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ABSTRACT

Ground vibration signals recorded by low-frequency multi-channel
geophones provide information about the physical characteristics of a
medium. Using the passive seismic method, vibrations are measured
in three channels, i.e. horizontal and vertical directions. Since the
characteristics of mediums, such as sediment thickness and soil
hardness, are contained in low-amplitude ambient vibrations, further
data selection is required to remove spikes in the signals induced by
active sources. This work is necessary to reveal the characteristics that
reflect the mediums’ physical condition from the signal.
Conventionally, signal processing is based on the Horizontal-to-
Vertical Signal Ratio (HVSR) calculation. The information obtained,
such as sediment thickness and sub-surface shear velocity (Vs3), as
well as the amplification factor and seismic vulnerability, are crucial
for geotechnical applications. This data can be extracted from HVSR
analysis. However, a complete understanding of the complex
vibration signal shape related to the medium and local geological
conditions is not fully understood. To gain a deeper understanding of
the mechanism, numerical modeling is performed using a particle
dynamics method. The vibration pattern of chosen particles on the
surface was studied and its relation to the geometry of the fixed base
region was investigated. The simulation results show systematic
changes in signal form when processed with a similar HVSR method
as a response to the shape of the fixed base.

Keywords: passive seismic, HVSR, particle dynamics, numerical
modelling, LAMMPS
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INTRODUCTION

The Earth's surface continuously experiences a background vibration, even in the absence of
seismic activity. This phenomenon, known as ambient seismic noise (or microtremor), is
generated by the dynamic interaction between the atmosphere, hydrosphere, and
anthropogenic activities. The frequency spectrum of this vibration contains crucial
information about the shallow subsurface structure [1]. A conventional method to process the
ambient noise signal is the Horizontal to Vertical Spectral Ratio (HVSR) technique,
popularized by Nakamura (1989) [2]. The technique calculates the spectral ratio of horizontal
to vertical ground motion at a measurement point without the need for an active seismic source
[3]. The method has been proven effective for estimating sediment thickness through site
resonance frequencies and the inversion of the shear velocity (Vs30) [4].

In recent years, advancements in seismic ambient noise methods have further expanded the
understanding of wavefield characteristics through passive seismic interferometry, enabling
improved imaging of subsurface structures without active sources [5, 6]. Furthermore, the
diurnal and anthropogenic influence on ambient noise frequency bands have been better
characterized, enhancing the interpretation of HVSR data in urban and complex geological
settings [7].

However, the interpretation of HVSR presents challenges due to its complexity. Spectral
variations, such as sharp peaks or multi-modal behavior at adjacent locations, can indicate the
influence of unobserved subsurface factors [1]. The work of Shahjouei & Pezeshk [8] and
studies by Pischiutta [9] have demonstrated that basement geometry, sediment heterogeneity,
and particle size distribution can significantly alter the spectral response. This uncertainty
limits the accuracy of subsurface inverse modeling, particularly in areas with complex
geological structures [10]. Recent studies by Pan & Ghofrani (2018) and D'Amico et al. (2020)
further highlight the challenges of 2D/3D basin effects, showing that complex geometries can
generate multiple resonance peaks that are difficult to interpret with conventional 1D models
[11].

More recently, enhanced numerical simulations and urban ambient noise clustering
approaches have been developed to better discriminate source mechanisms and analyze
complex site amplification effects in heterogeneous environments [12]. These methods
improve the resolution and interpretation of HVSR spectra, particularly in urbanized and basin
settings.

To obtain more insight into the relationship between the spectral shape and the geometry of
the base medium, an alternative modeling approach is needed that can capture the complex
wave propagation and particle interactions in heterogeneous media more realistically than
traditional continuum-based wave models. While wave propagation models are powerful, they
often struggle to accurately represent the complex behavior of granular materials, such as non-
linear effects and local interactions. Therefore, particle-based numerical simulations can be
used. In this model, particles interact via a potential model that can be fitted to the physical
characteristics of the modeled medium [1]. The vibration on the particles located at the surface
will be influenced by the complex wave propagations inside the medium. By altering the
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geometry of the bedrock in this particle-based framework, we can directly observe how a non-
idealized, heterogeneous medium influences the HVSR spectral profile. The objective of this
study is to find out the relation of the variation in bedrock geometry within a granular medium
to the surface vibration through the HVSR spectral profile.

