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Research Report

1. Purpose

In recent years, disastrous landslides occurred at many regions over the world, such as the 2011 large-scale landslides in
the Kii Mountains, Japan, the 2013 Izu-Oshima debris avalanche in Japan, the 2014 Oso landslide in USA, and the 2014
Hiroshima landslides in Japan. All of them caused great loss of casualties and damage. To prevent or at least to mitigate
this kind of landslide disaster, it will be of great importance to understand the initiation and development processes,

especially to detect the precursory phenomena for proper early warning and evacuation.

The main purpose of this study is to detect and quantify the precursory phenomena associated with the initial stages for
large-scale landslides. This will be achieved by advancing a series of shear tests in the laboratory to identify different
parameters affecting the generation of acoustic waveforms (AEs), complementing with developing a viable monitoring
system to record the precursory phenomena on the field of a large landslide in Japan. By performing the combined analysis
of the experimental and field datasets, the ultimate purpose of this study is to reveal the pre-failure mechanisms for large-

scale landslides and then to provide a more appropriate way for mitigating the related landslide disaster.

2 Summary of research progress

To detect the precursors for the occurrence of landslides and then provide information for the landslide disaster mitigation,
as the first phase, we conducted a series of direct shear-AE tests to investigate the relationship between characteristics of
AE and mechanical behavior of granular in stick-slip events. We used spherical glass beads (1.0-3.0 mm in diameter) to
represent particles. Shearing was performed in a strain-controlled way at a constant shear speed of 0.1, 0.4, 0.8 or 1.2
mm/min and constant normal stress of 50, 100, 200 or 300 kPa. In order to detect the energy released inside the samples,
three equally spaced acoustic emission (AE) transducers were installed around the shear box. Additionally, using the
external parameter interface of the AE system, we collected the AE waveform, shear stress and displacement at the same
time, which allowed us to accurately explore the relationship between characteristics of AE and mechanical behavior in
the shear process. To examine the shear behaviors of granular materials from the point of view of shear energy, we also
conducted ring shear tests on different types of soil samples and examined their shear behavior by changing the shear

rates and observing the formation of shear zones.

As the second phase of this study, we installed AE monitoring system in a slowing moving landslide in Nishiikawa area,
Tokushima, Japan (hereinafter called Nishiikawa landslide). By inserting stainless steel rod (5 m long with a diameter of
20 mm) into a borehole and attaching the AE sensor to the end of the rod exposed on the ground, the acoustic emissions

possibly resulting from the shear behavior of sandy materials that were set into the borehole were recorded.

As the third phase, we installed an inclinometer and a seismometer on Nishiikawa landslide. The inclinometer with a
resolution of 0.002°/mV was inserted into the ground to a depth of about 2 m. Both the seismometer and inclinometer
have been recorded continuously at a sampling frequency of 100 Hz. To further examine the creeping behavior of

Nishiikawa landslide, we conducted model tests and examine the piston flow of ground water.



3. Summary of Research Findings

The results of our laboratory tests suggested that during the granular shearing process there was a strong correlation
between stick-slip events and the distribution of AE characteristics. We found that many different types of acoustic
emissions are generated during particle shearing. The high-energy AE signals can accurately indicate structure failure. In
addition, friction AE and local failure AE can represent the gradual damage process and can be used as important

characteristic indicators for particle stability monitoring.

The AE monitoring system installed in Nishiikawa landslide did not allow us to conduct real time recording of the AE.
We tried to get recordings onsite when we had field trips to this landslide, but every time the recording system just enabled
us to get the recordings for a period of several minutes. Through analyzing the recorded data, we understood that we
failed to get any AE recordings, probably because this landslide did not show any movement within our monitoring

periods.

We obtained valuable data on the seismic response and landslide mass through the seismometer and inclinometer. These

data enabled us to better understand the movement of the slowly moving landslide mass.

In this report, artificial rainfall experiments were carried out on cylindrical tubes filled with silica sand to investigate the
process of piston flow. The results of our experiments show that the behavior of pore water pressure in the cylindrical
pipe is related to the existence of pore air pressure sealed by the wetting front. Furthermore, this air pressure was affected

by grain size, void ratio, and initial water content.

4. Details
4.1 Laboratory Tests and Results

To detect the precursors for the occurrence of landslides and then provide information for the landslide disaster mitigation,
as the first phase, we conducted a series of direct shear-AE tests to investigate the relationship between characteristics of

AE and mechanical behavior of granular in stick-slip events.

