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A new prediction method for the occurrence
of landslides based on the time history
of tilting of the slope surface

Abstract In recent decades, early warning systems using tilt sensors to
predict the occurrence of landslides have been developed and employed
in slope monitoring due to the simple installation and low cost of these
systems. However, few studies were carried out to investigate the tilting
behaviors of landslides, and the prediction methods for the occurrence
of slope failure based on tilting measurements also demand detailed
investigations. In this paper, pre-failure tilting behaviors of slopes were
investigated by performing a series of model tests as well as a field test.
The test results reveal a linear relationship between the reciprocal tilting
rate and time during the acceleration stage of tilting before slope failure.
Furthermore, an equation for this linear relation was also proposed. By
approximating the reciprocal tilting rate to be 0/o, the slope failure time
can be forecasted using the proposed equation, and the predicted failure
time is consistent with the actual slope failure time recorded in this
study. Additionally, the correlation between the tilting rate and remain-
ing time before slope failure in logarithmic space was also studied, and
most of the data is situated in a region with boundaries. Based on this
region, it is possible to anticipate the remaining time before slope failure
at an arbitrary tilting rate in the acceleration stage. Conclusively, this
paper provides comprehensive investigations on the correlation be-
tween the pre-failure tilting behaviors and duration time before land-
slides, and also introduces a method to potentially predict the
occurrence of slope failure based on the slope tilting measurement.

Keywords Tilting behaviors . Slope failure . Accelerating stage of
tilting . Tilting rate . Duration time

Introduction
Non-seismically triggered landslides have induced serious
losses of properties and human lives, for example at least
4718 recorded deaths and nearly $980 million were caused
by landslides during the period from 2004 to 2016 (Petley
2012; Zhang and Huang 2018). To reduce the number of
fatalities and economic losses associated with landslides,
low-cost early warning systems for slope failure have been
developed in recent decades, and considered as promising
approaches to mitigate the losses induced by landslides
(Intrieri et al. 2012; Uchimura et al. 2015; Dixon et al. 2018).

The landslide prediction is a complex task, and longstanding
effort has been made to increase the confidence of predictions
(Saito 1969; Fukuzono 1985; Federico et al. 2015; Manconi and
Giordan 2016; Intrieri and Gigli 2016; Intrieri et al. 2019). Some
real-time early warning systems were proposed to issue the warn-
ing for landslides during the storm by utilizing the correlation
between the rainfall intensity and risks of landslides (Keefer et al.

1987; Okada 2001; Kuramoto et al. 2005; Osanai et al. 2010). These
real-time early warning systems work well to evaluate the likeli-
hood of potential landslides in a region, but they are not effective
to predict the slope failure of an individual slope within the region.
Additionally, some other early warning systems were also devel-
oped using Soil Moisture Index (SMI), which has been adopted as
an indication for early warning by Japanese local governments
since 2008 (Ishihara and Kobatake 1979; Okada 2001; Osanai
et al. 2010). However, these systems are not applicable to anticipate
the occurrence of landslides due to the abstruse relationship be-
tween the soil moisture content and stability of slopes.

The typical early warning systems of landslides are based on the
displacement measurement at slope surfaces (Angeli et al. 2000;
Petley et al. 2005; Intrieri et al. 2012). Some landslide forecasting
methods for these monitoring systems were also developed, which
were deduced from the relationship between the displacement rate
or reciprocal displacement rate and duration time in the acceler-
ating stage before the slope failure (Saito 1969, 1987; Fukuzono
1985; Voight 1988, 1989; Petley et al. 2002; Okamoto et al. 2004;
Mufundirwa et al. 2010; Hao et al. 2016; Carlà et al. 2017). The
general expression for these methods can be given as (Fukuzono
1985)

1
v
¼ a∙ a−1ð Þ½ � 1

α−1 t f−t
� � 1

α−1 ð1Þ

Where 1
v means the reciprocal displacement rate.a and α are

constant parameters. It was reported that the value of α in Eq. 1 is
close to 2 (Saito 1969; Voight 1989). t in this equation represents
time, while tf is the slope failure time at which the displacement
rate becomes infinite.