METHODS

This study was designed to understand how the geometry of the bedrock layer can influence
vibration patterns at the surface. Through a series of controlled numerical simulations, this
study evaluates the impact of variation in the bedrock contour on the dynamic response of the
overlying material. Each step, from the model design to the analysis of the results, is
systematically performed so that the influence of geometry can be directly observed and
quantitatively compared against the characteristics of the resulting surface waves. This work
was performed using the LAMMPS platform [13], a versatile molecular dynamics simulator
widely adopted in materials and geosciences research for particle-based modeling at multiple
scales, enabling detailed inter-particle interaction analysis [13, 14]. In this research, some
bedrock shapes are simulated and the influence on the HVSR spectral pattern was observed.
The data processing and visualization was performed using OVITO.

1. Numerical Model Design

1.1. General System Configuration

This study employs a two-dimensional (2D) granular system model composed of identical
particles, interacting via the Lennard-Jones potential model. The system was configured within
a simulation domain having periodic boundary conditions, which was applied in the horizontal
direction. In that sense, the simulated bedrock structure is also periodic throughout the breadth
of the simulation domain. The particles are initially placed in a close-packed hexagonal lattice
configuration with uniform initial density. The reduced Lennard-Jonesian units were used,
where distance is measured in standard reduced units based on Lennard-Jones potential
parameters ¢ and ¢, allowing for scalable and normalized simulation of particle interactions
[13, 15]. This approach is widely adopted in molecular and granular dynamics simulations to
capture fundamental particle behavior without explicit material specificity.

To address the relationship between the reduced Lennard-Jones (LJ) units used and real-world

physical units, we note that these units are normalized based on the LJ potential parameters,
namely ¢ (the zero-potential distance) and € (the potential depth). This approach simplifies the
calculations by allowing a focus on the general geometrical impact without being tied to
specific material properties. While an explicit mapping to a specific geological medium is
beyond the scope of this study, this methodology ensures our results can be qualitatively
applied to different granular materials.
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1.2. Variations in Geometry

To understand the influence of the bedrock surface shape, we chose three categories of
geometric models. The first was a flat base model, which related to a flat bedrock geometry.
In this case, variations were created by adjusting the bedrock's height, resulting in three
different granular medium thicknesses—defined as the distance from the surface to the
bedrock—of 9c (for the lowest bedrock), 6o, and 3o (for the highest bedrock). The second
category is a cone-shaped base model, representing a bedrock protrusion, which was simulated
with three different cone base widths: 6o, 11c, and 15c. The final category is a circular
concave base model, which represents a basin-like depression, tested with three radii of
curvature: 8o, 140, and 20c. A schematic representation of each model category is presented
in FIGURE 1. The two last models represent the measure of roughness of the bedrock.

FIGURE 1. Schematic representation of the numerical models used in this study. (a) Flat base models with varying granular
layer thicknesses of 3, 6, and 9 LJ units. (b) Cone-shaped base models with varying base radii of 5.6, 11.2, and 15.0 LJ units.

(c) Concave base models with varying radii of curvature of 8, 14, and 20 LJ units. The blue dots represent the source of the
disturbance.

(a)

(b)

(©)

2. Simulation Procedure with LAMMPS

Each model was constructed and executed using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS), a software package specifically designed to efficiently
perform large-scale particle-based simulations. LAMMPS enables high-performance complex
numerical processing, making it ideally suited for this study to analyze the dynamic response
of the various bedrock geometries [13].
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2.1. Initialization and Equilibration

Once all particles are positioned, a constant vertical gravitational force is applied to the system.
Subsequently, an equilibration phase is conducted to resolve any unrealistic particle overlaps.
This step is critical to ensure that the system achieves a mechanically stable state before the
main dynamic simulation is executed [16].

While it is ideal to run multiple simulations to ensure reproducibility, this study performed
only a single simulation for each geometric scenario. Therefore, the presented results represent
a single response from each model. This limitation means that the observed variations in the
spectral response may be subject to random variability arising from the initial condition

2.2. Particle Simulation

Following the equilibration phase, the main simulation is performed. To mimic ambient
vibrations, a select number of particles are assigned random initial velocities to act as noise
source. The particles that were assigned as the noise source were given a specific temperature
to ignite wave propagation inside the medium. Meanwhile, particles comprising the base layer
and boundaries are held stationary by setting their net force to zero. The entire system is then
evolved under the microcanonical (NVE) ensemble (constant number of particles, volume,
and energy). Throughout the simulation, the position and velocity data for each particle are
recorded at regular intervals for subsequent post-simulation analysis.

