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Abstract: Mine slope landslides seriously threaten the safety of people’s lives and property in mining
areas. Landslide prediction is an effective way to reduce losses due to such disasters. In recent
years, micro-deformation monitoring radar has been widely used in mine slope landslide monitoring.
However, traditional landslide prediction methods are not able to make full use of the diversified
monitoring data from these radars. This paper proposes a landslide time prediction method based on
the time series monitoring data of micro-deformation monitoring radar. Specifically, deformation
displacement, coherence and deformation volume, and the parametric degree of deformation (DOD)
are calculated and combined with the use of the tangent angle method. Finally, the effectiveness of
the method is verified by using measured data of a landslide in a mining area. The experimental
results show that our proposed method can be used to identify the characteristics of an imminent
sliding slope and landslide in advance, providing monitoring personnel with more reliable landslide
prediction results.

Keywords: landslide prediction; deformation monitoring; micro-deformation monitoring radar; coherence

1. Introduction

As one of the most harmful natural disasters in the world, landslides can cause drastic
loss of life and property every year [1-4]. In recent years, open-pit mining engineering
activities have been expanding on a large scale along with the rapid development of mining
technology and the continuous growth in global raw material demand, resulting in a
sharp increase in the number of high and steep slopes in mining areas [5-8]. According
to incomplete statistics, there are currently 10,100 non-coal metal mines and 73,548 non-
metallic mines in China, and from 2001 to 2007, there were 1951 landslide accidents in
metal and non-metal open-pit mines, with 3065 casualties [9-12]. The potential safety
hazards on the rock slopes of open-pit mines represent the core problem of mine safety
production. Accordingly, in 2018, China put forward the idea of “establishing an efficient
and scientific natural disaster defense system and improving the ability of the whole society
to prevent and control natural disasters” to achieve early identification, monitoring, and
early warning of major geological disasters. In the future, organic collaborative means of
air-space—-ground monitoring will be used to ensure the safe production of mines [13-15].

The slopes of open-pit mining areas are so steep and abrupt that they can be rather dan-
gerous to even observe. Large-scale and long-term real-time monitoring cannot be achieved
using traditional slope measurement technologies such as GPS and total station, and it is
also difficult to reflect the overall trend of slope deformation [16-21]. With the advancement
of science and technology, micro-deformation monitoring radar has been widely used in
open-pit mine slope landslide monitoring. It is capable of long-distance and all-weather
real-time monitoring, using the phase change of electromagnetic waves to obtain the overall
deformation information of the target area. As a result, it has attracted extensive attention
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worldwide [22-29]. In addition, coherence of the target deformation area can also be ob-
tained using micro-deformation monitoring radar. A significant difference in the coherence
of the target at two different times means that the target has a large deformation. The
coherence will be reduced by rainfall, snowfall, and other factors, so good coherence is an
important prerequisite for obtaining the deformation value [29-32]. In general, coherence
gives an important and valuable reference and implication for deformation.

Since the 1960s, many scholars have carried out a series of studies on landslide
prediction, wherein the Saito model, Fukuzono model, and Voight model are typical
representatives of creep theory. They are suitable for short-term landslide prediction and
temporary slip prediction [33-37] but are limited to gravity-type landslides only. Due to
the complex failure mechanism of slopes, nonlinear models such as neural network models
and collaborative prediction models always result in differences from the actual slope
system [38—40]. In addition, Xu Qiang used the improved tangential angle method as an
important indicator in early warning for landslides and achieved good results [41-43]. The
existing methods can barely make the best of diverse data obtained by micro-deformation
monitoring radar, despite its wide application. So, to take full advantage of these data, there
is an urgent need to find a landslide prediction method suitable for micro-deformation
monitoring radar.

In addition, the setting of the slope threshold is one of the key steps in landslide
prediction. Once the corresponding parameters of a slope exceed the threshold, it is
considered to be at risk of collapse. The early warning value is adjusted and continuously
optimized in the process of data accumulation and application through the initially set
empirical value so as to slowly approach the best early warning threshold applicable to
different types of slopes [44]. However, the setting of the early warning value is not static,
and there is no absolute universal early warning value. The traditional strategy usually uses
a single threshold setting for early warning, which can be susceptible to the environment
and other factors, resulting in false early warning.

In summary, based on the time series monitoring data of mine slopes obtained by
micro-deformation monitoring radar, the degree of deformation (DOD) was calculated
in this study by applying parameters such as deformation displacement, coherence, and
deformation volume. Then, a comprehensive landslide early warning method combining
the multi-threshold criterion and tangent angle was proposed. The effectiveness of the
method in realizing early warning of slope landslides is verified through measured data.