4.1.1 Background

Particles of different sizes and shapes are the basic components of rock and soil (Etienne, 2020). Through the interaction
between the particles, a framework structure with load-bearing capacity is formed. Granular materials play a key role in
the occurrence of geological disasters (Coulais et al., 2014; Kocharyan et al., 2014). For example, in a fault zone, there
are a large number of broken rock particles. When the structure composed of particles become unstable, the blocks on
both sides of the particles will be dislocated to form an earthquake (Lherminier et al., 2019; Ostapchuk et al., 2019).
Similarly, other geological disasters such as landslides, soil liquefaction, and debris flow are also caused by self-organized
critical behavior (Dalton and Corcoran, 2001; Michlmayr et al., 2017), frictional sliding (Wu et al., 2017), and dynamic
behavior of particles (Doanh et al., 2017). So, studying the mechanical behavior of granular media, especially the stick-

slip phenomenon (Kocharyan et al., 2017; Leeman et al., 2016; Scuderi et al., 2017) during shear process, will help us



understand the formation process of disasters and provide relevant theories for disaster forecasting and early warning

(Hayman et al., 2011; Hedayat et al., 2014; Johnson et al., 2013; Kaproth and Marone, 2013).

However, for large-scale rock or soil, it is difficult to monitor the force and deformation of the internal structure in real
time in practical applications. Scholars have noticed that deformation related to the interaction between particles is
accompanied by the rapid release of elastic strain energy, stored between particles, in the form of elastic body waves (Lin
et al., 2019; Ostapchuk et al., 2016; Smith and Dixon, 2019a). These elastic waves, known as acoustic emissions (AE)
( Belov and Konstantinov, 1994; Deutsch et al., 1989; Kousteni et al., 1999; Lord and Koerner, 1975; Muravin et al.,
1987; Zinoviy, 2017), can be received by AE sensors mounted on the surface of the structure and converted into electrical
signals. The current main research approach is to conduct mechanical and AE tests simultaneously during the particle
shear process, and establish the relationships between AE parameters and mechanical behavior (Knuth et al., 2013; Lin
et al., 2020; Xiao et al., 2019). So, in the field of stability monitoring of rock and soil, the AE signal can be related to the
interior mechanics and deformation of geological materials. For this purpose, scholars have done many mechanical tests
on model systems, in combination with AE measurements. These studies effectively provide a relationship between AE
and the particle shear deformation process. For instance, Dixon (Dixon et al., 2018) used the quantitative relationship
between the AE rate and sliding velocity to establish an early warning system (EWS) for landslides; Jiang (Jiang et al.,
2017) found that the generation of AE preceded the changes in shear strength; and Smith (Smith and Dixon, 2019b) found
the relationships between AE energy and boundary work. Since the AE of a granular material is generated by a variety of
internal structural changes (Coulais et al., 2014), including friction, sliding, and crushing of particles (Johnson et al.,
2013), there are many different types of AE during the shear process. Therefore, it is necessary to further research the AE
produced by different sources. The AE parameters can then be classified to more accurately characterize the various states
of the shear process and provide a basis for automatic (such as machine learning) monitoring and early warning (Deng et

al., 2021; Hulbert et al., 2018; Ren et al., 2019). This type of research is relatively rare to date.

Here we explored the correlation between mechanical and AE behavior through a series of direct shear tests of granular
materials under different loading conditions. We focus on finding the relationship between stick-slip and AE features, to
classify the different AE signals. Furthermore, the different mechanical properties of the particles being sheared can be
monitored from the AE features, which reflect the process of self-organization of the internal structure. The distribution

of AE in the stick-slip process can be used to predict the structural failure of granular material.

4.1.2 Methodology

In the direct shear test, we used a linear shear apparatus which can be set to different load speeds from 0.01 to 2.4 mm/min
and normal stresses from 1 kPa to 1 MPa. We used spherical glass beads (1.0—1.5 mm diameter, glass density 2.50 g/cm?)
to represent particles. Glass beads without water were dropped into the shear box which has a cylindrical specimen
chamber with ® 61.8 mm x H 40 mm to produce a “loosely packed” specimen. The schematic of the test system is shown
in Fig. 1. All specimens had the same density of 1.54 g/cm?3 and initial porosity of 0.38. Sixteen specimens were tested.