3. Physical Model and Parameters

3.1 Interparticle Interactions

The physical interaction between particles in this simulation is mathematically modeled using
the Lennard-Jones (LJ) potential. This potential describes the attractive and repulsive forces
that occur between two particles as a function of the distance between them. To enhance
computational efficiency, a cut-off distance approach is used, where the interaction between
particles is only taken into account if they are within a certain distance. The Lennard-Jones
potential energy (Uy) as a function of the distance, r, between two particles is formulated as

n=1el@) -]

FIGURE 2 schematically shows the potential energy curve for this model.

follows:
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o Distance (A)

Potential energy (eV)

FIGURE 2. The Lennard-Jones (LJ) potential curve as a function of interparticle distance () [17].

As depicted by the Lennard-Jones potential graph, the curve clearly illustrates two types of
interparticle interactions. At very short distances (r < o), the potential energy rises sharply,
resulting in a strong repulsive force. This force prevents particles from penetrating or
overlapping one another. As the interparticle distance increases, the curve forms a potential
well with a depth of €, which represents an attractive force. This force maintains cohesion
between particles within a certain range.

In the context of simulating dense granular materials, where particles are in contact or in very
close proximity (r = o), the most dominant interaction is the repulsive force. This steep
repulsive force effectively serves as an approximation of the soft-sphere contact model [18].
To ensure the validity of the simulation results, all physical parameters in the interaction
model—including € (potential depth), o (zero-potential distance), and the cut-off distance—
were kept identical for all models. This approach ensures that any observed differences in the
wave response are attributable solely to the differences in the base geometry, and not to
variations in material properties. The Lennard-Jones potential is widely accepted for modeling
particle interactions in granular physics, capturing both adhesive and repulsive forces; its steep
repulsive part effectively models contact forces in dense packings, while the potential well
mimics cohesion effects [19].

3.2. Numerical Integration

The motion of particles in the system is governed by Newton's Second Law (F = ma), which

states that a particle's acceleration is directly proportional to the net force acting upon it.
Because this law is continuous in time, whereas computer simulations operate in discrete time
steps (At), a numerical method is required to accurately integrate these equations of motion.

In this research, the Velocity-Verlet algorithm is used to perform the numerical integration.
This algorithm was chosen for its high accuracy, good numerical stability, and its ability to
conserve the system's energy over long-duration simulations [20]. This algorithm updates the
position and velocity of each particle incrementally at each time step, Az, through two main
stages:
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a. Position Update

The new particle position at time ¢+ At is calculated using the current position, velocity, and
acceleration:

r(t + At) = r(t) + v(t)At + %a(t)Atz.

b. Velocity Update

After the position has been updated, the total force and the new acceleration, a(t + At), are
calculated. The particle's velocity is then updated using the average of the old and new
accelerations:

a(t) + a(t + At) At

v(t+At) = v(t) + >

4. Data Analysis and Visualization

The analysis of the simulation results was conducted through two complementary approaches
to obtain a comprehensive understanding. First, a qualitative, visualization-based analysis was
used to observe the physical behavior of the waves. Second, a quantitative analysis using the
HVSR spectrum was applied to objectively measure the surface response.

4.1. Visualization and Qualitative Analysis with OVITO

To understand how waves propagate and interact with the various base geometries, the
simulation output data were visualized using the Open Visualization Tool (OVITO) [21]. This
process involved loading the data from LAMMPS, coloring the particles based on their
velocity magnitude to highlight the wavefronts, and generating animations. Through this
visual approach, complex phenomena such as wave reflection, diffraction, and focusing
caused by the base topography could be directly observed. These observations served as an
initial validation of the quantitative results, while also providing important physical context
for the interpretation of the wave response. OVITO is widely used for scientific visualization
and analysis of atomistic and particle simulation data, offering powerful real-time 3D
rendering, pipeline-based data processing, and scripting capabilities that enhance
understanding of complex simulation phenomena [21].

