
A Numerical Investigation of the
Characteristics of Seismic Signals
Induced by Rockfalls
Zheng-Yi Feng*, Zhao-Ru Shen and Rui-Chia Zhuang

Department of Soil and Water Conservation, National Chung Hsing University, Taichung, Taiwan

This study proposes a numerical coupling approach to simulate seismic signals of rockfalls and
conducts a parametric analysis to explore the characteristics of the seismic signals generated by
rockfalls. To validate the approach, three field rockfall tests were selected for comparison. The
rockfall velocity, duration, seismic frequency, Husid plot, Arias intensity, and spectrogram of the
seismic signals were compared. We found that friction between rocks and the ground affects
rock falling behavior. In addition, the local damping and Rayleigh damping assignments in the
numerical model have strong effects on the simulation results. The volume of the falling rock and
the falling speed of the rock affect the Arias intensity. The coupling approach proposed could be
extended and can potentially be used as a useful tool in rockfall hazard estimations.
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INTRODUCTION

Seismic signals induced by rockfalls are transmitted over great distances and can therefore be monitored
remotely by accelerometers or geophones. Themovement processes of rockfall events can be well correlated
to their seismic signals. Once the characteristics of the signals are analyzed, significant information about the
rockfall process such as scale and velocity can be better evaluated (Provost et al., 2018; Schöpa et al., 2018). In
particular, their distinct seismic frequency, duration, and spectrograms can be analyzed.

Although seismic signals are most useful for analysis if they are recorded from actual rockfalls
(Vilajosana et al., 2008; Schimmel et al., 2017), it may not always be possible to successfully acquire
the signals from natural rockfalls due to various constraints. Large-scale rockfall test can be
conducted but are difficult to set up and control, in addition to their high cost. Small-scale
rockfall tests are easier to carry out several times but still require manpower, funds, and space.
Therefore, it is necessary to develop a numerical model to obtain sufficient synthetic seismic signals
of rockfalls for systematic investigations and parametrical studies.

Particle flow code in 2 dimensions (PFC2D; Itasca Consulting Group, 2008) is a discrete element
code and can calculate finite displacements and rotations of discrete elements and automatically
recognize new contacts for rigid circular particles. Interaction between particles is treated as a
dynamic process. The dynamic process is solved by an explicit finite-difference method. It is
appropriate for simulating the movement of rock masses over large distances. For example, Tang
et al. (2009) applied the PFC to model the Tsaoling large-scale landslide that resulted from the 1999
Chichi ML 7.3 earthquake. Yuan et al. (2014) utilized the PFC to simulate the Donghekou landslide
triggered by the 2008Wenchuan earthquake. The displacement of particles was traced to understand
the landslide process. Deng et al. (2016) used the PFC to simulate the sliding processes of the
Wenjiagou rock avalanche due to the 2008 Wenchuan earthquake. They classified the process into
four stages: failure rupture, projectile motion, granular debris flow, and debris mass accumulation.
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Yan et al. (2020) applied the PFC to reconstruct sliding processes
and classified the landslide process into five stages: stationary,
slipping, transition, entrainment–transportation, and deposition.

From the aforementioned literature, it is evident that the PFC is
capable of simulating various landslide processes and their deposition
very well. However, these researchers did not simulate the seismic
signals induced by the landslides. To facilitate the simulation of the
seismic signals induced by a landslide, Feng et al. (2017) and Feng et al.
(2021) coupled the PFC and fast Lagrangian analysis of continua
(FLAC, Itasca, Inc., 2011) (Itasca Consulting Group, 2011) to simulate
large-scale landslides and obtained the seismic signals caused by the
landslides from the numerical model. They used the PFC to
reconstruct the landslide process and FLAC to compute the
seismic signals induced by the landslide.

In this study, we propose and establish a numerical coupling
approach using the PFC and FLAC to simulate the seismic signals
of rockfalls and perform a parametric study. For assessment
purposes, three rockfall field tests from Feng and Zhuang

(2021) were selected for comparison with the numerical
results. The reasons for the discrepancies between the
numerical simulations and the field tests are discussed.

The proposed numerical coupling approach can be modified
for various sizes and types of landslide movement by altering the
properties and scales of the modeled moving materials in the
PFC. Therefore, the coupling approach can be further extended to
study the characteristics of seismic signals corresponding to
various landslide processes and behaviors.