Shearing was performed in a strain-controlled way at a constant shear speed of vs = 0.1, 0.4, 0.8 or 1.2 mm/min and



constant normal stress of a, = 50, 100, 200 or 300 kPa. We measured shear stress (z) and vertical displacement (s,) during
the test using the force sensor and displacement transducer (LVDT), respectively. A summary of the direct shear tests

performed is shown in Table 1.
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Fig. 1 Schematic of the direct shear test with AE system

Table 1 Summary of the direct shear tests performed in this study

Diameter Load Speed Normal Diameter  Load Speed  Normal Stress
No. . Stress No. )
(mm) (mm/min) (mm) (mm/min) (kPa)
(kPa)
1 50 5 50
2 100 6 100
0.1 0.4
3 200 7 200
4 300 8 300
1.0-1.5 1.0-1.5
9 50 13 50
10 100 14 100
0.8 1.2
11 200 15 200
12 300 16 300

We chose a PCI-2 AE system made by Physical Acoustics Corporation (PAC) to measure the AE signals during the test.
Three separate AE sensors were installed at the right, left and back surfaces of the top shear box. The AE sensors used
were MISTRAS R6a piezoelectric transducers, whose sensitive frequency range was from 1 to 100 kHz, and the resonant
frequency was 60 kHz. Using the external parameter interface of the AE system, we collected the AE waveform, z and s,
at the same time, which allowed us to accurately explore the relationship between mechanical behavior and AE. All three
AE sensors had the same settings: the pre-amplifier gain was 40 dB gain, the band-pass filter frequency range was 20—

100 kHz, the threshold was 40 dB and the sampling rate was 1 MHz to record the full AE waveform.

Fig. 2 shows the schematic of AE waveform and features diagram. Before starting the AE test, it’s necessary to define a

threshold which was 40 dB in this study. When the signal amplitude (7) exceeds the threshold, it is considered that an AE



event occurs. The start time is defined as 71. When the signal remains below the threshold for longer than the terminate
time which is defined before test, the AE event terminates. The end time is defined as 72. The duration time (7) is defined
as the duration from 7'1 to 72. The AE amplitude (@) is the maximum (positive or negative) AE signal excursion during
an AE event. AE counts (C) is the number of oscillations that exceed the threshold. Each AE has an ID which is numbered

according to the time sequence of occurrence. Some calculation AE features used in this study are shown as follows.

Threshold

Voltage (V)
[}
? [}
[}
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:
1

A

Time (7)

Fig.2 Schematic of AE waveform and features (Zinoviy, 2017)

(1). AE Energy (E) (Zinoviy, 2017) is the integral of the rectified voltage signal over the duration of the AE waveform.

It is represented by Eq. (1):
T
E=[v (i)t (1)
I
E represents the strength of elastic waves. The higher F is, the higher the level of the elastic stress wave would be.

(2). Average Frequency (f.) (Zinoviy, 2017) is defined as AE counts (C) divided by the duration time (7). fa can represent

the frequency characteristics of the AE waveform.

(3). Root mean square (RMS) (Zinoviy, 2017) of the AE waveform is an electrical engineering power term defined as

the rectified, time averaged AE signal, measured on a linear scale and reported in volts. It is represented by Eq.

2):

2

RMS reflects the power of the AE waveform; that is, for the same duration, a waveform with a larger RMS

corresponds to a greater energy. Usually, a higher energy AE event corresponds to a larger RMS.



(4). The concept of b-value (Liu et al., 2017; Riviere et al., 2018) was derived from seismology research to represent
the earthquake magnitude. Researchers now also use b-value to describe the amplitude distribution of AE signals.

It is given by Eq. (3):

log[N(a)]:C—blog(a) 3)

Where a is the amplitude of AE; N is the number of AE with amplitude not less than a; and C and b (the so-called b-
value) are constants obtained by linear fitting. The greater the number of high-amplitude AEs, the smaller the b-value.
There is a positive correlation between a and E, so b-value can easily describe the energy distribution in a single value.
There have been many reports ( Ostapchuk et al., 2016; Riviere et al., 2018; Smith and Dixon, 2019a)on the application

of b-value in AE monitoring of particulate materials.

(5). We also defined Nag as the cumulative number of AE; Eag as the cumulative E; Ky and Kz as the slopes of the Nag
and Eag curves, respectively, during dilatancy; and Rag as the occurrence rate of AE per every 0.005 mm shear

displacement, also known as the AE rate in displacement domain.