4.2. Quantitative Analysis with the HVSR Spectrum

The quantitative analysis in this study was performed by calculating the spectral ratio between
the horizontal and vertical components of particle motion, known as the Horizontal to Vertical
Spectral Ratio (HVSR) [2]. For this purpose, a custom script was developed in the Python
environment with the aid of scientific libraries such as NumPy and SciPy. This approach
allowed for efficient and flexible data processing, while also ensuring accuracy in the
calculation of the resulting spectra and ratio.
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a. Extraction and Preparation of Time Series Data

The first step in the HVSR analysis involves extracting particle motion data from the
uppermost layer of the system, which represents the surface and acts as the primary wave
receiver. This includes motion in the horizontal (x) and vertical (y) directions, along with
timestep information from the simulation. The data is then reorganized chronologically to
ensure continuity and accuracy in the time series, which is essential for the spectral
transformation and HVSR calculation that follow.

b. Signal Processing: Windowing and Fourier Transform

To mitigate the effects of spectral leakage, a common artifact in the Fourier analysis of finite-
duration signals, a Hamming window function was applied to both the horizontal and vertical
component time series data. This function works by tapering the signal at its beginning and
end, which results in a more accurate frequency spectrum representation. The Hamming
window function, w(n), for a signal of length N samples is defined as:

(n) = 0.54 — 0.46 (27"1
wn) = u. . COoS IV-— 1

The original signal, x(n), is multiplied by this function to produce the windowed signal,

), 0<n<N-L1L

Xwin(M) = x(n) - w(n). After windowing, the signal is transformed from the time domain to
the frequency domain using the Fast Fourier Transform (FFT) algorithm, an efficient
computational method for calculating the Discrete Fourier Transform (DFT). This
transformation yields the complex spectrum, X (k), which is subsequently converted into the
amplitude spectrum, S(f}), by taking its absolute value:

N-1

.21mkn
XUO = ) Xum@e™ N, S(f) = X0

n=0
This process is performed separately for the horizontal and vertical components, yielding the
spectra Sy (f) and Sy (f), respectively. The zero-frequency component (DC offset) is
removed, as it has no relevance in the context of dynamic vibrations.

c. HVSR Ratio Calculation and Spectral Smoothing
The HVSR ratio is obtained by dividing the horizontal amplitude spectrum, Sy (f), by the
vertical spectrum, S, (f). However, as both spectra often exhibit high fluctuations, the direct
ratio calculation tends to be unstable. Therefore, a smoothing operation is first performed on
each spectrum to emphasize the dominant patterns, particularly the fundamental frequency
peak. The smoothing is performed using a one-dimensional Gaussian filter, which is
mathematically equivalent to convolving the spectrum with a Gaussian function:

1 _r2

e 202,

oV2m
The parameter o (the standard deviation) controls the degree of smoothing—a larger o value

G(f) =

results in a smoother spectral curve. This process effectively replaces each point in the
spectrum with a weighted average of its neighboring points, with the weights determined by
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the Gaussian function. After this process, the smoothed spectra, Sy moorn(f) and
Sy smootn (f), are obtained. These are then used to calculate the final HVSR ratio via:

SH,smooth(f)

SV,smooth (f)

This approach yields an HVSR curve that is more numerically stable and more accurately
reflects the system's frequency response characteristics.

HVSR(f) =

d. Comparative Analysis

The HVSR curves resulting from each geometric model were comparatively analyzed to
evaluate the influence of the base topography on the vibrational response. The primary focus
of this analysis was on two key spectral parameters: the fundamental peak frequency (f) and
its corresponding peak amplitude (4,). The fundamental peak frequency, f;, is defined as the
frequency at which the HVSR curve reaches its maximum value:

fo = argmax HVSR(f).
The peak amplitude, Ay, is the value of the HVSR at that frequency:
Ay = HVSR(fy) = max(HVSR(f)).

According to site effects theory, f, reflects the natural resonant frequency of the sediment
layer, while A, indicates the amount of ground motion amplification occurring at that
frequency [22]. For an ideal case, such as a single, uniform layer of thickness H overlying a
rigid bedrock, the theoretical value of f; can be estimated using the quarter-wavelength law:
Vs
fo= AH

where V; is the average shear-wave velocity within the layer. This equation serves as a
reference to validate the simulation results, especially for the flat base model. Meanwhile, any
shifts in f, values and changes in A, that emerge in models with non-flat topography are
analyzed as direct effects of the two-dimensional geometric variations.

