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Abstract

Synthetic aperture radar (SAR) technology has been widely used in landslide deformation monitoring in the past decade. It
has the advantages of high monitoring accuracy, a wide range, and flexibility allowing all-weather continuous monitoring.
The self-developed S-SAR synthetic aperture radar (slope radar) is the first completely domestic-made radar used in slope
deformation monitoring equipment in China, and its performance and technical parameters are equal to or better than similar
products made abroad. The characteristics of deformation data collected by S-SAR slope radar deployed in the front open pit
mine are analyzed to further develop a spatio-temporal landslide prediction method which is applicable to the massive moni-
toring data within the monitoring range of slope radar. The intersection points of short-term moving average velocity curve
and long-term moving average velocity curve of slope deformation, which are onset of acceleration (OOA) and termination
of acceleration (TOA). When OOA occurs, the deformation will accelerate, and when TOA occurs, the deformation will tend
to stabilize. The OOA can identify areas at risk in the monitored area before failure, so that the spatial position prediction
of landslide early warning can be realized. Based on the assumptions of the inverse velocity method, a 7-log (¢) logarithmic
model is established, and the updated monitoring data are corrected to approximate the time of failure, thus improving the
accuracy of landslide location and time prediction. In an open-pit copper mine in Serbia, the accurate prediction of landslide
location and time has been successfully applied, guaranteeing safe mining.

Keywords Slope radar monitoring - Onset of acceleration - Termination of acceleration prediction of failure time - Method
of landslide location and time prediction

Introduction

Landslides are one of the most common natural disasters
and pose a major threat to people’s lives and property. Land-
slides are natural phenomena of soil or mountain under the
action of gravity, sometimes caused by external natural fac-
tors such as rainfall, earthquakes, volcanic eruptions, and
anthropogenic effects (Wu et al. 2018; Ubydul 2019). The
annual global economic loss caused by landslides is about
$19.8 billion, accounting for about 17% of the annual global
natural disaster losses (Haque et al. 2016). Projections that
are based on the possible effects of climate change suggest
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that these numbers will probably increase (Gariano and Guz-
zetti 2016). Therefore, landslide prediction is of importance
(Intrieri et al. 2012; Greco et al. 2013). In recent decades,
greater scientific efforts have been made to study landslide
damage predictions and to deepen the understanding of these
landslide phenomena. Due to the hydrogeological environ-
ment of landslide, the complexity and diversity of formation
and causative factors and the randomness, uncertainty, and
non-linearity of evolution, the deformation characteristics of
the landslide are very complicated, which makes landslide
development a complicated process. Therefore, it is worth-
while to obtain detailed and accurate information about this
process (Lacasse and Nadim 2009; Intrieri et al. 2013; Do
et al. 2017; Do and Wu 2020).

Significant efforts have been made in the scientific com-
munity to deepen the understanding of the phenomenon of
landslides. In the past, due to the retrospective monitor-
ing technology, the prediction of landslides was hindered,
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especially those open-pit mine landslides, which occur rap-
idly. In recent years, with the development of technology,
various methods of slope stability monitoring system have
been developed. Particularly in remote sensing instruments
based on ground, air or satellite platforms. The most com-
monly used remote sensing techniques for landslide monitor-
ing are: (1) photogrammetry (Kraus et al. 1997); (2) laser
rangefinder and total station surveys; (3) ground laser scan-
ner (Teza et al. 2007); (4) radar interferometry (Massonet
and Fiegl 1998); (5) global Positioning Systems (Brunner
et al. 2003). Compared with photogrammetry, laser range-
finder and total station surveys, ground laser scanners or
GPS, monitoring radar is a fully remote sensing technique. It
provides continuous spatial coverage and is relatively insen-
sitive to the surrounding environment for long-term overall
analysis and prediction. It does not require the installation
of artificial reflectors or devices on slope surfaces, thus ena-
bling it to monitor very dangerous areas, even in places oth-
erwise inaccessible. Radar waves penetrate bad weather such
as rain, dust, and smoke to provide reliable measured data.