2. Study Area

The experimental site, located in the northwest of China, is an open-pit mine on the
slope of the low and middle part of the Altai Mountains. The altitude of the open-air
stope is 1000~1300 m. The site is 1.2 km long in the northwest-southeast direction and
0.7 km long in the northeast-southwest direction; the terrain is high in the north and low
in the east and south, with a relative height difference of 50~300 m; the bedrock slope was
formed after the exploitation of the open-pit mine with the destruction of original terrain
and landform. Accordingly, multiple platforms with noticeable elevation differences occur,
leading to undulating terrain. Figure 1 shows a panorama of the open-pit mine from the
radar perspective.

Geologically, the lithology of the study area can be divided into five categories: gneiss,
schist, granulite, marble, and amphibolite. The rock mass inside the slope is relatively
complete, and the integrity of the rock mass from the surface to the deep part gradually
increases, except for the inner part of the slope due to the structural fracture zone caused by
fragmentation of the rock mass, whereas the remaining rock masses are relatively complete
and hard rock masses.
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Figure 1. Open-pit mine slope from the radar perspective.

In this experiment, linear scanning micro-deformation monitoring radar was used for
monitoring; the radar operates in the Ku band, with an azimuth resolution of 0.3° and a
distance resolution of 0.2 m (Figure 2). The monitoring period was from 0:00 on 18 April
2021 to 10:00 a.m. on 21 April 2021, and a total of 225 radar images were acquired. A radar
image obtained by the micro-deformation monitoring radar is shown in Figure 3. Since the
monitoring scenes are mostly rock structures with strong scattering, the imaging results are
fairly clear.

Figure 2. (a) micro-deformation monitoring radar protection device; (b) micro-deformation monitoring radar.
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Figure 3. Radar image of monitored scene.
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3. Method

In the 1960s, Saito proposed a landslide prediction model based on creep theory after
a large number of landslide experiments, as shown in Figure 4, which divides the landslide
process into three stages, and slope instability often occurs in the third stage, namely the
accelerated deformation stage. In 2009, Xu Qiang proposed the early warning criterion of a
tangent angle landslide based on the three-stage evolution characteristics of the Saito model
curve, and the dimensions of the longitudinal and horizontal coordinates of the displace-
ment time curve were found to be consistent through coordinate transformation [41,45];
the expression of the improved tangent angle is as follows:

a = arctan(V/V,) 1

where V is the actual deformation rate of the landslide and V,, is the deformation rate of
the uniform speed deformation stage of the landslide. When the tangent angle is greater
than 45°, it marks the beginning of the landslide in the accelerated deformation stage, and
the closer the tangent angle is to 90°, the closer the occurrence of a landslide (Figure 5).
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Figure 5. Tangent angle model.
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3.1. Forecast Process

The flow chart of slope landslide prediction proposed in this paper is shown in
Figure 6. First, all pixels of radar data are traversed, and deformed pixels are filtered out
according to the cumulative deformation displacement threshold and deformation velocity
threshold. Then, the filtered pixels are then connected by a connectivity algorithm to obtain
multiple connected areas. When the deformation area is determined, the DOD (degree of
deformation) of the target area is obtained by calculating the area, volume, and average
coherence of the deformation area. Finally, the new tangent angle warning criterion is used
in landslide prediction.

Acquire radar data

Traverse all pixel point

D>Td || V>Tv Pixels are stable

YES

Connect filtered pixels using
connectivity algorithm

Calculate area,volume and the
average coherence of deformation
region

Calculate DOD

Calculate the tangent angle curve of
DOD

Predict Landslide

Figure 6. Flowchart of the landslide prediction method.

3.2. DOD

The azimuth resolution of the micro-deformation monitoring radar is expressed by
the azimuth, which leads to an uneven size for the actual terrain corresponding to each
pixel of the radar data. The farther the distance, the larger the pixel area. The pixel area can
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be calculated by the azimuth resolution, range resolution, and range sampling position of
the micro-deformation monitoring radar [30]:

Ssingte = 5 ([1B+R)> = [(n —=1)p+ R* ) = anp?+apR — 72 @

where S0 is the area of a single pixel, « is the azimuth resolution, f is the range resolution,
n is the sampling position of the corresponding pixel in the range direction, and R is the
radar monitoring close distance.