METHODS

The Rockfall Field Test Results for
Comparison
In order to test the coupled simulations, three field test results were
chosen from Feng and Zhuang (2021) for comparison. The path of the
rockfall consisted of a slope, road, creek bank, and creek bed. The

FIGURE 1 | Setup of the tests and layout of the sensors (A) top view, (B) side view (modified from Feng and Zhuang (2021)).
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dimensions of the test site and positions of 3 accelerometers are shown
in Figure 1. Accelerometers A1–A3 (Acc. A1–A3, hereafter) were
installed approximately parallel to the path of the rockfall.

The three field tests included a single large rockfall test, single small
rockfall test, and rock mixture fall test. The size of the large rock was
approximately 1.60 × 1.61 × 1.03m across three of its axes and the
small rock was approximately 0.91 × 0.98 × 0.72m. The rock mixture
consisted of rocks 0.3–0.8m in diameter (approximate 4.5m3). The
rock block or rockmixtureswere dumped froma truck at the crest and

fell, bounced, or rolled to the downslope and creek. The serial snap
pictures of the three field tests are shown in Figure 2.

The Numerical Coupling Approach for
Rockfall Using PFC and FLAC
A numerical coupling model was established to simulate the
processes of the rockfall tests using the PFC and FLAC. A
numerical parametrical study was also performed to

FIGURE 2 | Serial snap pictures of the three field tests: (A) the single large rockfall (Test 2), (B) the single small rockfall (Test 5), (C) the rock mixture fall (Test 7). (The
pictures were captured from the test films of Feng and Zhuang (2021). The test films can be viewed at https://link.springer.com/article/10.1007/s10346-021-01748-9).
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investigate the differences in falling velocity, energy produced,
and acceleration of a rock block fall due to variation of
parameters. The coupling methodology used was that of Feng
et al. (2017), who used the PFC to simulate the movement of the
rock particles and used FLAC to simulate the seismic signals for a
large-scale landslide.

The PFC is suitable for modeling the movement and
interaction of particles, while also being excellent in the
simulation of rockfalls, including rock rolling/bouncing
processes. PFC modeling involves particle elements and “wall”
elements. The rock masses are modeled by the particles. The wall
elements are the boundary that defines the particle movement; for
example, the ground surface can be represented by wall elements.
There are many microscopic parameters in the PFC that are
required to simulate particle movement properly, including the
friction between particles, friction between particles and the
“wall” elements, local damping, and viscous damping (Tang
et al., 2009; Lo et al., 2011). Altering the parameters will result
in different particle movement behaviors and outcomes.

Therefore, the parameters were first set by referring to the
aforementioned literature and then adjusted with many “trial-
and-error” back-analyses to fit the rockfall processes of the field
tests, including falling, bouncing, rolling, and final deposition.
The parameters that were considered best describing the field
tests are shown in Table 1.

A schematic view of the PFCmodels for the field tests is shown
in Figure 3. In total, 80 wall elements were used to represent the
ground surface, which are the slope, road, creek bank, and creek
bed. The rock block was modeled by the “clump” command of the
PFC to assemble particles to form the shape of the two single test
rocks. The clumped model rock is a rigid object with almost no
deformation. The single large rock was modeled to be
approximately 1.25 m in diameter and was modelled using 25
particles clumped together, while the single small rock was 0.95 m
in diameter and composed of 15 particles. However, the two
numerical model rocks were not circular in shape to mimic the
shape of the two rock blocks in the tests. For the modeling of the
rock mixture, 224 particles were clumped into 18 small model
rocks and placed together in the model dump truck which was
also modeled by wall elements. Themodel rocks and rockmixture
were dumped from the slope crest to simulate the falling, rolling,
and bouncing processes.

FLAC is a finite difference code suitable for dynamic analysis
to model seismic waves traveling in geomaterial continua. To

TABLE 1 | Microscopic mechanical properties of the particles in the PFC models.

