4.3, Data processing and analysis of results

Based on prior theoretical and numerical analyses, factors
such as noise, linearly polarized waves, and multidirectional
Rayleigh waves adversely affect the accuracy of ellipticity
estimation. To address these issues in the field data, a six-
step processing scheme was implemented: (1) band-pass
filtering, (2) high-SNR event filtering, (3) phase-difference
filtering, (4) directional filtering, (5) polarization filtering,
and (6) ellipticity estimation.

This procedure successfully isolated 132 codirectional,
high-SNR events dominated by Rayleigh waves. With the
propagation direction known, the three-component data
for these events were rotated to obtain the horizontal
radial and vertical components. Figure 14 illustrates the

phase relationship between these two components for a
representative 4-s segment from 20 selected events, where
the red and blue curves denote the vertical and radial
components, respectively. A distinct phase difference at
the peaks is evident for all signals, which validates that the
selected events are indeed Rayleigh wave-dominant.

4.4. An ellipticity stacking methodology

The selection of high-SNR Rayleigh waves inherently allows
for minor directional deviations, introducing stochastic
errors into the processing results. While continuous
microtremor records contain multiple such events that can
be used to suppress these errors, conventional multitrace
stacking is not feasible. This is because ellipticity dispersion
is calculated from single-point, three-component data and
is highly sensitive to propagation direction, as previously
demonstrated.

To overcome this limitation, we developed a stacking
and averaging method for ellipticity dispersion curves.
Assuming a sufficiently long acquisition time, multiple
suitable Rayleigh wave events can be identified at a given
station. In this study, four sets of 132-trace, high-SNR,
codirectional Rayleigh waves were extracted from 10-min
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Figure 12. Rose diagrams of the azimuthal distribution of Rayleigh waves from data at 20 selected stations
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Figure 13. Rose diagram showing the azimuthal distribution of all
Rayleigh wave events identified from the microtremor records

records. Their individual ellipticity dispersion curves were
computed and then stacked to form composite profiles
(Figure 15).

The four resulting profiles (Figure 15A-D) all
successfully identify the low-ellipticity anomaly associated
with the mined-out void at station 92100, as well as
those at the fractured zones (stations 92600 and 93200).
However, localized discrepancies are evident. The
anomaly in Figure 15B at station 9280 is an artifact of low-
frequency interference. The spurious anomaly near station
93200 in Figure 15C is inconsistent with the geological
model, obscuring the fractured zone’s extent. Figure 15D,
while showing the major anomalies, lacks resolution in
shallow structures and exhibits extremely low-ellipticity
values at depth near stations 92100 and 93200. These
localized artifacts, induced by data-related random errors,
compromise the overall precision of the interpretation.

In this study, the ellipticity was calculated for the
four selected Rayleigh wave events from each station. By
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Figure 14. Vertical and horizontal components of seismic records for 20 Rayleigh wave events
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Figure 15. Ellipticity dispersion profiles from four individual Rayleigh wave events. (A-D) Results from a single, codirectional, high-SNR event at each
station.
Abbreviation: SNR: Signal-to-noise ratio.

applying the stacking principle, the average of these four dispersion profile, as shown in Figure 16A. A comparison
ellipticity values was computed to generate a mean ellipticity between Figure 16A and B reveals a distinct low-ellipticity
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Figure 16. Ellipticity profiles calculated through various processing steps and the resistivity profile obtained from the magnetotelluric method. (A) Ellipticity
dispersion profile of microtremor Rayleigh waves propagating along the survey line. (B) Resistivity cross-section derived from the magnetotelluric method.

anomaly at the location of the coal goaf before station
92200. Relative to the profiles in Figure 15A-D, the high-
ellipticity anomaly between stations 92800-93200 and the
fractured zone after station 93200 in Figure 16A exhibit a
better correlation with the magnetotelluric data in detail.
Notably, the ellipticity at a half-wavelength depth of 0 m
is more physically reasonable. This indicates that stacking
multiple events can produce a more accurate representation
of the stratigraphic structure in the ellipticity profile.
However, in the near-surface range of several tens of
meters, its correspondence with the magnetotelluric data
is less precise than that of Figure 16B. This is attributed
to the fact that the 10-min dataset was insufficient to
strictly select multiple codirectional Rayleigh wave events.
Consequently, the selection criteria for the latter three
events were relaxed in terms of SNR, which had a more
significant impact on the high-frequency components.
With a longer acquisition duration, the shallow part of the
stacked profile could also achieve higher precision.