The concept of radar-surveying for slope stability moni-
toring originated from satellite technology. In the 1990s,
satellite-based synthetic aperture radar (SAR) was used
to detect displacements on the earth’s surface using phase
information in radar images (Borgeaud et al. 1994; Srivas-
tava et al. 1996). In 2003, continuous monitoring of land-
slide movement was carried out on a slope in Italy using
roadbed SAR interferometry. Although the results obtained
show sufficient capability to detect landform movement
caused by landslides, some problems remain to be solved
(Tarchi et al. 2003; Pieraccini et al. 2003). In recent years,
ground-based radar has been widely used in landslide moni-
toring and landslide prediction (Bozzano et al. 2010; Ginting
et al. 2011; Dick et al. 2015; Carla et al. 2016).

Before a landslide, macroscopic deformation and signs
of failure such as surface deformation are obvious. There-
fore, displacement monitoring plays an important role in
predicting landslide failure in space and time. In the 1960s,
Saito performed many triaxial compression laboratory
experiments, and found that displacement is important in
predicting time to failure. Saito (1965; 1969) simultaneously
proposed a method to predict the failure time 7} of landslides
based on traditional creep theory, which divides the creep
process into three stages (Fig. 1): the primary stage, second-
ary stage, and tertiary stage, and landslides usually occur in
the tertiary stage.

Primary stage (AB): when the slope body is in critical
equilibrium due to the influences of various factors, if it is
suddenly affected by strong external factors such as engi-
neering construction or rainfall, it will start suddenly and
show obvious signs of deformation. When the external
load is decreased, the deformation of slope is also reduced.
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Fig. 1 Three typical stages in landslide evolution

Therefore, the initial deformation stage is the starting defor-
mation stage of the landslide, and the curve is concave.

Secondary stage (BC): after the onset of slope defor-
mation, the potential sliding surface gradually forms and
the landslide enters a period of slow creep deformation.
Although the potential sliding surface is broken gradually
by shear action, and the resistance to sliding is weakened. As
a result of stress adjustment, the shear resistance and sliding
force of the slope are in a quasi-equilibrium state, and the
deformation of the slope is characterized by constant creep.
The deformation curve at this stage is quasi-linear, which
will fluctuate when subject to external interference.

Tertiary stage (CD): at the end of the uniform deforma-
tion, the shear stress on the potential sliding surface reaches
its peak shear strength and then slowly decreases to the
residual strength. However, the sliding resistance continues
to increase with the breakage of the potential sliding surface,
and the sliding resistance is less (weaker) than the sliding
force, and the slope begins to accelerate the deformation.
The displacement curve becomes concave. From the begin-
ning of acceleration to deformation and failure, the move-
ment of the landslide is significantly different.

It is found that there is an accelerated deformation stage
before the slope slides as evinced by the creep deformation
curve of three stages before the slope sliding. Therefore,
how to identify the onset of acceleration point (OOA) in the
acceleration stage is important for landslide early warning
and prediction. In this paper, a method is proposed to realize
the automatic identification of the most dangerous area, that
is, the area about to undergo accelerated deformation. Based
on the improved reciprocal velocity method, a logarithmic
function landslide time prediction model is proposed. A
landslide event was successfully predicted in a copper mine
in Serbia by applying slope radar monitoring data, which
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verified the practicability of the research content and ensured
safe and efficient production in the mine.

Slope monitoring S-SAR

SAR is an advanced radar detection system developed in
the late 1960s, which can achieve long-term monitoring of
mine slopes. At the same time, SAR is also a high-resolu-
tion imaging radar system, with the ability to produce long-
range, high-resolution images. The SAR achieves the high-
range resolution by pulse compression and the high-azimuth
resolution is obtained by the relative motion between the
radar and the observed target. By combining the two-dimen-
sional high-resolution images acquired at different times in
the same target area, the phase difference inversion of each
pixel in the image is used to obtain high-precision deforma-
tion information about the measured area. The geometric
principle of SAR monitoring system is shown in Fig. 2. As
shown in Fig. 3, the coordinate axes in SAR are the distance
and azimuth direction of the radar image and the direction of
parallel to the track is azimuth, while the direction of parallel
radar waves represent the distance to target.