Item Single large rockfall Single small rockfall Rock mixture fall

Particle density (kg/m3) 2600 2600 2600
Particle diameter (m) Particles were “clumped” to be 1.25 m in diameter Particles were “clumped” to be 0.95 m in diameter 0.6–0.8
Normal stiffness (N/m) 1e7 1e7 1e7
Shear stiffness (N/m) 1e7 1e7 1e7
Particle friction coefficient 0.1 0.1 0.3
Friction coefficient of wall 0.3 0.3 0.2–1.6
Local damping coefficient 0.6 0.6 0.8
Viscous damping ratio of normal direction 0.36 0.36 0.32
Viscous damping ratio of shear direction 0.11 0.11 0.05

FIGURE 3 | Schematic of PFC models for the tests. Pt. (a–c) are the
monitoring points in FLAC. The particle traces shown are in 1 s interval for the
rock block falls and the final deposition for rock mixture fall.

FIGURE 4 | Schematic plots of the PFC and FLAC coupling approach.
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achieve the simulation of seismic waves induced by the particle
falling process, the PFC had to be coupled with FLAC. This
strategy takes advantage of each code.

The setup of the FLAC model includes 80 * 40 � 3,200 finite
difference zones. The sizes of the zones varied from 1 m * 2 m at
the bottom to 1 m * 0.6 m at the top of the mesh, as shown in
Figure 4. Three materials were modeled in FLAC: the stratum,
the road, and the revetment. As the shear wave velocity was
estimated from the rock block fall tests, it could then be used to
estimate the shear modulus of the stratum. The soils of the road
were compacted and were stiffer than the stratum. The revetment
was made from rocks and was stiffer than the road. Therefore, the
properties of the three materials were assigned accordingly in the
FLAC model and are listed in Table 2.

The left- and right-side boundaries of the FLAC mesh were
assigned as free-field boundaries so that the stress waves were not
reflected by the boundaries. Free-field boundaries are one of the
various kinds of “absorbing” boundaries in dynamic simulations.
The bottom of the mesh was assigned as a fixed boundary.
Rayleigh damping was assigned for material damping as it can
also reduce the reflection of stress waves from the boundary.

While setting up themesh of the FLACmodel, the coordinates of
the 80 zones’ top surface had to be identical to the coordinates of the
80 wall elements in the PFC model to act as the coupling nodes for
exchanging data between the PFC and FLAC code (Figure 4).
Codes written in the computer language, FISH, organize the data
exchange between the PFC and FLAC.During coupling calculations
data are transferred between the two codes by “Socket I/O.” In each
timestep (cycle), FLAC passes the velocities of the coupling nodes
through the Socket I/O to PFC. After calculation, the PFC then
passes forces of the wall elements also through the Socket I/O to
FLAC, and this then completes a coupling cycle (Itasca Consulting
Group, Inc., 2011) (Itasca Consulting Group, 2011). Later, the
coupling cycles were repeated until the simulation was complete.
During the coupling calculation, the timestep (delta t) and stepping
cycles had to be identical across the two codes. Also, to allow stable
coupling calculation, the timestep was set as small as 1 × 10−5 sec in
both PFC and FLAC. The computer used was a Windows 10
desktop with an Intel® CoreTM i9-9900KCPU running at processor
base frequency of 3.60 GHz and with 32 GB of RAM. The
computational time for each simulation was 40˜60 min.

In the simulation, time series of seismic signals at selected nodes
of the FLACmesh were recorded and thus the simulation results can
be compared with the field tests. Threemonitoring points a, b, and c,
were assigned in the FLACmodel to trace the acceleration time series
for analyses. However, the simulation is two-dimensional, meaning
that particles rolling over the surface nodes or impacting the surface

nodes, and generate much higher amplitudes of seismic signals than
those of the field tests. To avoid excessively high seismic acceleration
of the surface nodes due to direct impact, points a, b, and c in the
model were located one node beneath the ground surface nodes.
They corresponded to the locations of Acc. A1, A2, and A3,
respectively, and were set up in the field tests.

Signal Processing
Hilbert–Huang Transform
The Hilbert–Huang transform (HHT, Huang et al., 1998) (Huang
et al., 1998) is very well known and has been extensively applied in
processing all kinds of signals in many research fields since its
development in 1998. TheHHT includes the calculation of empirical
mode decomposition (EMD) andHilbert transform (HT). EMD can
decompose an original signal into many intrinsic mode functions
(IMFs) and a residual signal. A time–frequency spectrum can be
calculated by applying Hilbert transform to each IMF. The spectrum
is very helpful when interpreting the characteristics of the signal and
the relationship between spectral magnitude and instantaneous
frequency over time. The average frequency of each IMF can be
obtained. Also, the percentage power of each IMF can be calculated
to identify the energy percentage of each IMF to the energy of the
original signal. There are other methods for seismic signal analysis,
such as short-time Fourier transform (STFT) and wavelet transform.
However, the HHT is good for processing non-stationary and non-
linear data. Therefore, the HHTwas employed to process the seismic
signals in this study using Visual Signal ver. 1.5 (AnCad, Inc., 2013)
(AnCad, Inc., 2013).