4.1.3. Results

Typical mechanical and AE behavior during the whole shear process

Fig. 3 shows typical s - 7 curves with different normal stresses and shear speeds. The shear stress was mainly manifested
as a corresponding “saw-tooth” periodicity, which built up gradually in a linear growth and then rapidly dropped. These
cycles are caused by stick-slip behaviorof granular materials (Johnson et al., 2013; Kocharyan et al., 2017; Leeman et al.,
2016; Scuderi et al., 2017). Since the loading method of constant shear speed is used, the shear displacement is
proportional to the loading time. So, the relatively long-time increase of shear stress is the “stick” event, and the rapid
dropping of shear stress is the “slip” event. With increasing normal stress, Fig. 3(a), the stick-slip phenomenon becomes
more obvious — the period of the stick-slip events increases, and the magnitude of the sudden drop in stress becomes
larger. However, the change of shear speed has little effect on the s - 7 curves, and the period of stick-slip and the magnitude
of the stress drop do not change noticeably (Fig.3(b)). As shown in Fig. 4, Nag and Eag are correlated positively with
normal stress. It can be inferred that higher normal stress makes the contact between the particles closer and the interaction
more intense, resulting in a greater number of AEs occurring during the shearing process. And, higher shear speed will
reduce the time of interaction between particles. As a result, both Nag and Eag will show a decreasing trend when shear

speed is faster.
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Fig. 4 (a) Count of AE for different normal stresses and shear speeds; (b) cumulative AE energy for different shear

speeds and normal stresses;

To investigate the relationship between mechanics and AE behavior, one representative result (from test No. 4) is
illustrated in Fig. 5, which reveals the links between the mechanical (z, sn) and AE (Rag, E, Nag and Eag) features of
shearing sample. From Fig. 5 (a, b, ¢) we can find that the s, decreased initially. That means the sample was compressed
in the beginning time, while both Rag and E were at a low level; Nag and Eag increased slowly. The minimum in sy is
where the porosity was the lowest. Then s, began to increase, meaning that the sample began to dilate. It is worth noting
that each slip event was accompanied by a large change in s, a rapid increase of Rag and a high-energy AE which was
monitored by three individual AE sensors. When s, began to increase, the slopes of Nag and Eag became greater. Both

showed a good linear correlation (Ky = 5.89E+6, R? = 0.999 and Kt = 2.13E+6, R? = 0.997).



Many AEs were detected in each test. The most (test No. 4) detected 134,622 AEs, and the least (test No. 13) detected
8,052 AEs. Fig. 6 shows the AE energy distribution for the entire shear process of test No.4. We can find that low-energy
AEs accounts for the vast majority, and high-energy AEs only accounts for a small proportion. In this case, AE with
energy less than 62 atto] accounted for 90% of all AE events and were evenly distributed; 9% of AE events had energies

of 62-1617 attoJ; only 1% of AE events had energy greater than 1617 attoJ. The maximum AE energy was 30219 attoJ.
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AE features in stick-slip cycle

Stick-slip events are the main form in the particle shear process (Fig. 5 (a)). When the stick-slip event happened, the
mechanical behavior and AE features changed in a cyclical way. So, it is worthwhile to use stick-slip as a research unit
for in-depth analysis. In order to analyze the development process of stick-slip in detail, we divided one cycle into 11
stages (Fig. 7), sl to s11, of which equally divided s1—s10 belong to the stick event and s11 represents the slip event. We
define the stress drop as the change in shear stress from the maximum value in the slip event, denoted by Az, and, we

denote the load time in a stick-slip period as At.

Fig. 8 shows two typical stick-slip events and uses different colors to distinguish each stage. In this way, we can distinguish
and statistically analyze the relationship between mechanics and AE behavior in different stages of stick-slip. In the direct
shear test, since the particles are constrained by the shear box in the shear direction but not in the normal direction, the
change in particle structure is mainly reflected by the normal displacement (s,). From Fig. 8(a) we note that in the stick
event where the stress approximately increases linearly (elastic energy storage), s, only fluctuated slightly, that means the
sample volume fluctuates over a small range during the energy storage stage, in which the particle structure is relatively
stable; however, in the slip event where the stress drops rapidly (energy release), s, underwent a major change (either an
increase or reduction), which means the sample has a large volume change, indicating that the particle structure has been
reorganized, and the force chain between the particles was broken, releasing a large amount of elastic energy. This step-

change behavior implies that drastic changes in the granular structure only occurred during the slip event.