The S-SAR is composed of a radar subsystem, tracking
subsystem, power supply and control subsystem, data stor-
age subsystem, and control software. The radar subsystem
can transmit and receive electromagnetic signals with large
bandwidth rapidly; the orbit subsystem carries the radar
subsystem to complete high-precision smooth linear motion
and realize azimuth aperture synthesis; the power supply
and control subsystem completes the whole system power
supply and control task; data storage subsystem completes
the rapid storage and data interaction of massive data; the

Linear track

Fig.2 Geometric model of a radar-based monitoring system
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Fig.3 Schematic diagram of the two-dimensional imaging technique

control software subsystem completes data management,
echo data pre-processing, imaging processing, deformation
information extraction, and deformation information analy-
sis and warning.

S-SAR slope monitoring radar is shown in Fig. 4. At pre-
sent, S-SAR slope monitoring radar performance indicators
and advantages include:

(1) The microwave operating frequency is 17 GHz and the
bandwidth is 500 MHz.

(2) Measuring distances can reach 5 km, with no need to
install sensors in the monitored target area.

(The slope deformation measurement accuracy is up

to 0.1 mm with high spatial resolution (0.3mx 8.8 m at
1 km).

(3) The data collection time is less than 10 min.

(4) It can continuously cover a monitoring area of several
square kilometers. By analyzing the information per-

Fig.4 S-SAR slope monitoring radar
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taining to a single pixel, the local displacement field
can be obtained.

(5) It can provide continuous data collection under various
severe weather conditions such as rain, wind, and fog.

The data-acquisition software is independently devel-
oped. The main interface of the acquisition software is
shown in Fig. 5.

Its detailed description and working process are as
follows:

(1) Project Settings Window contains the following func-
tions: (1) server address: the address of the server to
upload the collected data; (2) radar ID: S-SAR Type
Synthetic Aperture Radar device identity document;
(3) site ID: radar monitoring project identity document.

(2) Configuration Window contains the following func-
tions: (1) project path: the data-acquisition storage path;
(2) near range: the radar monitors the nearest range
(select a value for 0-5000 m); (3) far range: the radar
monitors the farthest (select a value for 0-5000 m); (4)
beamwidth: radar imaging area visual range (30-90°);
(5) aperture length: radar linear orbit range (usually no
setting); (6) step size: radar single measurement step
size and visual range of radar imaging area (30—-60°is
8 mm, 60-80°is 7 mm, 80-90°is 6 mm); (7) averaging

factor: single step collection times (usually no setting);
(8) revist interval: approximately the collection cycle.

In the working process, the software will display the
interferogram and two-dimensional image of the target in
real time, as shown in Figs. 6 and 7.

Displacement monitoring plays an important role in
predicting landslide failure time. Previously, poor moni-
toring technology hinders the prediction of landslide time,
especially for landslides in open-pit mines, whose land-
slide failure times are very short. In recent years, with
the development of technology, many efficient monitor-
ing techniques are available. Ground-based radar is one of
the most efficient and powerful monitoring techniques; its
characteristics are highly suitable for landslide monitor-
ing requirements. In the early 1990s, ground-based radar
was initially used to measure ground displacements within
a region (Massonet and Fiegl 1998). In the early 2000s,
some innovations occurred in ground-based radar technol-
ogy, and the first prototype of ground-based radar equip-
ment was developed. Over the past decade, ground-based
radar was extensively applied to monitor landslides, and
the successful application of ground-based radar in land-
slide prediction has been widely studied (Bozzano et al.
2010; Ginting et al. 2011; Dick et al. 2015; Carla et al.
2018).