Arias Intensity
Arias (1970) (Arias and Hansen, 1970) proposed Arias intensity (IA)
to evaluate the intensity of a ground motion. IA is a reliable ground
motion parameter. IA is defined as the square of the acceleration
integrated over the duration of the signal, as shown in Eq. 1:

IA � π

2g
∫

0

Td

[a(t)]2dt(m/s), (1)

where g is the gravity (9.81 m/sec2), a(t) is the time-dependent
acceleration, and Td is the duration of the acceleration signal.

A Husid plot is a time history of the normalized IA and can be
obtained during integration of IA. A Husid plot is sometimes used
to define the duration of a strong motion. Feng et al. (2021) and
Feng et al. (2020) also successfully applied Husid plots to estimate
the increased energy (power) during landslides. Therefore, Husid
plots were used to compare the energy development in the
rockfalls discussed in this study. SeismoSignal software
(Seismosoft, Ltd., 2020) (Seismosoft, Ltd, 2020) was employed
to calculate IA and Husid plots in this study.

RESULTS AND DISCUSSION

Simulation Results and Comparison with
Test Results
Three simulations (SIM-1, SIM-2, and SIM-3) were first
performed for the single large rockfall, single small rockfall,

TABLE 2 | Material properties for the FLAC numerical model.

Stratum Road Revetment

Density (kg/m3) 2000 2100 2300
Bulk elasticity modulus (GPa) 0.24 0.45 0.58
Shear modulus (GPa) 0.18 0.34 0.63
Poisson’s ratio 0.2 0.2 0.15
Shear wave velocity (m/s) 300 400 500
Rayleigh damping (%) 1 1 1

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7614555

Feng et al. Numerical Seismic Signals Induced by Rockfalls

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


and rock mixture fall. Correspondingly, three test results (Test 2,
Test 5, and Test 7) from Feng and Zhuang (2021) were chosen for
comparison.

The 3 simulation results and the 3 test results are
summarized in Table 3. For each simulation and test, the
estimated falling duration and averaged falling velocity of the
rock block falls were estimated as well as the Arias intensities of
the signals acquired at the numerical monitoring points a, b, and
c and recorded by Acc. A1–A3 during the tests were listed
respectively for reference.

Figure 5 shows the SIM-1 simulated signals alongside the
time-–frequency spectra of the single large rockfall. Figure 6
depicts the seismic signals alongside time–frequency spectra of
the single large rockfall test (Test 2) for comparison with
Figure 5. The T1–T5 marked in Figure 6 are the timings of
when the rock arrives at certain locations on the slope, bank, and

creek bed and are explained in the figure caption. The timings also
correspond to the snap pictures in Figure 3.

Similarly, Figures 7, 8 present the resulting signals and spectra
for the single small rockfall simulation SIM-2 and Test 5; Figures
9, 10 present the results of the rock mixture fall simulation SIM-3
and Test 7.

After many trial-and-error simulations of coupling PFC and
FLAC, it was found that the rock size, shape, friction, and local
damping of a rock block fall have the most influence on the
simulation results. According to Itasca Consulting Group, Inc.
(2008) (Itasca Consulting Group, 2008), the local damping used
in the PFC is achieved by adding a damping force term to the
equations of motion. The damping force is controlled by a damping
constant. This form of damping has the advantage that only the
accelerating motion is damped; the damping constant is non-
dimensional, and the damping is frequency-independent.

TABLE 3 | Simulation results from this study and the field test results from Feng and Zhuang (2021).