At

Shear Stress (1)

Time ()
Fig. 7 An illustration of stick-slip. The process can be divided into two parts: a linear increase in shear stress (which was

divided into 10 stages of time). The second part is a rapid drop in stress, which occurs in stage 11.

The energy scatter diagram in Fig. 8(b) shows that the energies in stages s1 and s2 are small; while those in s3—s10 are
similar to those for s1 and s2 on the whole, although occasionally there are some AEs with energy greater than 100 attol.
All of the AEs with very high energies happened in s11. The sums of the AE energies in each stage (Ejtage), are shown in
Fig. 8(b); note that Eg. is small in the initial stages. As the shear stress increases, Esage Will fluctuate. In s11, the energy

released by the sudden stress drop is much greater than that released by the other changes in stick event.
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Fig. 8(c) shows Rag in each stage. When a new cycle starts, Rag is at a higher level, occasionally even higher than during
the preceding s11. By the second stage, Rag has returned to a low level. As the stress increases, Rag gradually increases

and fluctuates. When slip occurs, Rag increases sharply.

We calculated the b-value for each stage as shown in Fig. 8(d). In each cycle, the b-value is the largest in sl, and then
gradually decreases, reaching a minimum at s11. Compared with the curve in Fig. 8(b), the peak of the energy curve
always corresponds to the trough of the b-value curve. As shown in Fig. 8(c), in s4 and s6 (marked with red circles), both
Eage and Rag are only slightly different, but the b-value of s6 is noticeably less than the b-value of s4, which means that
there are more AE events with higher energy in s6 than in s4. Thus the b-value can be used to effectively determine the

energy distribution of the AEs (Liu et al., 2017; Riviere et al., 2018).
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Fig. 8 One representative result (two stick-slip cycles from test 4) showing correlations between (a) shear stress (7) and

vertical displacement (sy,), and (b) AE energy (E) scatter plots and the cumulative energy (Esuge) in each stage; (c) AE

rate (Rag), and (d) the b-value in each stage as a function of shear displacement.
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Further, we counted the average of five AE features in each stage for all cycles (Fig. 9) to analyze their changes in stick-
slip. At the beginning of a new cycle, there are more AEs (Fig. 9(a)); the number then quickly decreases before gradually
increasing with increasing shear stress. Because the first ten stages are equally spaced, Nyage and Rag are equivalent.
However, in stage 11, although there are few AEs, Rag is much higher than in the other stages, because of the instantaneous

nature of the slip process (Fig. 7, Fig. 8(c)).

Fig. 9(a, b, c) shows that in s1-s6, Ey, is low, and Ege s mainly related to Nsiage; Nstages Estage, and Em in s7—s10 all show
an increasing trend; in s11 Eguge and En are much higher than in other stages, showing clear maximum. It can be seen
from Fig. 9(d) that the b-value shows a gradual decrease over the entire cycle, indicating that, in a cycle, the distribution
of AE energy gradually shifts to the high-energy region. S1 has the largest proportion of low-energy AEs, while, in s11,
high-energy AEs accounted for the largest proportion. Therefore, as shown in Fig. 8(d), the b-value shows a strong change
between the two cycles. Therefore, the lower the b-value reflects the violent vibration of the sample, that is, the more
unstable the particle structure (Ostapchuk and Morozova, 2020). So, the stability of the structure can be predicted by the
change trend of the b-value. It is worth noting that, in Fig. 9(c) and Fig. 9(e), Em of s1 is similar to that of s2—s10; however,

its RMS is much higher than that of other stages. This difference in RMS is explored further in Fig. 10.
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Fig. 10 RMS-E scatter plots of different stages of test 4

Four types of AE occur in stick-slip

Based on the different distribution of £ and RMS in stick-slip events (Fig. 9), Fig. 10 gives a scatter plot of £ and RMS,
and uses different colors to distinguish the stages of the shear process. It can be seen from Fig. 10 that AEs were distributed
in three different regions. According to the E distribution in Fig. 6, there is a significant change in the slope of the curve
at £=1617 atto]J. Therefore, using E=1617 attoJ as the dividing line, E greater than 1617 attoJ is defined as the high-
energy group accounting for 1%, and £ less than 1617 atto] is defined as the low-energy group accounting for 99%. In
addition, RMS=0.1 V was chosen as the dividing line of the RMS axis. RMS greater than 0.1 is defined as the high-RMS
group, and others are defined as the low-RMS group. So, the E-RMS space is divided into 4 regions with E=1617 attoJ
and RMS=0.1 V: in region A is the low-energy and low-RMS group; region B is the high-energy and low-RMS group;
region C is the low-energy and high-RMS group; and region D is the high-energy and high-RMS group.

