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A B S T R A C T

Early warning during rainfall-induced landslides employs widely to save economic losses and casualties. Using
elastic wave velocity for early warning benefits from the relationship between water content, shear deformation,
and elastic wave velocity of unsaturated soil slope. Amplitude changes by means of the elastic wave in the soil can
also reflect the physical properties. In this work, we proposed an idea to determine the impacts in the soil of water
content and deformation on elastic wave amplitude to realize early warning. Model box tests were designed to
study the action of one factor, volumetric water content, on the elastic wave amplitude. Slope model tests were
aimed to consider the effects of volumetric water content and deformation on elastic wave amplitude during
rainfall-induced landslides. The results show that the elastic wave amplitude non-linear decreased with the
volumetric water content, which could be mutually verified from the data of the model box tests and the slope
model tests. The deformation caused the wave amplitude to increase, and the range of the increase could reflect
the range of the deformation. The statistical correlation coefficient quantified that the increase in wave amplitude
was not directly related to the water content. The wave amplitude change can be represented more visibly by
eliminating the residual after EMD decomposition, and it further verifies the above results. This work provides a
new idea and a reliable basis for landslide prevention and mitigation and prediction.
1. Introduction

Various causes impact landslides, the most significant of which is
rainfall, and they pose a serious threat to people's lives and property all
over the world (Montoya-Domínguez et al., 2016; Notti et al., 2021;
Ochiai et al., 2004; Wu et al., 2015; Xiao et al., 2020). Rainfall induced
about 63% of the landslides between 1999 and 2012, according to data
from 134 landslides (www.glidenumber.net). The demand for preventing
and controlling rainfall-induced slope instability is growing daily.
However, traditional landslide control approaches are not always
feasible because of cost and construction, especially when huge regions
need to be covered (Chen and Uchimura, 2019a; Uchimura et al., 2010).
Monitoring and early warning of rainfall-induced landslides cannot
wholly prevent a landslide. Still, it can substantially reduce the risk and
assure life safety and has been widely adopted as a cost-effective and
reliable option (Lollino et al., 2002; Wu et al., 2019; Xu et al., 2016). Li
et al. improved a region growing segmentation method for the image
recognition of the deformation area of open-pit mine rock slopes, which
may be applied to identify rock slope deformation in complex scenes with
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high precision and enhances the reliability of early warning (Li et al.,
2022). Guo et al. proposed a black box model based on statistical anal-
ysis, which may provide a basis for early warning of creep landslides
through practical application results in China (Guo et al., 2019). A
physics-based model by Medina et al. was developed, called the “Fast
Shallow Landslide Assessment Model” (FSLAM), for calculating large
areas (>100 km (2)) with a high-resolution topography in a very short
computational time, thereby greatly improving the warning results
(Medina et al., 2021).

Most landslide warning systems give alerts by defining thresholds for
physical soil properties like rainfall, volumetric water content, slope
movement, etc. The drawback of using rainfall thresholds is determined
based on the magnitude of rainfall from previous landslide events rather
than the physical properties of soil (Baum and Godt, 2010). The volu-
metric water content and slope movement thresholds depend on sensors,
which are only sensitive to changes on their own around and cannot
cover the entire soil slope (Chae and Kim, 2012; Uchimura et al., 2015).
Acoustic emission is limited by its signal of weak and rapidly debilitating,
which affects the efficiency of early warning (Dixon et al., 2015a,b;
ber 2022
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Figure 1. Particle size distribution of test material.

Table 1. Physical properties of test material.

Properties Test material

Specific gravity, Gs 2.575

Mean grain size, D50 (mm) 0.373

Coefficient of uniformity, Cu 2.641

Coefficient of gradation, Cc 0.946

Fines content (%) 16.1

Maximum void ratio, emax 1.47

Minimum void ratio, emin 0.98

Maximum dry density (g/cm3) 1.717

Optimum moisture content (%) 16.1

Table 2. Characteristics of model box tests.