Simulation/test Movement type Estimated falling
duration (s)

Estimated rock block
fall velocity (m/s)

Arias intensity of
Pt. a, b, and c or A1, A2,

and A3 (10-3 m/s)

Single large rockfall (SIM-1) Fall 11.3 4.67 129.3a

452.6a

70.6a

Single small rockfall (SIM-2) Fall 12.9 4.56 6.14a

166.6a

2.10a

Rock mixture fall (SIM-3) Fall and roll N/A N/A 1967.22a

2806.56a

24.41a

Single large rockfall (Test 2) Fall 9.4 4.86 1.83
10.03
0.52

Single small rockfall (Test 5) Fall 7 6.08 0.91
4.04
0.21

Rock mixture fall (Test 7) Fall and roll N/A N/A 1.27
2.22
0.10

aArias intensities of the numerical simulations are not comparable to the field tests due to the model rock/rocks impact very closely to the monitoring points.

FIGURE 5 | Seismic signals and their corresponding time–frequency spectra with respect to the monitored points a, b, and c of the single large rockfall simulation.
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From our preliminary simulations, it was found that the larger the
rock block, the greater the momentum, and the longer the resulting
rolling distance. The rounder the shape of the rock, the less bouncing
occurred, resulting in more rolling movement. The more irregular the
shape of the rock (with an angular shape), the greater will be the

occurrence of bouncing. The presence of a flat face on the model rock
could also cause it to suddenly stop when the flat surface of the
rock made contact with the ground. Therefore, when simulating
a rock block fall, the shape of the model rock should reflect that
of the rock block used in the tests as closely as possible.

FIGURE 6 | Seismic signals and their corresponding time–frequency spectra of the single large rockfall test (Test 2). T1: 37.6 s, the rock first impacting on the slope;
T2: 42.6 s, the rock arriving the slope toe; T3: 44.6 s, the rock impacting on the bank; T4: 45.1 s, the rock impacting on the creek bed; and T5: 47.6 s, the rock stop.

FIGURE 7 | Seismic signals and their corresponding time–frequency spectra with respect to the monitored points a, b, and c of the single small rockfall simulation.

FIGURE 8 | Seismic signals and their corresponding time-–frequency spectra of the single small rockfall test (Test 5). T1: 30.9 s, the rock first impacting on the
slope; T2: 34.6 s, the rock arriving at the slope toe; T3: 36.3 s, the rock impacting on the bank; T4: 36.6 s, the rock impacting on the creek bed; and T5: 38.0 s, the
rock stop.
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The friction parameter of the wall elements in the PFC will
affect the rolling distance and behavior of rockfall. If friction is set
too low, the rock will slide and not roll, while if friction is set too
high, the rock will come to a stop on the slope and cease to move.
In the PFC, the local damping setting will affect the distance of
rock movement and bounce height. The smaller the local
damping value assigned, the greater the distance of movement
will be and the more obvious the incidences of bouncing will be.
Therefore, a set of parameters should be assigned in the PFC to
allow the model rocks to fall/roll/bounce from top of the slope to
the creek bed in a similar way to the field tests. The three
simulations (SIM-1–3) were considered successful without too
many occurrences of bouncing during the falling processes and
were closely reflected the field tests.

In this study, local damping was adjusted to make the
bouncing of the rocks fit the field tests; however, this resulted
in a decrease in the falling speed of the simulated rocks.
Therefore, the falling speeds of a rock block fall in SIM-1
and SIM-2 was slower than Test 2 and Test 5, respectively
(Table 3).

The surface wave velocity of the numerical mesh was
estimated to be 242 m/s by using the differences in arrival
time and distance between points a and c for SIM-1. The

surface wave velocity calculated from SIM-2 was 263.6 m/s.
These two velocities are fairly close to the field test estimated
average surface wave velocity of 291.4 m/s (Feng and Zhuang,
2021). This also supports that the estimation of the shear modulus
of the stratum is quite realistic.

Most of the simulated signals of SIM-1 and SIM-2 have
obvious “aperiodical impulse signals” (Figures 5, 7), which is
the result of the rock bouncing on the ground surface. In Tests 2
and 5, such “aperiodical impulse signals” were also observed
when the rock bounced on the road, bank, and creek bed
(Figures 6, 8).

The signals and time–frequency spectra of SIM-3 Pt. a and
Test 7 Acc. A1 in Figure 9a and Figure 10a are continuous due to
percussion, rolling, and falling of the rock mixture. However, in
field Test 7 when the rock mixture rolled down, debris on the
slope surface moved downward too, resulting in a longer signal
duration at Test 7 Acc. A1. The numerical simulation SIM-3 only
contains rock mixture itself (i.e., the debris particles were not
simulated) causing the duration of the SIM-3 signal to be shorter
than that of Test 7 Acc. A1.