RESULTS AND DISCUSSION

The results from the entire simulation suite are presented comparatively. FIGURE 3 displays
the HVSR spectrum generated for each geometric model variation. Subsequently, the
quantitative analysis via non-linear curve fitting is visualized in FIGURE 4.

Referring to FIGURE 3, unique spectral characteristics can be observed for each model
category. For the flat base model (FIGURE 3a), the HVSR spectrum shows a clear and well-
defined single peak, whose position shifts to lower frequencies as the layer thickness increases.
The spectral characteristics change dramatically in the concave base model (FIGURE 3b),
which produces a single, very sharp frequency peak with a much higher amplitude. In contrast,
the cone-shaped base model (FIGURE 3c) displays the most complex frequency response,
characterized by the appearance of multiple peaks (a multi-peak pattern).
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FIGURE 3. HVSR spectra for all simulated geometric models (a) Flat Base models with layer thicknesses of 3,
6, and 9 LJ units (from right to left). (b) Triangular Shaped Base models with base radii of 5.6, 11.2, and 15.0 LJ
units (from right to left). (c) Concave Base models with radii of curvature of 8, 14, and 20 LJ units (from right to
left).
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The distinct spectral responses between the concave and cone-shaped models show the
complexity of HVSR interpretation in the field. The concave model, which represents a
sedimentary basin, shows a sharp and dominant resonance peak. This very sharp peak indicates
a strong, focused resonance, where wave energy is trapped within the basin, a phenomenon
known as the basin effect. This is consistent with the theory that geological basins can greatly
amplify ground motion. The increase in amplitude at a single frequency can cause significant
damage to structures built on top if their vibration frequency matches the natural frequency of
the building [23].

The multi-peak response of the cone-shaped model is more complex to interpret. The
appearance of several minor peaks is often ignored or considered noise. However, these
simulation results show that these secondary peaks can be a natural response of irregular
bedrock geometry, such as a bedrock hill or a thrust fault. Ignoring these peaks can lead to
errors in determining the site resonance frequency f, and estimating sediment thickness [24].
For example, field surveys that show irregular HVSR peaks, such as in mountainous areas or
with hard rock intrusions, are often a reflection of the subsurface geological complexity, not
just a simple variation in sediment layer thickness [25].

Nonlinear Correlation between /p and H Nonlinear Correlation between /o and H

Nonlinear Correlation between /o and H

—e— Origi

(c)

FIGURE 4. Non-linear curve fitting of the relationship between fundamental frequency and layer thickness for
each model category: (a) Flat Base model, (b) Triangular Base model, and (c) Concave Base model.
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The quantitative analysis, visualized in Figure 4, was performed to validate these trends. The
theoretical basis used is the one-dimensional (1D) resonance equation, which states that the
fundamental frequency (f,) is related to the layer thickness (H) and the shear wave velocity

(V;) by the formula f, = :—;. By rearranging this equation for the purpose of curve fitting, the

model H = V;—M is obtained. In this form, the proportionality constant C is theoretically
0

equivalent to the physical parameter V;/4. The fitting of the simulation data yields three

different values for the constant C for each geometric category. Using the relationship V; =

4 X C, three shear wave velocity values were obtained: 7185.92 for the flat base, 11981.32 for

the cone base, and 11817.68 for the concave base (all in reduced LJ units).

CONCLUSION

This research concludes that the particle dynamics simulation results consistently demonstrate
that the bedrock layer contour is a significant controlling factor of the vibrational response at
the surface. This study identifies a strong correlation between the characteristics of the HVSR
spectrum and two primary subsurface factors. First, an inverse relationship exists between the
fundamental peak frequency (f,) and the thickness of the sediment layer. Second, irregular
bedrock geometry significantly modulates the response, leading to complex changes in both
amplitude and dominant frequency. These findings underscore that the multiple spectral peaks
often overlooked in the field can be direct indicators of complex bedrock topography.
Therefore, disregarding these 2D/3D geometric effects can lead to inaccurate estimations of
site resonance frequency (f,) and shear wave velocity (Vs30), which has serious implications
for seismic hazard assessment and geotechnical planning..
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