Fig.5 Interface of data-acquisi-
tion software
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Fig.6 Monitoring target radar
interference image

Fig. 7 Monitoring target radar
two-dimensional image
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A method of slope position-time prediction
based on massive radar monitoring data

Figure 8 shows that the radar calculates the shape vari-
able of the same spatial position with the time series by

untangling the phase of different time interference waves
at the same pixel. Figure 9 illustrates that a slope radar
cumulative displacement cloud map can reach tens of
thousands or even hundreds of thousands of pixels. The
displacement and deformation values of all pixels are
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superposed within a few minutes after each scan to obtain
Resolution cell the cumulative displacement cloud map of the latest moni-
toring area. Each pixel monitored by the radar has an S-¢
curve, as shown in Fig. 1. The position of large deforma-
tion in the monitoring area can be judged by observing the
displacement and deformation cloud image, however, the
workload of tens of thousands or even hundreds of thou-
sands of pixels is huge and the error is large, therefore, a
method that can automatically identify the stage of accel-
erated deformation in a short time is needed.

Automatic warning of areas at risk

Based on the deformation data of each pixel collected by
S-SAR slope monitoring radar, the short-term and long-term
velocity moving averages are solved in the time series as
given by Formula 1 (Carla et al. 2017a):

v = (1)

Fig. 8 Principle of S-SAR deformation measurement

Fig.9 Slope S-SAR deforma-
tion cloud map So S1

Fig. 10 The SMA curve crosses A
the LMA curve at a positive
intersection (OOA)
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Fig. 11 The LMA curve crosses
the SMA curve at a negative
intersection (TOA)

Velocity

—— V-SMA

A short-term simple moving average (SMA), where n=3
is given by Formula 1. A long-term simple moving average
(LMA), where n="7 is given by Formula 1.

If the SMA and the LMA have a positive intersection, as
shown in Fig. 10, the slope at this position begins to undergo
accelerated deformation with an onset of acceleration point
named OOA arising therewith.

If the SMA and the LMA have a negative intersection, as
shown in Fig. 11, the slope at this position begins to undergo
decelerating deformation, with a concomitant termination of
acceleration point named TOA.

Formula 1 is used in the radar warning software to calcu-
late the pixel points used in the monitoring area at intervals,
and to determine the pixel points in the acceleration stage,
and identify areas at risk. For monitored slopes, positive and
negative intersections occur repeatedly with SMA and LMA
due to factors such as external weather changes or manual
excavation. When OOA occurs, it only indicates that the
slope is accelerating and not reaching a dangerous level.
Therefore, if the slope continues to accelerate to N times
OOA after the occurrence of positive intersection, that is the
value of N will be determined according to the specific mine
situation, and the software will issue an early warning. When
the warning software captures the last positive intersection
before the landslide, the S- logarithm model can be used to
predict the time to failure.

Automatic warning of areas at risk

By analyzing the landslide deformation monitoring data
obtained in the laboratory, it is concluded that the inverse
velocity and time can have concave, convex, or linear rela-
tionships, which can be expressed by Formula 2, and as
shown in Fig. 12 (Fukuzono 1985). Experience shows that
a is between 1.5 and 2.2; here a is almost equal to 2, mak-
ing linear fitting of the inverse velocity—time data a simple
and practical method for predicting the time to failure. The
method is successfully applied to an open pit mine, and the

Time

Inverse velocity (1/v)

fo Time k bt

Fig. 12 Inverse-velocity versus time relationships preceding slope
failure

Fig. 13 S-SAR monitoring station in Majdanpek copper mine in Ser-
bia

time of slope landslide is predicted by the intersection point
of velocity reciprocal value and time trend line on the time
axis (Rose and Hungr 2006).
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Fig. 14 S-SAR monitoring
station in Majdanpek copper
mine in Serbia. a 2019/12/9—
2019/12/15 large-deformation
areas appear; b 2019/12/9—
2019/12/20 large-deformation
areas apear; ¢ 2019/12/9—
2019/12/24: OOA appears
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where V is the velocity. For 1 <a <2, the resulting curve is
concave; for a =2, the resulting curve is linear; and for a>2,
the resulting curve is convex (Fukuzono 1985).