To further validate the practical applicability of the
proposed method for site assessment and near-surface
structural exploration, the results from the magnetotelluric
survey along the same line were used as a benchmark.
As shown in Figure 16, panel (a) presents the ellipticity
dispersion profile of microtremor Rayleigh waves obtained
via the aforementioned method, while panel (b) displays

the resistivity profile from the magnetotelluric survey.
A comparative analysis of the two profiles reveals that at
chainages 92150, 92700, and 92300, the distribution of
high and low ellipticity anomalies is in strong agreement
with the distribution of high and low resistivity. Given that
the high and low values of both ellipticity and resistivity
anomalies are closely correlated with high and low Poisson’s
ratios, respectively, this correspondence demonstrates the
feasibility of applying the ellipticity method to engineering
exploration. The region delineated by the red line in
Figure 16B, representing a coal mine goaf, corresponds to
a distinct low-ellipticity anomaly in Figure 16A.

5. Conclusion

First, this study theoretically analyzed the feasibility of
utilizing Rayleigh wave ellipticity for site characterization
and demonstrated its effectiveness in exploring both
homogeneous and heterogeneous geological features
through numerical simulations. The results indicate that in
the absence of noise, Rayleigh wave ellipticity can clearly
identify local anomalies within the geological structure.

Second, based on field data, a method for extracting
high-SNR Rayleigh waves from microtremor signals was
investigated. A macroscopic analysis of the entire dataset
revealed that within each 10-min record, several high-
amplitude seismic pulses occur randomly, whereas the
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remaining segments exhibit characteristics approaching
white noise. The presence of these high-amplitude pulses
provides the foundation for the proposed method.
A comparison between the original particle motion
trajectories of 20 selected Rayleigh wave-dominated
events and those filtered at the principal frequency
revealed that, despite the presence of various interfering
factors, the principal component of the selected signals
is indeed the Rayleigh wave. Subsequently, a directional
analysis was performed on all selected Rayleigh waves to
determine their primary source directions. The results
indicate that the directional distribution of the waves is
generally uniform, with a relatively lower incidence along
the survey line direction. This confirms the feasibility of
extracting codirectional, high-SNR Rayleigh waves from
the microtremor data at this site.

Finally, the processed ellipticity profiles were analyzed.
Through data processing steps, including interference
wave separation and filtering, the influence of interfering
factors—such as Rayleigh waves from different propagation
directions, linearly polarized waves, and white noise in
the microtremors—was mitigated. The final processed
results were then compared with the resistivity profile
from the magnetotelluric survey along the same line.
The comparison shows that the ellipticity profile clearly
delineates the coal mine goaf, fractured zones, and bedrock,
exhibiting strong agreement with the magnetotelluric
results. The anomalous lateral shift observed in the
ellipticity profile is attributed to the propagation direction
of Rayleigh waves, whereas the resistivity distribution
lacks this feature due to the near-vertical incidence of
electromagnetic waves. To suppress the influence of
random noise, the ellipticity dispersion profiles from four
selected codirectional Rayleigh wave events were stacked
and averaged. While the stacked profile, like the individual
profiles, clearly identifies anomalous structures such as
the goaf, it demonstrates a superior consistency with the
resistivity profile in terms of deep structural details. For
the investigation of lateral heterogeneities, such as mine
goafs in mountainous terrains, the microtremor-based
Rayleigh wave ellipticity dispersion method demonstrates
comparable feasibility and flexibility to the conventional
magnetotelluric resistivity method.
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