Fig. 11 gives the counts of AE in each stage individual the four regions. In region A, AEs occur in every stage. The number
of AEs in this region is far more than the other three regions. So, the distribution shown for region A has a similar shape
to the overall distribution shown in Fig. 9(a). In region B, AEs only occurred in s1 and s11. In fact, in periodic stick-slip
events, sl and s11 are continuous. That means these AEs should occur in continuous stages. In region C, AEs occurred
from s6 and gradually increased in number, reaching a peak at s10; while in region D, AEs only occurred in sl11.
Furthermore, it can be seen from Fig. 12 that in each cycle, the AEs of region B are continuously generated after the
region D signal occurs, and the AEs ID of both regions are continuous. So, AEs of region A must be generated after the
end of region B. Combining Fig. 11 and 12, we can get the time sequence of the four regions AE in stick-slip event

(Fig.13). In terms of time sequence, AEs in region A and C occur before region D, and AEs in region B occur after region
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D; according to the distribution of AE, AEs in region A are a large number of continuous AE events, while the AE of

region B, C, and D are a small number of burst AE events.
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Fig. 16 Time-frequency graphs of typical AE waveforms from the four regions of Fig. 10

Table 2 The means of AE characteristic parameters in different regions of Fig. 10

Region A B C D
E (atto]) 32.79 35.39 262941 23661.89
T (us) 1016.24 1387.01 14607.59 60545.20
a (dB) 46.62 4745 85.19 96.20
RMS (V) 0.0034 0.2047 0.0318 0.2026
1. (kHz) 110.69 93.92 44.33 47.24

Note: E is energy, 7 is duration time, « is amplitude, RMS is root mean square of AE waveform, and f; is average

frequency

Then, we normalized values by their maximums to the range from 0 to 1, and they are shown in Fig.14. From Table 2 and
Fig. 14, we can see that the £, T, and a of AE increase from A to D; conversely, the f, of AE decreases. The RMS in regions
B and D is considerably higher than it is in regions A and C. The AE signals of regions A and B are higher-frequency

waveforms, while those of regions C and D are lower-frequency waveforms.

In the four regions, we select typical AE waveform whose parameters are similar to Table 2 and shown in Fig. 15. Fig. 16
present time-frequency maps of each typical waveform. The spectra in all four regions are concentrated below 200 kHz.
The waveforms and spectral maps from region A have no significant peaks in the time domain, and the amplitude at each
frequency is minimal. In contrast, the waveforms in regions B, C, and D show obvious steep rise and attenuation, and,
high amplitude areas are mainly concentrated around 50 kHz, which is close to the resonance frequency of the AE sensor.

In particular, the amplitude of region D is much higher than other regions.
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4.1.4. Discussion

After the trial, the glass beads were checked and found to be intact, indicating that no particles were broken during the
shear process. It means that all the AEs were generated by the interaction between the particles (Jiang et al., 2017; Zhang
et al., 2020). On the basis of a comprehensive analysis of Figs. 1016, the distributions and waveform characteristics of

the AE in the four regions of Fig. 10 can be classified into four types:

Friction AE signal between particles — Region A

It can be seen from Fig. 15(a) and Fig. 16(a) that the AE waveform in region A is stable with no significant fluctuations.
The AEs of this region are low energy (E), short duration (7)), low RMS and high average frequency (f;), with most AEs
occurring during the stick event where energy was stored. As mentioned earlier, in stick event, there is no significant
change in the particle structure, so the particles are mainly undergoing slight relative movements, from which it is
concluded that this type of AE is a low-energy and short-time friction signal (Akella et al., 2018). AE signal produced by
small local movements of particles and the movement of shear belt particles. Due to the large amount of particle contact
in the specimen under these conditions, there is an extremely large number of such AE events, which explains why most

AEs occur in region A.