The landslide forecasting methods using Eq. 1 based on surface
displacement measurements have been validated by laboratory tests
and some field events (Fukuzono 1985; Petley et al. 2002; Mufundirwa
et al. 2010; Carlà et al. 2017; Intrieri et al. 2019). However, limitations
associatedwith these techniques are also existing, such as the complexity
in installation andmaintenance of thesemonitoring systems (Uchimura
et al. 2015; Smethurst et al. 2017).

Some researchers also developed the slope early warning sys-
tems with the measurement of acoustic emission generated by
deforming soil (Koerner et al. 1981; Rouse et al. 1991; Smith et al.
2014; Dixon et al. 2018). Waveguides are typically employed in
these systems to mitigate the attenuation of acoustic emissions
in propagation, and granular backfill materials are placed around
the waveguides to generate the acoustic emissions when slopes
deform. However, the effectiveness of these systems in landslide
prediction is still under investigation.
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In recent years, with the development of microelectronic tech-
niques, new early warning systems using MEMS (Micro Electro
Mechanical Systems) technology were proposed to estimate the
risk of slope failure by observing the tilting behaviors at the slope
surface in unstable parts of slopes (Towhata et al. 2005; Uchimura
et al. 2010; Dikshit et al. 2018). Although the tilting measurement
systems have been used in some field events because of the simple
installation and low cost (Voight 1988; García et al. 2010; Uchimura
et al. 2015; Xie et al. 2019), detailed investigations on the landslide

prediction methods based on tilting measurements at slope sur-
faces were rarely performed.

In this paper, comprehensive investigations on the tilting be-
haviors of landslides, and the method to predict the occurrence of
slope failure using tilting measurements at slope surfaces, were
carried out by performing a series of laboratory model tests as well
as a field test. Two typical small scale laboratory tests were con-
ducted under different testing conditions, and the slope failure in
these two model tests was induced by applying constant artificial
rainfall. In Model Test 1, tilt sensors were installed in the slope with
a pre-defined circular slip surface to detect the tilting behaviors at
the slope surface in rotational landslides. The slope model in
Model Test 2 was comprised of two layers with different dry
density, and tilt sensors together with long rods were employed
in this test to measure the tilting behaviors in shallow landslides
with a planar slip surface. In addition, a big scale model test was
also carried out, in which the slope failure was triggered by water
infiltration from the back of the slope. The tilting behaviors of the
slope were measured by tilt sensors with the length of 20 cm
installed in the slope. Furthermore, a field test was performed on
a natural slope, and the slope failure in this field test was also
triggered by applying constant rainfall. The tilting behaviors of the
unstable part in this field test were recorded by the tilt sensor
attached to a short rod with a length of 7 cm. In all of these tests,
the tilting behaviors of slopes along the slope direction were
monitored by the tilt sensors which were connected to a data
logger for continuous data recording. The frequency for data
sampling in Model Test 1, Model Test 2 and the field test was
1 Hz, while that in Model Test 3 was 1/60 Hz.
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Methodology and materials
To examine the tilting behaviors of different types of landslides, three
typical types of laboratory model tests and a field test were carried out.

Laboratory model tests

Model test 1
In this model test, the slope model was built in a rectangular box, sized
1165 mm in length, 450 mm in width, and 380 mm in height. This slope
model was comprised of a base layer and a surface layer, which was
made of Silica sand # 7 (Fig. 1) with different dry density (1.60 g/cm3 for
the base layer and 1.32 g/cm3 for the surface layer). The Gs of Silica sand
#7 was 2.63 determined by the Density Bottle Method according to
Japanese Standards. The permeability of the surface layer was
1.06 × 10−2 cm/s and it was 4.5 × 10−3 cm/s in the base layer. The
schematic illustration for the cross section of the slope model and the
arrangement of apparatuses employed in this test are presented in Fig. 2.
When making the base layer, the sand with a water content of 10% was
compacted to the designed dry density of 1.60 g/cm3 which approxi-
mates to the maximum dry density. Afterwards, the base layer was
carved into a pre-defined shape to construct the sliding surface. The
pre-defined shape was curvilinear and consisted of two circular parts
with different radii, 400mm in the upper part and 600mm in the lower
part respectively (Fig. 2). Subsequently, the surface layer was built on the
base layer with a polythene sheet placed between them performing as
the pre-defined slip surface of the slope model due to the fact that the
polythene sheet can reduce friction and restrict water flow. After build-
ing the slopemodel, two tilt sensors (T1 and T2) as shown in Fig. 2, were
buried in the slope with the depth of 3 cm to measure the tilting

behaviors of the slope. Details for T1 and T2 are provided in Fig. 2. In
next step, the slope model was tilted to an angle of 40o using the lifting
chain fixed at one end of the container, and then artificial rainfall was
applied with a constant rainfall intensity of 70mm/h to induce the slope
failure.