Average frequencies were also obtained from points a, b, and c
for SIM-1 to SIM-3 (Table 4). In Table 4, only the major signal
components (i.e., major IMFs) were selected from the field tests

FIGURE 9 | Seismic signals and their corresponding time–frequency spectra with respect to the monitored points a, b, and c of the rock mixture fall simulation.

FIGURE 10 | Seismic signals and their corresponding time–frequency spectra of the rock mixture fall test (Test 7). T1: 41.0 s, rock mixtures impacting on the slope;
T2: 49.1 s, the rocks impacting on the creek bed.
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for frequency calculation based on higher energy content in the
IMFs and screening of the noise signals from the environment.
The average frequencies of the numerical simulations of rock
block falls (SIM-1 and -2) were much lower than those of field
tests 2 and 5. The reason for this is that the rock in the rock block
fall tests mainly rolled on the slope and continued to generate
high-frequency seismic waves from the slope. However, the
average frequency of the signals of point a and b of SIM-3 are
very close to those of Test 7 which indicates that the simulation of
the rock mixture fall process is reflective of field Test 7.

Discrepancies were observed between the results of the
numerical simulations and the field tests. The main source of
the differences is that the numerical simulation is two-
dimensional, resulting in the model rock/rocks contacting the
monitoring points directly, causing large seismic signals. In
addition, the model rock rolls on only one axis, but the rolling
axis of the rock in the field tests could change randomly and did
not necessarily adhere to a straight path. Moreover, the surface
soils of the slope in the field tests were taken along by the falling
rock, which was not accounted for in the simulations. All of these
reasons result in differences between the numerical simulations
and the field tests. Feng et al. (2017) indicated that the simulated
seismic signals were obviously larger than those from station
records because of the direct impacts of the particles on the
mesh nodes.

Numerical Parametric Analysis of the Single
Large Rockfall
The SIM-1 single large rockfall simulation was chosen as the
baseline case in terms of parameters to discuss the influence of the
friction coefficient of wall, bulk modulus, and Rayleigh damping
on the numerical simulations. The results and parameters used
are summarized in Table 5. The friction coefficient of wall
elements in SIM-4, -5, and -6 were varied in the PFC, that is,
by varying the friction of the modeled ground surface. It was
observed that the greater the friction, the slower the rockfall
velocity is, that is, friction slows the falling of the rock. However,
due to increasing wall friction, the rock impacts on the slope
(which is close to Pt. a) more often, increasing the Arias intensity
of Pt. a. The acceleration amplitudes of Pt. a during the first
impact also increased with increasing wall friction.

The bulk modulus of the strata, road, and bank in FLAC was
varied in SIM-7, -8 and -9. The results show that the bulk
modulus had little effect on the rockfall velocity, that is, the
rockfall velocities of SIM-1, -7, and -8 greatly altered. It was found
that the larger the bulk modulus, the smaller the acceleration
amplitude of the first impact of the rock. As bulk modulus
increases, dynamic deformation of the geomaterials decreases,
resulting in less acceleration.

Rayleigh damping in FLAC was varied in SIM-10 and -11.
The comparison results show that the larger the Rayleigh

TABLE 4 | Average frequency in Hz of the seismic signals from the simulations and tests.

Simulation/test Pt. a/Acc. A1 Pt. b/Acc. A2 Pt. c Acc./A3

Single large rockfall (SIM-1) 17.8 23.6 17.7
Single small rockfall (SIM-2) 10.4 117a 13.2
Rock mixture fall (SIM-3) 52.7 56 22.1
Single large rockfall (Test 2) 29.5 (IMF 3 + 4+5, 84.5%) 35.8 (IMF 3 + 4, 82.3%) 28.8 (IMF 3 + 4+5, 81.4%)
Single small rockfall (Test 5) 28.4 (IMF 3 + 4+5, 92.5%) 36.0 (IMF 3 + 4, 94.0%) 25.4 (IMF 4, 86.2%)
Rock mixture fall (Test 7) 50.3 (IMF 2 + 3+4, 94.5%) 55.1 (IMF 2 + 3+4, 90.1%) 41.7 (IMF 2 + 3+4, 83.5%)

aDue to the rock directly impacting Pt. b and causing the very high average frequency.