Test designation Dry density (g/cm3) Water content (%) Duration (min)

1-1.2-5 1.2 (Dc ¼ 69.4%) 5 10

1-1.2-10 10

1-1.2-20 20

1-1.3-5 1.3 (Dc ¼ 72.1%) 5

1-1.3-10 10

1-1.3-20 20

1-1.4-5 1.4 (Dc ¼ 79.4%) 5

1-1.4-10 10

1-1.4-20 20
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Dixon and Spriggs, 2007; Minakov and Yarushina, 2021). At present, it's
challenging work to accurately achieve early warning during
rainfall-induced landslides on a broad scale.

The elastic wave is discovered to carry a lot of information about the
physical properties in the soil, which can directly represent the influence
of changing boundary conditions on slope behavior (Chen and Uchimura,
2019b). Irfan et al. investigated the relationship between elastic wave
velocity with soil moisture content and deformation in laboratory triaxial
tests employing the bender element, in which the elastic wave velocity
decreases with volumetric water content, and it accelerated decreases at
slope failure (Irfan, 2014; Irfan et al., 2017; Irfan and Uchimura, 2013,
Figure 2. Elastic wave exciter.
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2015, 2016, 2018). According to this point, Chen Yulong et al. studied
the change of elastic wave velocity during rainfall-induced slope insta-
bility by slope model tests and verified its practical usefulness (Chen,
2016; Chen et al., 2017, 2018a, 2018b, 2019). Due to the rapid propa-
gation of elastic waves in the soil, a high sample frequency is required for
the data acquisition unit, resulting in a high cost of the elastic wave
monitoring system. At the same time, the development of the elastic
wave velocity calculation, and observation method, is still inadequate.

In this work, an idea to use elastic wave amplitude for early warning
during rainfall-induced landslides was presented. Amplitude information
Figure 3. The schematic of model box: (a) 3D illustration, (b) scaled 2D model.



Table 3. Characteristics of slope model tests.

Test
designation

Slope
angle (�)

Surface layer
thickness (mm)

Rainfall
duration (min)

Dry density (g/cm3)

2-45-10-1.2 45 10 60 1.2 (Dc ¼ 69.4%)

2-45-10-1.3 1.3 (Dc ¼ 72.1%)

2-45-10.1.4 1.4 (Dc ¼ 79.4%)
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is an indicator of the elastic wave energy, which change is influenced by
the physical properties of the soil (Cheng and Yang, 2005; Guo et al.,
2007; Han and Zhang, 2006; Yang et al., 1996; Zhang, 2018). The
volumetric water content and slope movement/deformation in the soil
constantly change during rainfall infiltration, leading to different con-
sumption of elastic wave energy. The sampling frequency of the data
acquisition unit required to calculate the elastic wave amplitude is low,
and the wave amplitude calculation is simple. Model box tests were first
conducted to study the effect of one factor, volumetric water content, on
the elastic wave amplitude, without considering deformation. Slope
model tests were employed to study the amplitude changes during
rainfall-induced landslides, taking into account water content and
deformation. Also, soils with different dry densities were done in both
tests to show that the water content and deformation consistently
contribute to the elastic wave amplitude at any density. Finally, the in-
fluence of volumetric water content and deformation on amplitude was
analyzed in detail by combining empirical mode decomposition (EMD).
The research results will provide an essential reference for the landslide
warnings based on elastic wave amplitude.

2. Method of model tests

2.1. Material and instruments

One sand, froma coastal area in Fujian,was used as testingmaterial: the
sand particles with smooth surface, rounded grain shape, and large
permeability coefficient. Figure 1 and Table 1 show particle size distribu-
tion and basic soil properties of the testmaterial measured according to the
geotechnical test method standards (GB/T50123-2019), respectively.
Figure 4. Layered accumulation and compaction of the model during the model
box tests.
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Several types of instrumentation in tests were included with an elastic
wave monitoring system, soil moisture sensors, and rainfall simulator.
The elastic wave monitoring system consisted of an exciter, receivers, a
microcontroller, and a data acquisition unit. A solenoid was applied as an
elastic wave exciter, which has an internal iron core that makes a stable
elastic wave signal by current action and was protected by metal on all
sides so that stable work can be achieved in soil. Figure 2 shows that the
left side is the original solenoid, and the other side is the elastic wave
exciter (the solenoid protected by metal all around). The microcontroller
adjusted the work hours of the exciter to one group per minute, and it
worked 5 times at intervals of 10 s in each group. A data acquisition unit
and receivers were used to record and measure elastic wave signals, that
were denoised by a combination of superposition denoising and wavelet
threshold denoising. Soil moisture sensors, connecting to a data acqui-
sition unit, were used to monitor volumetric water content in tests.
Rainfall simulators as artificial rainfall equipment could produce a uni-
form distribution.
Figure 5. The schematic of slope model: (a) 3D illustration, (b) scaled
2D model.
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2.2. Testing scheme