Model test 2
The illustration of this test and the arrangement of the instruments
are presented in Fig. 3. As shown in Fig. 3, the slope model
consisted of the base layer and surface layer, which were made of
Edosaki Sand procured from a natural slope in Ibaraki Prefecture
of Japan (Fig. 1). The Gs of this sand was 2.68, and the permeability
for the surface layer was 4.70 × 10−3 cm/s while that for the base
layer was less than 1 × 10−3 cm/s. The base layer of the slope model
was made of Edosaki sand with a water content of 14.6%, and the
dry density in this layer was about 1.70 g/cm3 close to the maxi-
mum dry density of this material. Compared with the base layer,
the surface layer was built with looser dry density around 1.25 g/
cm3, and the initial water content in this layer was 10%. The
thickness of the surface layer was 100 mm with the inclination of
36o. Five tilt sensors were inserted into the surface layer, and the
interval between these tilt sensors was 100 mm at horizontal
direction as shown in Fig. 3. In this test, the slope failure was also
induced by applying artificial rainfall with the constant rainfall
intensity of 70 mm/h.

Model test 3
Abig scalemodel test was conducted at PublicWorks Research Institute
(PWRI), Tsukuba, Japan. The model slope was made of the mountain
sand with a dry density of 1.39 g/cm3, and the permeability of the slope
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was 5 × 10−2 cm/s. The particle size distribution of the mountain sand is
presented in Fig. 1. The slope model had a gradient of 2:1, and the
size was 2.4 m in length, 3.8 m in width and 1.2 m in height as
shown in Fig. 4. The main part of the slope model was built on a
base, of which the permeability was 5 × 10−3 cm/s, while the toe of
the slope model was located on a layer made of loam with the
permeability of 5 × 10−6 cm/s. There was a water tank filled with

water set at the back of the slope model to reproduce the situa-
tion of a river with a constant water level. On the crest of the
slope, water proof sheets were placed. Four tilt sensors were
installed in this slope model with the length of 0.2 m, and the
exact locations of these sensors are indicated in Fig. 4a and Fig.
4b. In this model test, the slope failure was caused by the water
infiltration from the back of the slope.
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A field test
A field test was also performed on a natural slope in Baise city of
Guangxi province, China (Fig. 5). The natural slope was comprised of
weakly expansive clay and the particle size distribution of thematerial is
provided in Fig. 1. The slope angle was around 40o, and the high slope
stability at such a steep anglewas attributed to the strong structure of the
expansive clay. A trench was excavated at the toe of the slope with a
depth of 0.2 m to make the slope easier to collapse. Six tilt sensors with
different lengths were installed in the slope as shown in Fig. 6. After the
installation of tilt sensors, artificial rainfall was applied with a constant
rainfall intensity of 21 mm/h, and the major failure occurred in the
middle part of the slope four hours later.

Test results

Results of model test 1
In this test, the slope failure was triggered by applying artificial rainfall,
and the slope slid along the pre-defined slip surface. The tilt sensors, T1
and T2, which were installed in the surface layer above the slip surface,
tilted backward when the slope was sliding. In this study, if the tilt
sensors tilt backward, positive tilting angles could be observed. Images
of the slope before and after the slope failure are presented in Fig. 7.
Figure 8 shows the time history of tilting measured by T1 and T2. As
shown in Fig. 8, prior to the slope failure, an accelerating stage of tilting
is indicatedwith the duration time of 7min. In addition, the relationship
between the reciprocal tilting rate and the time is presented in Fig. 9. The
method for the calculation of the reciprocal tilting rate is provided in
Appendix of this paper. Figure 9 reveals linear relationships between the
inverse number of the tilting rate and time, and the fitting lines for the
linear relationships are also indicated in this figure. Accordingly, the
slope failure time can be predicted using the fitting line of T1 and T2
when the reciprocal tilting rate becomes 0 min/ o. The predicted slope
failure time calculated by utilizing the fitting line of T1 and T2, is
47.37 min and 47.47 min respectively, which is noticeably comparable
to the actual failure time of the slope in this test, 47.28 min as shown in
Fig. 9.