Interestingly, as Fig. 9(a) shows, the AEs in sl are higher, at which point the stress of the specimen is at the lowest level
in the stick-slip cycle. Considering the significant volume change in the specimen at each stress drop, sl is a relatively
unstable state after the recombination of the particle structure. As a result, a large number of particles will re-establish
contact (Gao et al., 2019; Hayman et al., 2011) in sl, squeezing and rubbing each other, resulting in a large number of
low energy friction AE. When particles are relatively stable, friction decreases and the number of AEs produced decreases.
Subsequently, with the increase of stress, the contact between particles is closer, the interaction between particles increases,
and the number of AEs generated increases, as seen between s2 and s10. It can be concluded that the incidence of AEs in
region A reflects the overall stability of the particle structure. The more unstable the structure is, the more significant the

friction between particles will be, and the more AEs will be generated.

High-energy AE signal caused by structural failure — Region D

In region D, AEs only occur in the stress-drop process. The energies of these AEs events are much higher than those in
other regions, and each stress drop is associated with a single AE event that is simultaneously detected by all three AE
sensors distributed around the shear box (Fig.1). From this, it can be seen that region D represents high-energy AE events
caused by the sudden release of elastic energy as the internal structure of the sample is reorganized (Michlmayr et al.,
2013). When a slip event happens, the force chain of particle structure established in the stick event will be broken, and
a new force chain will be established in a new cycle. AEs in this region are characterized by a, E, RMS, and T far greater

than those in other regions, and relatively low f.. These AEs in region D are the indicative signals of structural failure.

High-frequency vibration AE signal caused by strong vibration — Region B

In region B, AEs only occur in sl and s11. These two stages are sequential (s1 follows s11). From Fig.12 we can clearly

17



see, in each cycle, the AEs in region B start about 0.05-0.1 s after the AEs in region D occurred, and continues to occur
within time about 0.2-0.4 s. And, they have a high RMS, similar to that found in region D, while 7 is much shorter, a and
E are low, and the high f; is similar to that seen in region A. Although no relevant literature has been found to confirm the
cause of this kind of AE, based on the time sequence and characteristics of its occurrence, we can infer these AEs which
are high-frequency vibration signals caused by high-energy elastic waves released by the sudden stress drop. These AE

signals represent the gradual dissipation of the high-energy elastic wave generated after the stress drops.

Intermediate-energy AE signal caused by local structure failure — Region C

In region C, AEs are only found in s5-s11, and are less numerous. The AE waveforms in regions C and D exhibit similar
bursts (Fig.15(c, d)) and low f;, except that @ and E are much smaller in region C than in region D. It can be concluded
that those AEs that belong in region C are similar those from region D, in that they represent the sudden release of stress
waves inside the specimen. So, the AE data points in region C and D conforms to the same distribution law. However,
there is an obvious discontinuity region between C and D as shown in Fig. 10. This is because the change in shear stress
in region D is much greater than that in region C. That means, the energy in region D is much higher than that in region
C, so there is a large discontinuous region between C and D. Since the stress is not significantly reduced in the energy

storage stage (Fig.8(a)), it is inferred that these stress waves are caused by local particle structure failure in the specimen.

In summary, the four different types of AE occur at different times in stick-slip events (Fig.13). The occurrence of AEs in
region D indicates the overall failure of particle structure. The AEs of regions A and C occur before D, and the AEs of
region B occur after D. Therefore, to predict the failure of particle structure, only the AEs of regions A and C can be used.
For region A, due to the interaction between particles, AEs continuously occurred during the entire shear process. The
greater the AE rate (Rag) represents, the more intense the interaction between particles, and thus the structure will be more
unstable. So, when the Rag increases, it means that the specimen is in a state of gradual instability. It can be used in a
predictive way. And, for region C, AEs are formed by the local failure of the structure before the final failure, which is
similar to the microseismic phenomena observed before an earthquake. Therefore, the appearance of an AE signal in

region C can also be used as an indicator of impending structural failure.