2.2.1. Model box tests
Themodel box tests reveal the action of volumetricwater content on the

elastic wave amplitude bymanually controlling the soil with water content
without considering other factors such as deformation. Also, the control
group of soils with different densities aims to indicate a consistent effect of
volumetric water content on the elastic wave amplitude at any density.
Nine tests were designed for the model box tests. Table 2 shows the sum-
mary of the test schemes. The first column of Table 2 systematically in-
dicates test designation, dry density (in g/cm3), water content (in %), and
duration (in minutes). The dry densities of the soil samples in the box tests
are 1.2, 1.3, and 1.4 g/cm3 (Dc ¼ 69.4%, 72.1%, and 79.4%, respectively),
moisture contents of the soil samples in the box tests are 5%, 10%, and20%.

Themodel inmodel box tests was 400mm in length, 300mmwide, and
300 mm high, and the container was made of plexiglass 5 mm thick, as
shown in Figure 3. The exciter was located at the bottom of the model, and
which plunger movement direction was perpendicular to the level. The
receiver was put 100 mm above the exciter. The model was made by
layered accumulation and compaction, as shown in Figure 4. The working
interval of the exciter was 10-s, and the sampling frequency of the elastic
wave signal was adjusted to 5 kHz. The duration of themodel box tests was
10min, during which the elastic wave signals were recorded continuously.

2.2.2. Slope model tests
The slope model tests simulate rainfall-induced landslides to study the

relationship betweenwater content and peristaltic deformationwith elastic
wave amplitude in the soil during landslides. Three tests were designed for
the slope model tests. Table 3 shows the summary of the test schemes. The
first column of Table 3 systematically indicates test designation, slope
inclination angle (in degrees), surface layer thickness (in millimeters),
rainfall duration (in minutes), and dry density (in g/cm3).

The model in slope model tests was 450 mm in length, 300 mm wide,
and 300 mm high, which was divided into a base layer and surface layer,
and the container was made of plexiglass 5 mm thick, as shown in
Figure 5. Slope model angles of 40� were used. The maximum dry density
of 1.717 g/cm3 (Dc ¼ 97.2%) and optimum moisture content of 16.1%
Figure 6. Change of elastic wave amplitude in different dry de
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were adopted at the base layer. The thicknesses of surface soil layers were
100 mm, and dry densities of the soil samples were 1.2, 1.3, and 1.4 g/
cm3 (Dc ¼ 69.4%, 72.1%, and 79.4%, respectively).

The exciter was fixed to the bottom of the base soil layer. Plunger
movement direction was perpendicular to level. The receivers and
moisture sensors amount to three, respectively, and were placed on the
surface soil layer, and the receivers were limited to the measurement
range of the moisture sensors. The soil moisture variations and elastic
wave signal were measured at 1-s intervals and 10-s intervals during the
entire test, respectively. The rainfall was 100 mm/h for 60 min, during
which the water content and elastic wave were recorded continuously.
The receivers were numbered EWA, and the volumetric water content
sensors were numbered VWC during the tests.

3. Results and discussion

3.1. Model box tests

Figure 6 depicts the change of elastic wave amplitude in different dry
densities with volumetric water content. In all three different dry density
tested cases, the elastic wave amplitude decreased with volumetric water
content.

The amplitude decreased nonlinearly with volumetric water content,
and this trend was observed in soil samples with each dry density. This
increase in volumetric water content meant that the pores inside the soil
were filled with water, which increased the loss of elastic wave energy
and thus decreased the elastic wave amplitude. The elastic wave ampli-
tude increased with dry density during the same volumetric water con-
tent. This increase was because of the compactness between soil particles,
which greatly increased the energy transfer of the elastic wave.