During the long-term monitoring process, the data may fluctuate due to certain
uncontrollable factors in the monitoring environment, such as human activities, local
vibrations caused by construction, and the noise of the system itself. If only a single pixel is
used for region identification, pixels that fluctuate in value due to interference are mistaken
for distorted pixels. Landslides, on the other hand, usually require a large deformation
area to a certain extent and not just a few isolated pixels. In this paper, pixels are filtered
according to the deformation velocity threshold T, and cumulative displacement threshold
T;. The identified pixels are connected through the connectivity algorithm to identify
the sensitive areas that need to be focused on. The landslide warning under multiple
thresholds can have a good effect and avoid single-point false warnings. Not only should
the actual situation of the monitoring site, including the influence of topography, landform,
and human factors, be considered for the setting of the threshold, but also it needs to be
continuously adjusted in the process of data collection. The area of the deformation area is
the area of the contained pixels, and the deformation volume is calculated as follows:

N

Bo = Y (DagonxSn) ®

n=1

where By is the deformation volume, Dg, , is the deformation value corresponding to
the n'" pixel, S, is the area of the nth pixel, and N is the total number of pixels in the
deformation area.

The micro-deformation monitoring radar can obtain the coherence of the target, which
is the similarity of the observation results of the target at two different times [46]. If the
target does not change between two echoes, the target coherence is 1. If the coherence
reaches 0, the target is completely incoherent. When the wavelength, angle of incidence, and
time baseline of the radar are constant, there is a nonlinear inverse relationship between the
deformation velocity and the coherence [32,47]. Qi Lin also demonstrated this conclusion
through simulation [30]. The coherence is calculated as follows:

n
Y A2Ay exp (z [—‘%AR + Aﬁ} )
i=1
Y= 4)
1 2 X 2
YAl X |AiAL]
i=1 i=1

where 7 is the coherence, A is the backscattering coefficient of the target, AR is the defor-
mation value of the target, and Ap is the scattering phase. Therefore, the average coherence
of the deformation region is as follows:

N
Yaverage = (2 ')’avemge) / N @)
n=1

where Ygverage is the average coherence of the deformation region and N is the number of
pixels in the deformation region.

Traditionally, the landslide is usually predicted according to a single pixel which can
be easily disturbed by environmental factors during monitoring. Thus, the deformation
value may be abrupt, leading to misjudgment of the situation of the slope in monitoring.
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Therefore, from the point of view of slope, this paper proposes the parameter DOD for
slope landslide prediction by using the nonlinear inverse relationship between deformation
velocity and coherence. To describe the degree of deformation of the slope over a certain
period of time, the DOD is calculated as follows:

B,

Yaverage

DOD = (6)

The variables used in the calculation of the DOD parameter presented in this paper
are coherence and deformation volume, but the variables used in the displacement tangent
angle method are displacement, so the variables used in the two methods are completely
different. By applying the displacement tangent angle method, the diverse data obtained
by micro-deformation monitoring radar could not be fully analyzed and studied. Therefore,
the newly proposed method, DOD tangent angle, is in an attempt to improve this problem.
In the actual monitoring process, multiple thresholds and DOD tangent angles are used to
recognize which stage of accelerated deformation the landslide is currently in so that the
landslide can be accurately predicted before it happens.

In summary;, this paper proposes a landslide prediction method combining a multi-
threshold criterion and the tangent angle, which provides a feasible method for the early
warning of open-pit landslides. For a deformed mine slope, as the deformation accumulates,
the calculated DOD begins to increase, and when the DOD increases to a certain extent, a
landslide will occur. Usually, before the landslide, the DOD curve will increase significantly.

4. Result

The cumulative deformation displacement map within the time window of 0:00 on
18 April 2021 to 9:00 on 21 April 2021 is shown in Figure 7, and it can be clearly seen that
the deformation value of pixels in region 1 changes greatly. The pixels are filtered according
to the conditional threshold proposed in this article, and the obtained results are shown in
Figure 8, where it is obvious that regions 1 and 2 are in the same position in the observation
scene, and most of the pixels in region 1 are identified.
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Figure 7. Cumulative deformation diagram.
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Figure 8. The deformed pixels are finally selected.