Many authors have improved the inverse velocity method.
The linear fitting of the reciprocal of velocity to time should
be the data after the OOA in the three stages of deformation.
It is also noteworthy that if a TU point (trend update, that is
significant change of acceleration trend) is identified, the lin-
ear fitting should be redone (Dick et al. 2015). The positive
intersection point between the short-term moving average
and the long-term moving average is used to demarcate the
OOA (Carla et al. 2017b). Identification of hazardous loca-
tions within the monitoring area by OOA and TOA based
on this method is demonstrated above. In addition, the linear
correlation between the inverse velocity and time is found to
be weak after OOA in the initial stage (Bozzano et al. 2018).
The traditional inverse velocity method is improved, and it
can be used to predict the time of occurrence of the landslide
when the deformation is slow (Zhou et al. 2020).

The inverse velocity method (INV) has become a widely
used tool for predicting the onset of a landslide prediction
due to its simple and practical characteristics. However, a
landslide is a very complex natural phenomenon involving
different inducing factors and rocks are complex heteroge-
neous materials, therefore, the inverse velocity method has
certain limitations and can only be used for a slope which is
unstable according to the theory of accelerated creep and is
in a state of constant acceleration before the landslide. The
hypothesis that the deformation velocity of a slope is infinite
when it slides has not been proved.

Assuming the deformation velocity is infinite at the time
of slope sliding, the point at which the reciprocal veloc-
ity intersects the linear trend line on the time-axis is the
landslide time 7}. The linear fitting relationship between the
reciprocal velocity and time of monitoring data before the
onset of a landslide is given by Formula 3:
l=—A><(t—t)+B 3)
\% sp
where A and B are the deformation constants for the moni-
tored slope, and fgp is the starting time of the data used in
the prediction model.When‘l/ = 0, the landslide time can be
obtained, as shown in Formula 4:

B
[= Sty 4)

Formula 3 can be converted into Formula 5:

1
V=23 X (1—1,)+B ®)

Formula 6 is obtained upon integration of Formula 5:

—In(-A X (t-1,)+B)
= +C

= 1 (6)

In the S-¢ curve, the OOA point last identified can be used
as the starting point for the calculation of model prediction
data. A and B are obtained using the logarithmic function
model, and the predicted landslide onset can be calculated
according to Formula 4. By updating the latest data collected
by the slope monitoring radar, the correction parameters A
and B approach the real landslide time point.

The case for successful prediction
of landslide in an open pit mine

Study area

The S-SAR long-track slope deformation monitoring radar
deployed in Majdanpek open-pit copper mine in Serbia is
in the northeast corner of the mine and conducts real-time
monitoring of the northwest slope of the mine. The average
slope angle in the monitored area was about 65°. The data
collection interval was set to 20 min, and 72 groups of moni-
toring data were collected each day. The monitoring short
distance was set to 800 m and the monitoring long distance
was set to 1400 m. The azimuth monitoring angle was about
50°, covering a slope length of about 1 km. The slope moni-
toring radar station, the field slope optical imaging map,
and the mining area satellite imaging map are illustrated in
Fig. 13.
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Fig. 16 The logarithmic prediction model is adopted to update and fit the data after OOA to predict the time to onset of the landslide

Monitoring results

Based on the analysis of Figs. 14 and 15, the following con-

clusions can be obtained:

@ Springer

(a) In the 6 days from 2019/12/9 to 2019/12/15, the area

subject to large deformation defined in Fig. 14a has
an accumulated deformation of 23 mm, and the area
covers about 100 m2. Moreover, there is a strong linear
relationship between displacement and time, so it can



Environmental Earth Sciences (2021) 80:706

Page110f 13 706

Table 1 Data updating: fitted values of parameters A, B, and C and
predicted landslide times