Results of model test 2
The slope failure of Model Test 2 was also induced by applying artificial
rainfall with the rainfall intensity of 70 mm/h. Figure 10 shows the
images of the slope model before and after the landslip. The failure

process of the slope in this test is indicated in Fig. 3. As shown in Fig. 3,
the slope failure began at the bottom part of the slope before the second
failure occurred, and the tilting behaviors of the slope in the first failure
was recorded by tilt sensor T5 together with a rod reaching to the depth
of the slip surface. After the first failure, the remaining part collapsed
subsequently. The tilting behaviors of the slope in this progressive slope
failure measured by tilt sensors are presented in Fig. 11. As shown in
Fig. 11(b), an accelerating stage of tilting was first detected by T5, and
then measured by T4 and T3. The tilting behaviors of the slope mea-
sured by T1 and T2 located in the upper part of the slope, were
influenced by the deposition of the failed soil at the lower part as shown

Fig. 5 The image of the testing slope in the field test
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in Fig. 10(b). Correlations between the inverse number of the tilting rate
and time in the acceleration stage of tilting measured by T5, T4 and T3
are indicated in Fig. 12. Linear relations between the reciprocal tilting
rate and time are revealed, and the fitting lines for these line relations are
also presented in this figure. The slope failure time was computed by
using the fitting line of T5, T4 and T3 when the reciprocal tilting rate
becomes 0 min/o, which is 46.33 min, 47.17 min and 46.57 min respec-
tively. Although the slope failure time forecasted based on the data of T3
and T4 is also close to the actual failure time of the first slope failure
(46.58min), the authors suggest to predict the occurrence of landslips in
the progressive failure process, using the monitoring data from first

slope failure (the data of T5 in this study) on the conservative side.
Furthermore, the tilting behavior measured by T5 is more reliable than
that measured by T4 and T3, which might be influenced by the depo-
sition of the failed part from the first slope failure.

Results of model test 3
Progressive slope failure also occurred in this test with multiple slip
surfaces, which was triggered by water infiltration from the back of
the slope as shown in Fig. 4. Figure 13 indicates the images of the
slope model before and after the failure, while the time history of
tilting of the slope surface measured by tilt sensors is presented in
Fig. 14. The slope failure began at the toe of the slope where tilt sensor

(a)
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Fig. 7 Images of Model Test 1: (a) The image of the slope before failure, (b) The
image of the slope after failure
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T1 was installed. Subsequently, tilt sensor T3 tilted down suddenly
since the local failure occurred at the vicinity of T3. There is no clear
accelerating stage indicated in the time history of tilting measured by
tilt sensors T2 and T4, beacause of the influence caused by the
deposition of the failed part at the lower part of the slope. The
initiation of the progressive slope failure in this test was detected
by tilt sensor T1, which tilted forward when the slope was sliding. The
time history of tilting measured by T1 is presented in Fig. 15, and a
clear accelerating stage of tilting is implied before the first slope
failure. The relationship between the inverse number of the tilting
rate and time in the acceleration stage before slope failure is pre-
sented in Fig. 16. A linear trend is revealed in this figure regardless of
a deviated point caused by data noises. The predicted slope failure
time based on the data of T1 is around 154 min, consistent with the
actual failure time of the first slope failure, 155 min.

Results of the field test
The slope failure in the field test was caused by applying artificial
rainfall with the rainfall intensity of 21 mm/h. The major failure
occurred in the middle part of the natural slope where tilt sensor

T3 together with a rod of 7 cm was installed. The failed part slid
along the slip surface with a depth of 23 cm as shown in Fig. 6(a).
The images of the slope before and after the failure are provided in
Fig. 17, while Fig. 18 shows the cumulative tilting angle measured
by tilt sensors, and an acceleration stage was detected by T3
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located in the failed part. T3 tilted backward when the slope was
sliding, and the result is implied in Fig. 18. Figure 19 reveals the
relationship between the reciprocal tilting rate and time in the
acceleration stage of tilting before the slope failure, and a linear
trend is also indicated in this figure, consistent with the test results
mentioned before. The predicted failure time was calculated based
on the fitting line of T3 as shown in Fig. 19, which is 243.54 min
coinciding with the actual slope failure time, 243.33 min.