It could be inferred that volumetric water content was a crucial factor
in changing elastic wave amplitude. And it did not induce a mutation in
amplitude but a non-linear decline. The greater the water content, the
less pronounced the decrease in elastic wave amplitude. Based on the
relationship between volumetric water content and elastic wave ampli-
tude, the slope model tests would consider additional slope movement,
that deformation.
nsities with volumetric water content by model box tests.
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3.2. Slope model tests

During rainfall-induced landslides, the volumetric water content and
deformation increased in slopes and were accompanied by sudden
cracking. Figure 7 describes the time series of elastic wave amplitude and
Figure 7. Change in time series data of elastic wave amplitude and volumetric water
45-10-1.4.

Figure 8. Slope failure process
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water content in slope model tests. Figure 8 represents the slope failure
process for test cases 2-45-10-1.3. Due to the moisture was penetrated in
surface with rainfall and the water content gradually increased. At the
same time, creeping deformation was accompanied inside the slope. The
water content was raised differently at different locations on the slope,
content by slope model tests: (a) No. 2-45-10-1.2, (b) No. 2-45-10-1.3, (c) No. 2-

during test No. 2-45-10-1.3.



Figure 9. Slope first instability tend during test No. 2-45-10-1.2 # 1.

Figure 10. Slope first and secondary instability tend during test No. 2-45-10-1.3 # 3.
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and the maximum water content varied, which was reflected in the slope
model tests of different dry densities. These were influenced by factors
such as infiltration and runoff. The water contents in the lower part of the
slopes (#3) were the first to increase, forming a groundwater level. The
rise of the groundwater level led to an increase in the water contents in
the middle parts (#2) and upper parts (#1) of the slopes.
Table 4. Time domain division of slope stability trend.

Test designation I stage (min) First instability
tend (min)

2-45-10-1.2 #1 0–6 7

#2 0–5 6

#3 0–5 6

2-45-10-1.3 #1 0–4 5

#2 0–4 5

#3 0–4 5

2-45-10-1.4 #1 0–7 8

#2 0–7 8

#3 0–11 12

6

3.2.1. Temporal quantification of the soil slopes instability trend
The volumetric water content in the soil slopes raised during rainfall

infiltration, the pore water pressure increased, and the effective stress in
the unsaturated zone decreased. These led to changes in the internal
structure of the slopes and increased landslide risk. The volumetric water
content could reflect the physical information inside the soil slope, and it
I–II stage (min) Secondary instability tend (min) II stage (min)

– – 7–60

6–39 40 40–60

– – 6–60

– – 5–60

5–28 29 29–60

– – 5–60

– – 8–60

8–33 34 34–60

12–36 37 37–60



Figure 11. Relationship between the volumetric water con

Figure 12. Change in time series data of elastic wave amplitude

Table 5. Statistical information in relevance in the I stage.

Test designation Person correlation Spearman correlation R2

2-45-10-1.2 #1 �0.8324 �0.9910 0.7093

#2 �0.9165 �1 0.8856

#3 �0.9639 �1 0.9401

2-45-10-1.3 #1 �0.9897 �1 0.9518

#2 �0.9930 �1 0.9556

#3 �0.9506 �1 0.9485

2-45-10-1.4 #1 �0.9105 �1 0.9043

#2 �0.8753 �0.8982 0.8102

#3 �0.9727 �1 0.9365

Correlation was significant at -0.6 level.
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was defined as the index to analyze the stability of the soil slopes under
time series. When the volumetric water content growth decreased
significantly, it meant that the soil slope was ruptured and fissures
existed; when the volumetric water content oscillated slightly and tended
to be smooth, it meant that the soil slope was saturated with water
content. Both of the above result in increased landslide risk.

The trend of the volumetric water content under the time series was
calculated with a time unit width of 5 min. The soil slopes were
considered saturated when the variation trend of volumetric water con-
tent reached its highest point, which was defined as the first instability
trend. Before this, the main factor affecting the elastic wave amplitude
was the volumetric water content, which was determined as the I stage.
After which there were two situations: the trend of the volumetric water
content gradually decreased and became stable, and the main factor
affecting the elastic wave amplitude was deformation, which was defined
as the II stage; the trend of the volumetric water content decreased and
tent and the elastic wave amplitude during the I stage.

and volumetric water content during test No. 2-45-10-1.2.