It can be seen from Figure 9 that the displacement in the monitoring area is continu-
ously increasing, and the cumulative displacement curve basically conforms to the “three
stages” of the Saito model landslide. From 22:54 on 18 April to about 2:00 on 19 April, the
region was basically in a stable state without obvious deformation; from 3:00 on 19 April to
around 19:00 on 20 April, the deformation in this area is in the stage of constant velocity
deformation; from 19:00 on 20 April to around 8:50 on 21 April, the deformation in this
area is in the accelerated deformation stage. The cumulative displacement of characteristic
points increases sharply, and the deformation speed also continuously increases. The
maximum cumulative displacement is 57 mm, and the maximum speed is 10.1 mm/h
(Figure 10).
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Figure 9. Displacement curve.
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Figure 10. Velocity curve.

The displacement curve before sliding shows a horizontal trend, and the velocity curve
shows a downward trend. Owing to rapid deformation, the significantly reduced coherence
of the target region makes it impossible for the system to obtain valid deformation data
(Figures 9 and 10). As shown in Figure 11, the coherence curve began to decrease overall
on the morning of 20 April, and at about 8 a.m. on 21 April, coherence was less than 0.7
and began to drop sharply (based on monitoring experience, the threshold for coherence is
usually 0.7). Changes in coherence before landslides provide us with a new perspective
for monitoring slopes. Therefore, as shown in Figure 12, the change in coherence is added
to the calculation not only to reproduce the deformation trend of the landslide area, but
also for comparison with the velocity curve. The DOD curve is more concise and clear,
and the starting point of rapid growth in DOD corresponds to the accelerated deformation
stage in the Saito model. DOD increases sharply before slippage, and DOD obtains the
maximum as the landslide occurs. After sliding, DOD continues to drop; then, there is
a gradual stabilization of the target area and a gradual increase in coherence, and DOD
continues to decrease. In summary, it is clear that the DOD curve reflects the overall trend
of the slope in the accelerated deformation stage.

The most critical point of displacement tangent angle determination is the need to
determine the uniform speed deformation stage of the displacement-time curve. Because of
the interference from environmental factors and measurement errors, the deformation rate
at each moment in the constant velocity deformation stage will fluctuate rapidly or slowly,
thereby causing difficulties in determining the rate of the uniform speed deformation stage.
Therefore, it should be continuously adjusted in line with the actual deformation (Figure 13).
The calculation of the value for the parameter DOD proposed in this paper begins when
the cumulative displacement and the deformation rate reach a certain threshold, at which
the slope of the DOD curve shows great changes within a relatively short time window.
The time window of the uniform deformation stage of DOD is narrower, making it easier
to obtain the uniform deformation rate of DOD compared with the displacement rate. As
can be seen from Figure 14, the DOD tangent angle curve is more intuitive and clear, the
maximum tangent angle is reached at the slip moment, and the displacement tangent angle
is determined by the fluctuation of the data. Although there seems to be an overall trend
of a gradual increase in the tangent angle, the up and down fluctuations in the actual
monitoring process make it easy to make misjudgments in monitoring.
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Figure 11. Coherence curve.
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Figure 12. DOD curve.

Landslide prediction can be divided into medium and long-term prediction (more
than 6-12 months), short-term prediction (3-6 months), and imminent sliding prediction.
Generally, for a mine, prediction 2 h in advance is required. In addition, the instability
of slope rock mass is unavoidable. On the premise of not affecting production, the mine
will pursue the steepest slope angle with maximum benefit [11]. In summary, in order to
more accurately judge the slippage trend of the slope, the velocity threshold, cumulative
displacement threshold, and DOD tangent angle threshold of different deformation stages
before the slope slippage of the open-pit mine were established based on the historical
data of the previous slope landslide and the diversified data of the micro-deformation
monitoring radar. In addition, a comprehensive early warning criterion, as shown in Table 1,
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was established. The acceleration is divided into three stages: the initial acceleration stage
is a blue warning, the medium acceleration stage is an orange caution, and the critical
sliding stage is a red alarm.
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Figure 13. Displacement tangent angle.
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Figure 14. DOD tangent angle.
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Table 1. Comprehensive early warning criterion at an accelerated stage.