4.1.5 Summary
In this study, a series of direct-shear tests on glass beads was carried out and AE signals were collected to monitor the
shear process. In view of the periodic stick-slip phenomenon of granular materials in the shear process, each stick-slip

event was divided into 11 stages, and the AEs were analyzed statistically. The main conclusions are:

The shearing process produces four main types of AE signals: a low-energy and high-frequency AE generated by friction
between particles, which occurs throughout the shear process, is the major type; the second is higher energy and low-
frequency AE generated by local failure in the specimen; the third is the highest energy and low-frequency AE generated
by overall failure of the specimen; and, the last is low-energy, high-frequency and high-RMS vibration AE caused by the

highest energy elastic wave.
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Periodic stick-slip events are the main manifestation of particle shear. According to the shear stress change curve and the
distributions of different AE energy events, stick-slip can be divided into four parts: (1) The unstable period after the
reorganization of the particle structure. This is mainly manifested in the initial stage of stick-slip, where there are many
unstable initial contacts, and a large number of friction AE events are generated; (2) The reorganized particle structure
reaches a stable state. This process mainly occurs between the second and fourth stages, and is characterized by a
minimum number of AE events, which are mostly low-energy friction AEs; (3) Energy accumulation and local instability.
During the shear stress growth, the interaction between particles increases, resulting in increased friction AEs and local
failure due to the uneven distribution of force chains within the particles. The increase trend of Rag or the appearance of
local failure AE can be used as precursor signals of impending structural failure; (4) Overall failure. The shear stress drops
rapidly, releasing a large amount of elastic energy, the specimen undergoes a large body change, the internal particle

structure is reorganized, and an AE event with much greater energy appears.

The b-value can indicate the intensity of vibration inside the specimen. Therefore, in the shear process, the change of the
incidence of AE signal, the occurrence of medium-to-high energy AE events and the change of b-value can be used to

predict sample instability and for stability analysis.

Higher normal stress makes the contact between particles closer, which increases the number and energy of AEs. Higher

shear speed reduces the interaction time between particles and mainly reduces the number of particle friction AEs.
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4.2 Field monitoring

As the second phase of this study, we installed AE monitoring system in a slowing moving landslide in Nishi-lIkawa area
(hereinafter called Nishi-Ikawa landslide), Tokushima, Japan. The landslide area consists mainly of green schist and
partially of politic schist. Figure 17 present the location of the study area and Figure 18 the plan of this landslide. This
landslide was triggered by the cutting on the lower part of the slope in old landslide mass for the construction of a factory
in 1973. Since then, to clarify the initiation and movement mechanisms of this ladnslide, detailed study had been
conducted through drillings and differernt types of monitoring (Suemine et al, 1980; Suemine, 2004; Araiba adn Suemine
1995; Furuya et al, 2013, among others). The veins of groundwater flow had also been examied by the results of 1-m-
depth ground temperature survey (Fig. 18) in recent years, and more detailed topographic feature had been examined

through LiDAR survey (Fig. 19)(Doshida et al., ).
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Fig. 18. Plan of Nishi-Ikawa landslide area
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Fig. 19. Orthophoto of Nishi-Ikawa area (courtesy of Dr. Doshida Shoji at National Research Institute of Fire and

Disaster, Japan)

To catch the possible AE signals, we inserted stainless steel rod (5 m long with a diameter of 20 mm) into a borehole and
fulfilled the space between the stell rod and boring pipe by sand. We attached an AE sensor to the end of the rod exposed
on the ground, and then recorded the signals fromt the AE sensor. Fig. 20 gives a schematic illustration of the monitoring
system. It is noted that we planed to make continious monitoring, but due to the limitation in the budget, we used a
dataloger that was bought before for the laboratoy experimental work in Disaster Prevention Research Institute, Kyoto
University, and made short time monitoring evry time when we had the field trip in Nishi-Ikawa landslide area.
Unforturnately, we failed to distinguish any AE signals from the recorded limited data. Nevertheless, we bought a AE
dataloger and will install it in the monitoring systema to conduct continious monitoring. We hope that we can report the

data and results in future with progress of the monitoring.
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Fig.20. Schematic image of the field monitoring system including AE sensor and seismometer.
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As the third phase, we installed an inclinometer and a seismometer on Nishi-lkawa landslide in March, 2023,
inclinometer with a resolution of 0.002°/mV was inserted into the ground to a depth of about 2 m. Both the seismometer
and inclinometer have been recorded continuously at a sampling frequency of 100 Hz. Therefore, we obtained a huge
amount of data. Now detailed analysis on these data are on going, and we hope to be able to report the data soon. Further,
to examine the creeping behavior of Nishi-lkawa landslide, we conducted model tests and examine the piston flow of

ground water, and the results had been reported in A7 4% ft1(2023).
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Finally, it is noted that this report is mainly based on the publications mentioned above. The contents of Section 3.2 are
from the draft submitted for possible publication. A more detailed analysis of the results obtained by the study presented
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