Figure 13. Change in time series data of elastic wave amplitude and volumetric water content during test No. 2-45-10-1.3.

Figure 14. Change in time series data of elastic wave amplitude and volumetric water content during test No. 2-45-10-1.4.
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then repeatedly increased and decreased, and the continuous deforma-
tion of the soil slope was not obvious, water content and deformation
were mutually coupled to influence the elastic wave amplitude, which
was defined as I–II stage. The I–II stage would gradually transition to the
Table 6. Statistical information in relevance in the I–II stage and II stage.

Test designation I–II stage

Person correlation Spearm

2-45-10-1.2 #1 – –

#2 �0.4803 �0.634

#3 – –

2-45-10-1.3 #1 – –

#2 �0.9595 �0.919

#3 – –

2-45-10-1.4 #1 – –

#2 �0.941 �0.601

#3 �0.8777 �0.842

Correlation was significant at �0.6 level.
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II stage, with a secondary instability trend at the point where the trend in
volumetric water content plateaus (as shown in Figures 9 and 10, for
example, 2-45-10-1.2 # 1 and 2-45-10-1.3 # 3, respectively). Table 4
shows the stage of slope development for each test.
II stage

an correlation Person correlation Spearman correlation

0.5258 0.4561

4 0.3696 0.3509

0.1465 �0.3702

�0.437 0.1064

3 0.6918 0.5806

�0.7728 �0.4835

0.937 0.8616

5 0.23 0.2982

7 �0.348 �0.0803



Figure 16. Slope failure in the I–II stage or II stage during No. 2-45-10-1.3.
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3.2.2. I stage
Table 5 and Figure 11 show the correlation information and fitted

curves between the water content and the wave amplitude in the I stage,
respectively. Two correlation coefficients (Pearson product-moment
correlation coefficient and Spearman rank correlation) and the fitted
curves were used to measure the relationship between the water content
and the wave amplitude from different points of view. All Pearson and
Spearman coefficients reached high negative correlation levels, some
even reaching-1. This was compared with the result of the model box
tests, the elastic wave amplitude decreased with the volumetric water
content, which was verified with each other. The fitted curves between
the volumetric water content and the elastic wave amplitude described
the non-linear characteristics of both. It was the same result as the model
box tests. During the I stage, the elastic wave amplitude behaved as a
non-linear decrease with the volumetric water content, and the soil
slopes had certain stability, but their risk of damage is gradually
increasing.

3.2.3. I–II stage and II stage
Figures 12, 13, and 14 show the time series results of the slope model

tests, with the solid blue lines being the first instability trend and the
secondary instability trend, respectively. The elastic wave amplitude was
coupled with the volumetric water content and deformation during the
I–II stage. During the I–II stage, the volumetric water content gradually
increased as the rainfall continues. The general trend of the elastic wave
amplitude was decreased, but there was an intermittent increase. During
the II stage, the volumetric water content reached saturation, and the
elastic wave amplitude appeared to rise disorderly. Since the volumetric
water content could only cause a nonlinear decrease in wave amplitude,
it was not difficult to speculate that the increase in wave amplitude was
caused by deformation.

Table 6 shows the correlation information during the I–II stage and II
stage between the water content and the wave amplitude. A few test cases
in the I–II stage were represented that the correlation between volu-
metric water content and elastic wave amplitude was significant. But it
was significantly lower than the result obtained in the I stage, which
might be due to deformation. There was no obvious negative correlation
between the volumetric water content and the elastic wave amplitude
Figure 15. Relationship between the volumetric water content and

9

during the II stage, and the elastic wave amplitude increased on a large
scale. At this time, the volumetric water content was nearly saturated,
and the increase in the amplitude was not caused by the water content.

Figure 15 illustrates that deformation affects the increase of the
wave amplitude from the perspective of the relationship between the
volumetric water content and the wave amplitude. During the I–II
stage and II stage, the soil slope had the possibility of cracking at
any time, and the soil slope developed from a homogeneous state to
a non-homogeneous state continuously. In which the elastic wave
the elastic wave amplitude during the I–II stage and II stage.