Deformation Stage Initial Acceleration Medium Acceleration Critical Sliding
Deformation velocity, V (mm/h) V>05 2<V<05 V>3
Cumulative displacement, D (mm/day) D>15 14 <D <30 D >30
DOD tangent angle, « 70° < a < 85° 85° < a < 89° a > 89°
Warning level Warning Caution Alarm

According to the landslide warning criterion proposed in this paper, the fractal de-
formation rate of 7:05 a.m. on 21 April 2021 was 7.5 mm/h, the cumulative deformation
displacement was 47.9 mm, and the DOD tangent angle reached 89.13°, triggering the red
warning, and at about 9:37 a.m. on 21 April 2021, the landslide was unstable, and the surveil-
lance video of the mining area recorded the moment of the landslide (Figures 14 and 15).
The displacement tangent angle criterion is that when the slope enters the slippery stage,
the tangent angle is greater than 85°, and the corresponding moment is 04:45 a.m. on
21 April 2021 (Figures 12 and 13). Complying with the management requirements of
the open-pit mine slope, the DOD tangent angle can give a red alarm 2 h in advance so
that the mining area is insusceptible. Meanwhile, time is sufficient to transfer the mining
facilities from the dangerous area in order to avoid the loss of property and casualties to
the maximum extent. The scene after the landslide is shown in Figure 16.

Figure 15. Landslide collapse process.

Figure 16. The scene after the landslide.

The deformation process of the landslide area is shown in Figure 17. The deformation
data from radar monitoring are combined with the digital terrain model (DSM) data such
that the monitoring personnel can judge the large deformation in the monitoring area by
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observing the displacement and deformation cloud map and further improve the accuracy
of landslide monitoring in combination with the slope landslide early warning system,
greatly improving the effect of landslide prevention.

Figure 17. Slope radar monitoring cumulative deformation.

5. Discussion

The traditional threshold early warning strategy is usually used to set the threshold
value of a single pixel point for early warning. This is not an ideal situation, because a
single pixel point is vulnerable to interference from the external environment and other
factors, resulting in the phenomenon of the monitoring data of a single pixel point having
a sudden change or continuing to increase. Therefore, when the change in the monitoring
data of only a single pixel point is used as the evaluation standard for landslide early
warning, it is prone to false early warning. Using remote sensing monitoring means,
monitoring is conducted in point cloud monitoring mode. At present, there is less research
on the mode of landslide early warning based on the regional surface. Therefore, from
the point of view of landslide surface and landslide mass, this paper proposes a landslide
early warning index based on double thresholds of deformation velocity and cumulative
displacement combined with the tangent angle model to propose a comprehensive early
warning criterion for open-pit mine slope landslides.

The setting of a slope threshold is always a difficult problem, and few scholars have
proposed effective thresholds. Therefore, the identification of rapidly growing data points is
based on a set threshold, which is based on the analysis after a period of data accumulation
and needs to be continuously optimized and adjusted in the process of gradual data



Remote Sens. 2023, 15, 826

14 of 16

collection and enrichment. This value varies for slopes of differing scales, formation
conditions, and rock and soil types. The historical data analysis method is used in actual
monitoring; it involves judging the maximum deformation rate in the past, which is used as
the threshold for an unacceptable maximum deformation rate resulting in a landslide. When
setting the actual threshold, according to an actual situation, there should be comprehensive
consideration of the nature of rock and soil mass, the degree of artificial disturbance, the
possible influence range, and other factors that increase the maximum deformation value
by 10-20%. When the slope deformation speed exceeds this value at a certain time, it is
necessary to focus on slope stability. If there is no landslide or signs of a landslide, the
threshold value is updated according to the deformation speed at this time.

Based on the nonlinear inverse relationship between deformation volume and coher-
ence, a new tangent angle early warning criterion is proposed according to monitoring
experience. The target deformation will affect the scattering characteristics of the target.
Similarly, weather factors such as rain and snow will also affect the radar echo. Ensuring
good coherence is a prerequisite for accurate early warning. Added to that, it should
be noted that DOD will be calculated only when the deformation speed and cumulative
displacement reach a certain cumulative level. Accurate identification of the acceleration
phase of the landslide requires substantial data accumulation and analysis.

6. Conclusions

The stability of high and large rock slopes in open-pit mines represents the core
problem of safety production in open-pit mines, and the security of open-pit mines in
China is still a serious issue. Micro-deformation monitoring radar is widely used in slope
monitoring based on its characteristics of high spatial resolution, short time baseline,
submillimeter monitoring accuracy, surface monitoring, and suitability for all-weather
monitoring. In this paper, a new parameter, DOD, is proposed for measuring the degree of
slope deformation based on the deformation volume and coherence value, and the tangent
angle value of this parameter is combined with the dual threshold values of velocity and
displacement in landslide prediction. With the introduction of deformation volume and
coherence, this method can be used to provide timely and effective early warning before the
sliding of a target and more accurate and reasonable prediction results for slope managers.
Based on the measured data of a slope and landslide in a mining area, the method realizes
timely warning of an impending landslide and allows the avoidance of property loss in the
mining area.
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