TABLE 5 | Parameters settings and results of the parametrical study for single large rockfall. The friction coefficient of walls, bulk modulus, and Rayleigh damping were varied.

Parameter SIM-1
baseline

SIM-4 SIM-5 SIM-6 SIM-7 SIM-8 SIM-9 SIM-10 SIM-11

Friction coefficient of wall 0.3 0.1 0.5 0.7 0.3 0.3 0.3 0.3 0.3
Bulk modulus of the strata, road, and bank (GPa) 0.24 0.24 0.24 0.24 0.20 0.39 0.54 0.24 0.24

0.45 0.45 0.45 0.45 0.37 0.73 0.10 0.45 0.45
0.58 0.58 0.58 0.58 0.53 0.77 0.96 0.58 0.58

Rayleigh damping (%) 1 1 1 1 1 1 1 3 5
Estimated falling velocity (m/s) 4.98 5.72 4.64 4.34 4.98 4.98 4.89 4.58 4.50
Significant duration (D0595) of points a, b, and c (s) 7.46 5.52 6.50 5.50 5.64 7.45 5.95 4.70 4.19

2.93 4.73 5.32 1.02 0.65 3.36 0.97 0.66 2.32
4.76 10.31 10.15 9.50 5.86 7.80 5.98 5.74 4.33

Arias intensity of points a, b, and c (m/s) 129.3 102.73 139.63 213.99 101.09 79.75 70.87 73.70 50.81
452.64 207.62 222.52 886.82a 993.53a 142.05 318.90 265.43 64.98
70.61 49.40 26.31 33.77 34.23 37.98 19.76 9.86 11.33

Max Acc. of Pt. a, m/s2 3.63 4.15 4.35 4.82 2.45 2.72 2.66 3.14 3.08
Min Acc. of Pt. a, m/s2 −3.83 −2.66 −4.31 −5.88 −2.93 −2.75 −2.70 −2.92 −2.66
Max Acc. of Pt. a for the first impact, m/s2 1.23 1.15 1.53 1.76 1.27 1.11 1.05 0.66 0.50
Min Acc. of Pt. a for the first impact, m/s2 −1.29 −1.21 −1.36 −1.36 −1.39 −1.10 −1.02 −0.76 −0.58

aArias intensities of Pt. b are very high due to that Pt. b being very close to the impact points of the rock block.
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damping, the smaller the amplitude of the seismic signal and the
smaller the Arias intensity, which indicates that Rayleigh
damping models the dissipation of energy. There are
limitations of modeling with Rayleigh damping in FLAC.
Rayleigh damping is frequency dependent and requires the
selection of a central frequency as an input parameter. The
central frequency is neither the natural frequency of the stratum
nor the major frequency of the external exciting forces but a
combination of both (Mánica et al., 2014). We used a central
frequency of 1 Hz for the Rayleigh damping setting in FLAC,
but we were not able to calibrate it due to a lack of data. Also,
while Rayleigh is assigned in FLAC, its use results in increase
calculation times as it requires a smaller timestep (delta t) for a
stable solution.

Husid Plot and Accumulation of Arias
Intensity Versus Time
Figure 11 shows the Husid plots of seismic signals from Pt. c and
Acc. 3, located in the creek bed, of simulations and field tests. The
time zero for the Husid plot is the time when the rock first
touched the ground surface.

TheHusid plots for single large rockfalls of SIM-1 andTest 2 are
shown in Figure 11A. The significant durations of SIM-1 and Test
2 are 4.76 and 3.95 s, respectively. The significant duration (D0595)
of a signal is defined as the time interval between 5 and 95%
accumulated Arias intensity. It can be observed that when the rock
rolled on the slope, the accumulated Arias intensity increased very
slowly. However, when the rock impacted the road, bank, or the
creek bed, the accumulated Arias intensity increased rapidly. Since
Pt. c and Acc. A3 are located in the creek bed, a large kink will
appear in the Husid plots when the falling rock impacts the creek
bed. It was found that when the rock was still rolling on the slope in
SIM-1, the Arias intensity increment was larger than the field Test
2 as in Figure 11A. The reasons could be: 1) the energy of the rock
rolling on the slope in the field tests was dissipated by the soft
surface soils. 2) increased bouncingmovement on the slope of SIM-
1 resulting in greater seismic energy.