Discussions
The tilt sensors in Model Test 1, T1 and T2, which were set in
the surface layer above the slip surface as shown in Fig. 2,
tilted backward when the slope was sliding, and positive
tilting angles were obtained (Fig. 8). On the other hand, the
tilt sensors in Model Test 2, together with a rod reaching the
depth of the slip surface (Fig. 3), tilted forward during the
slope sliding, and negative tilting angles were observed as
indicated in Fig. 11. In addition, similar to the results in
Model Test 2, tilt sensor T1 with the length of 200 mm

installed at the lower part of the slope in Model Test 3, also
tilted forward, and the depth of the slip surface near T1 was
less than 200 mm as shown in Fig. 20. In the field test, the
major failure occurred in the middle part of the test slope,
and the depth of the slip surface is around 230 mm. The pre-
failure tilting behaviors of the sliding mass were detected by
tilt sensor T3 which was attached to a rod of 70 mm. The test
results as shown in Fig. 18 imply that T3 also tilted backward
when the slope was sliding, consistent with the results re-
vealed in Model Test 1.

The results in Model Test 1 and the field test indicate that the tilt
sensors, which were located above the slip surface of the landslips with
rotational components, moved together with the unstable mass and
tilted backward when the slopes were sliding. On the other hand, the
results in Model Test 2 and Model Test 3 imply that the tilt sensors
together with rods reaching the depth of slip surface tilted forward, and
this tilting behavior was caused by the thrust of themovingmass during
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the slope sliding. Additionally, the results in Model Test 2 and Model
Test 3 also reveal that the progressive slope failure in these tests began at
the lower part of the failedmasses as shown in Fig. 3 and Fig. 4. The pre-
failure behaviors of these landslips could be detected by the tilt sensors
with rods installed at the lower part of moving masses.

Furthermore, a linear correlation between the reciprocal
tilting rate and time in the acceleration stage of tilting was
observed in this study. The equation for the linear correlation
was also proposed, which can be written as

dt
dθj j ¼

−t
B

þ t f
B

ð2Þ

Where dt
dθj j is the inverse number of tilting rates, and t

means time. B is the angular coefficient derived from the
linear relation between the reciprocal tilting rate and time. tf
represents the slope failure time, at which the reciprocal
tilting rate is assumed to be 0 min/o ( dt

dθj j ¼ 0).

In this study, Eq. (2) was validated by three typical model tests
as well as a field test, and the test results are indicated in Fig. 9,
Fig. 12, Fig. 16 and Fig. 19 respectively. These test results imply that
the predicted failure time for the occurrence of landslides
approached by Eq. (2) is consistent with the actual slope failure
time in this study. Moreover, Eq. (2) shows a similar form to the
landslide prediction methods based on surface displacement mea-
surements as shown in Eq. (1) when α becomes 2 (Saito 1969;
Fukuzono 1985; Voight 1988). The correlation between the land-
slide prediction method using tilting measurements at slope sur-
faces, and the forecasting method based on the slope surface
displacement monitoring, has been rarely studied, and further
researches should be carried out in the future.

Additionally, the relationship between the tilting rate and dura-
tion remaining in the acceleration stage of tilting before slope failure
was also investigated in this study. The physical meaning of the
tilting angle rate and the duration time before the slope failure are
presented in Fig. 21. As shown in Fig. 21, the tilting angle rate at tij is
dθ
dt

� �
ij, which can be calculated following the method introduced in

Appendix of this study, and the corresponding duration time before
the slope failure is defined as the time difference between the slope
failure time tf and the time tij, which is expressed as tf − tij as shown
in Fig. 21.