Data after OOA A B C Predicted  Actual
failure time failure
time
0-55h 0.02485 1.751 52.47 70.46 15.46
0-60 h 0.02085 1.607 51.24 77.07 17.07
0-65h 0.01976 1.571 50.80 79.50 14.50
0-70 h 0.01653 1.442 49.12 87.24 17.24
0-75h 0.01635 1.434 4898 87.71 12.71
0-80h 0.01602 1.407 46.98 87.83 7.83

—aA— Predicted failure time
90 - - - -Actual failure time

88 1 JR—
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824
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. ///////A
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Fig. 17 Comparison of predicted and actual landslide times

Fig. 18 Landslide in an area of large deformation

be judged that the slope has entered the second stage
of the three stages of creep (i.e., the stage of uniform
deformation).

(b) During the period from 2019/12/16 to 2019/12/20, the
slope deformation remained uniform, and the area sub-
ject to large deformation expanded from 100 m? to 300
m?. Due to the influences of external factors such as
construction operations nearby, the deformation data
collected by radar sometimes appears to jump, but the
overall relationship between displacement and time
increases linearly.

(c) On 2019/12/24 at 12:00, the slope deformation began
to accelerate into the third stage of creep deformation,
and the OOA appeared: the S-SAR slope monitoring
radar warning software captures OOA in the large
deformation area, and the deformation continues to
accelerate and trigger the slope radar warning software
after OOA. The logarithmic function model is used to
predict the time to onset of the landslide.

Discussion

It can be seen from the analysis of Fig. 16, Table 1, and
Fig. 17 that the log function model was used to fit the moni-
toring data after OOA (2019/12/24/12:00 is taken as time
t=0h), and the fitting was performed every 5 h before onset
of sliding. A total of six data fitting calculations were per-
formed to predict the landslide time. With the updating of
monitoring data, the landslide time point predicted by the
parameters of the prediction model tended to the actual land-
slide time of 88.5 h (2019/12/28/4:00). At first, there was
a large error between the predicted time and that at onset
of the real landslide time due to the sparsity of the data
points, and it was several hours earlier than the real landslide
time. With the continuous updating of monitoring data, the
predicted landslide time point in the data fitting after the
third iteration stabilized to a value consistent with the real
landslide time of onset. The position of the slip surface is
shown in Fig. 18.

Conclusion

(1) In this paper, ground-based synthetic aperture radar is
used to measure slope surface deformation and predict
landslide time by studying slope deformation trend. It
is not suitable for all areas, and it is only suitable for
landslide with obvious acceleration deformation before
sliding. This paper is using ground based observation
data to predict the landslide, then do not need to tell
about its accuracy.

(2) A landslide involves very complex processes: it is
important to acquire detailed and accurate information
about these processes. Traditional monitoring methods
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may be limited by the sampling rate and data accu-
racy, as well as the timeliness and locality of informa-
tion, which cause a lack, or misunderstanding, thereof.
Long-term continuous monitoring of the displacement
of unstable slopes by ground-based radar enables us to
establish high-resolution spatio-temporal data with an
accuracy of 0.1 mm to describe the failure behaviors
of landslides. Continuous high-precision measurements
using ground-based radar have made significant contri-
butions to landslide monitoring.

(3) The intersection points of the short-term moving aver-
age and the long-term moving average speed are OOA
and TOA, respectively. The OOA point before the land-
slide is used to denote the onset of the acceleration
of the deformation of the slope in the area monitored
by radar. This method is simple, fast, and accurate: it
can be applied with data acquisition software to real-
ize automatic recognition and position identification of
salient geotechnical features.

(4) The S-SAR slope radar has the advantages of high pre-
cision and rapid measurement: it can provide sufficient,
accurate displacement and deformation monitoring data
before the onset of a landslide and continuously pro-
vide the latest displacement data before the landslide
to allow modification of the logarithmic model param-
eters, thus improving predicted times to onset of failure.
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