It can be seen from Table 3 that the Arias intensities of the
simulations were much higher than those of the field tests. This
was caused by the fact that themonitoring points of the numerical
simulations were very close to the impact points of the model
rock. The accelerometers of the field tests were at a distance
>10 m from the rolling path of the rock. Moreover, the

monitoring points of simulations and the rolling path of the
model rock are in-line, that is, the model rock was able to roll over
or impact the monitoring points directly.

Figure 11B shows the Husid plots for the single small rockfall
SIM-2 and Test 5. The significant duration of Test 5 is 2.60 s. The
significant duration of SIM-2 is comparatively long (11.01 s) and
can be observed from Figure 11B. From the simulation film, it can
be understood that the rock rolled slowly on the slope in SIM-2,
impacted the road, and continued to slowly roll on the bank,
resulting in an elongated significant duration. Compared with SIM-
1 from its simulation film, the rock did not roll on the bank; it
instead bounced from the road, impacted the creek bed, and came
to a stop, resulting in a shorter significant duration. Similarly, when
the rock was still rolling on the slope in SIM-2, the Arias intensity
increment was larger than in field Test 5 as shown in Figure 11B.

Figure 11C shows the Husid plots for rock mixture fall SIM-3
and Test 7. The significant duration of Test 7 was 5.21 s, while the
significant duration of SIM-3 was also rather long at 10.3 s. That
is because the rocks slowly and sporadically rolled down the slope,
and this can be observed from the simulation film of SIM-3. Also,
the Husid plot of SIM-3 shows that the Arias intensity was still
increasing between 12and 15 s. Generally, the rate of increase in
the Arias intensity of the rock mixture fall tests is slower than that
of the rock block fall tests and with less kinks in the Husid plots.

CONCLUSION

This study proposed a numerical coupling approach to simulate
seismic signals of rockfalls to discuss the characteristics of seismic
signals generated by rockfalls. The PFC was used to construct the
rockfall mass and simulate the falling processes. The FLAC code
was coupled with the PFC to calculate seismic signals induced by
the rockfalls. Three field rockfall test results were used for
comparison with the simulated results and to validate the
numerical results of the approach. Hilbert–Huang transform
(HHT) was employed to analyze the seismic signals to obtain
the frequency, intrinsic mode functions, and time–frequency
spectra of the seismic signals. We discussed the rockfall velocity,
duration, seismic frequency, Husid plot, Arias intensity, and the
characteristics of the time–frequency spectra of the seismic signals
in detail. Finally, a numerical parametric study was performed to
explore the parameters that weremost sensitive with regard to their
influence on the numerical simulations.

FIGURE 11 | Husid plots of seismic signals form Pt. c and Acc. 3: (A) single large rockfall, (B) single small rockfall, and (C) rock mixture fall.
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The results showed that thewaveformpatterns of the seismic signals
of the simulations were similar to those of the field tests in general. The
velocities of the surface waves of the stratum in the numerical models
were estimated and compared well with the velocity obtained by the
single large rock fall test. The friction of the ground surface affects the
rolling distance and behavior of rockfalls.Whenwe selected the friction
parameter, we shall refer to the conditions of the surface soil and
vegetation and with a trial-and-error approach. Due to better falling
process simulation, the time-frequency spectra of the rock-mixture fall
simulation was closer to that of the field tests than in the single rock fall
simulation. Therefore, the closer to the real-life process of the rock fall
the simulation was, the closer the characteristics of seismic signals were
to the field results in general. Damping parameters in the numerical
simulations influenced the kinematic behavior of the rock fall
significantly. The local damping setting in PFC affects the distance
of rockmovement and bounce height. The Rayleigh damping in FLAC
has a strong effect on energy dissipation. TheArias intensity andHusid
plot reflect the seismic energy received by an accelerometer. They are
affected by rock fall volume and falling speed.

The numerical coupling approach can be further extended to
general landslide movements such as translational slides, rock
flows, and various sizes of rock mass falls to study the seismic
characteristics and movement processes. This will assist in
interpretation of the seismic records of various landslide
events acquired from seismic stations such that the evaluation
of landslide movement types and magnitudes based on seismic
signals can maturate.
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