Figure 17. These IMFs and Residue for the wave amplitude data from # 1 in
test No. 2-45-10-1.3 derived through EMD.
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signal collected was interfered with by distortion. The deformation
of the soil could be judged by the magnitude of the increase in wave
amplitude. A small increase indicated creep within the soil slope,
and an accelerated increase indicated a large crack in the soil slope.
Figure 18. Relative change of elastic wav
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The large cracking of the soil slope could be observed in Figure 16,
which corresponded to the time point of the accelerated increase of
the elastic wave amplitude collected by EWA-1.

3.3. Discussions by empirical mode decomposition (EMD)

Empirical Modal decomposition (EMD), a signal decomposition
method, has been suggested for processing the data (Huang et al., 2003a,
b; Wang et al., 2018; Yang, 2015). It was proposed by Huang et al. to be a
novel data analysis method for nonlinear and non-stationary time series
(Huang et al., 1998). Zhang et al. analyzed crude oil price data by
Ensemble EMD (EEMD), which is shown to be a vital technique (Zhang
et al., 2008).

The wave amplitude data were discussed by EMD to further study
elastic wave amplitude variation during rainfall-induced landslides. Take
S-10-45-1.3 # 1 as an example, results of the EMD are depicted in
Figure 17, which includes IMFs and a Residual. These IMFs showed
detailed information about the variation of wave amplitude at different
frequencies, and Residual represented the trend of wave amplitude
variation during rainfall-induced landslides. The relative information of
the wave amplitude variation was obtained by eliminating the residual
after EMD decomposition.

Figure 18 shows the time domain information on the relative
change of the elastic wave amplitude, with the solid blue lines being
the first instability trend and the secondary instability trend,
respectively. The amplitude data processed by EMD clearly high-
lights the change of amplitude and is more sensitive to the fluctu-
ation of the data. During the I stage, the relative wave amplitude
change was negative, and the soil slope did not show significant
deformation. During the I–II stage and II stage, the increase of the
relative wave amplitude change implied the deformation of the soil
slope. The larger the value was, the more serious the soil slope
deformation was. The large cracking was most visible at # 1, when
the amplitude had an accelerated increase in the time domain. The
first failure of the soil slope was in the I–II stage or II stage. And the
data of relative change of wave amplitude could accurately locate its
time point. If the relative change in elastic wave amplitude could be
monitored in real-time, reliable information on water content change
and slope deformation could be obtained, resulting in early warning.
e amplitude in test No. 2-45-10-1.3.
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4. Conclusions

A landslide warning mechanism based on elastic wave amplitude was
proposed in this work. The model box tests were used to study the effect
of one factor, volumetric water content, on elastic wave amplitude. In
different dry densities, the elastic wave amplitude all showed a non-
linear decrease with the volumetric water content. There was no accel-
erated change in wave amplitude created by the change in volumetric
water content. The slope model tests were intended to consider the im-
pacts of the volumetric water content and deformation on the elastic
wave amplitude during rainfall-induced landslides. During the I stage,
the water content was the most critical component to decrease the elastic
wave amplitude, which was mutually verified with the results of the
model box tests. The statistical correlation coefficients and R2 further
quantitatively confirmed the non-linear decrease of the elastic wave
amplitude with the volumetric water content. During the I–II stage and II
stage, the volumetric water content and deformation combined to affect
the elastic wave amplitude. The statistical correlation coefficient quan-
tified that the increase in wave amplitude was not directly related to the
water content. Also, the elastic wave amplitude was accelerated to in-
crease when huge cracks were found in the slope. The increased range of
the elastic wave amplitude could represent the extent of deformation in
the slope. The elastic wave amplitude changes in the different dry den-
sities surface layer during slope model tests all showed the above
characteristics.

The wave amplitude data by EMD were analyzed to show the change
of soil moisture content and deformation more prominently and detected
creeping deformation and cracking during rainfall-induced landslides.
During the I–II stage or II stage, the increase of the relative wave
amplitude change implied the deformation of the soil slope, and the
larger the value the more serious the deformation of the soil slope. It is
recommended that the relative change of elastic wave variation be
monitored in real-time to provide an early warning in the first moment of
creeping deformation.
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