According to Eq. (2), the relationship between the tilting rate
and duration time before the slope failure can be written as

dθj j
dt

∙ t f−t
� � ¼ B

0 ð3Þ

Where dθj j
dt is the absolute value of the tilting rate, and tf − t is the

duration time. B′ is a constant parameter. Theoretically, the value
of B′ should be equal to the value of B introduced in Eq. (2).

Additionally, in logarithmic space, Eq. (3) can be rewritten
asEquation ID=t=t b 15pt

log t f−t
� � ¼ −log

dθj j
dt

� �
þ logB

0 ð4Þ

The authors plotted the tilting rate against the duration time in
logarithmic space as shown in Fig. 22, and the data in this figure

were derived from the tests presented in this study. Figure 22
reveals that the duration time decreases with the increase of the
tilting rate, and it also implies a linear trend between the tilting rate
and duration time in logarithmic space. The relation for this linear
trend based on Eq. (4) is also presented in Fig. 22, and the coeffi-
cient of determination (R2) is 0.81. The expression for the relation is
given asEquation ID=t=t

log tr−tð Þ ¼ −log
dθj j
dt

� �
þ 0:30 ð5Þ

This fitting result gives the validation of Eq. (4). Addition-
ally, Fig. 22 also indicates that most data is situated in a
region with clear boundaries. In this study, the region was
defined to contain 95% of the data sets, and the formulas for
the boundaries of this region can be given asEquation ID=t=t
b 10pt

log tr−tð Þ ¼ −log
dθj j
dt

� �
þ 0:30� 0:60 ð6Þ

Equation (6) can be considered as a potential method to eval-
uate the duration time within a range at an arbitrary tilting rate in
the pre-failure stage. With the increase of data volumes, the pre-
cision of the formulas presented in Fig. 22 can be improved, as well
as the confidence in evaluation of the duration time at any specific

value of dθj j
dt .

Conclusions
In this paper, the pre-failure tilting behaviors of slopes before
slope failure were investigated by performing a series of model
tests and a field test. Detailed investigations on the prediction
method for the occurrence of landslides based on the tilting
monitoring at slope surfaces were also carried out. The major
findings of this study are presented as follows,

1) The tilt sensor located above the slip surface of the land-
slides with rotational components, tilted backward when
the slope was sliding, while the tilt sensor together with a
rod reaching the slip surface of slopes tilted forward in
the failure process.

2) Based on the results of this study, the initiation of the pro-
gressive slope failure can be detected by using tilt sensors with
rods installed at the lower part of moving masses.

3) A linear relationship between the reciprocal tilting rate and time in
the acceleration stage of tilting at the slope surface was observed in
this study, and the equation for this linear relationship was also
proposed as shown in Eq. (2). The failure time for the occurrence of
the slope failure can be forecasted using Eq. (2) by assuming that the
inverse number of the tilting rate becomes 0 min/o.

4) A linear trend between the tilting rate and duration time before
slope failure in logarithmic space was detected, and the expres-
sion for this linear trend is given as Eq. (4).

5) The authors also provided a potential method to evaluate the
duration time within a range at any arbitrary tilting rate in the
acceleration stage by using Eq. (6) in this study.>

Original Paper

Landslides 17 & (2020)310



Acknowledgements

This research was supported by Chinese Scholarship Council
(CSC,Grant No.201506370052) for PhD studies of the first author,
and the Grants-in-Aid for Scientific Research of the Japan Society
for the Promotion of Science (JSPS), Core-to-Core Program B (No.
16H04407).

Appendix
1) The method for the calculation of tilting rates>

In this study, the data series for analyzing were selected with an
interval of 1° in the accelerating stage before slope failure consid-
ering the influence of noises as well as the fluctuation of the
monitoring data which is close to 1o. As shown in Fig. 23, the
tilting rate can be approximated using the following equation

dθ
dt

� �
ij
¼ dθ

tij−tij−1
� � ij ¼ i1; i2; ⋯; inð Þ ðA� 1Þ

Where tij and tij − 1 represent time, and dθ means the increment
of tilting angles during the periord from tij − 1 to tij, in this study,
dθ = 1°. dθ

dt

� �
ij is the tilting rate at time tij.

Then the reciprocal tilting rate can be expressed as

dt
dθ

� �
ij
¼ tij−tij−1

� �
dθ

ij ¼ i1; i2; ⋯; inð Þ ðA� 2Þ
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