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Abstract Early warning of landslides is crucial for risk manage-
ment and reduction, attracting a lot of attention from both scien-
tists and stakeholders. However, it is challenging due to the
complex nature of landslide behaviors and failure mechanisms.
Here, we present a recent case of successful early warning and
timely evacuation in advance of a large rockslide that occurred on
17 February 2019, in Guizhou Province, China. The rockslide was
initially triggered in 2014 due to the excavation of slope toe for
road expansion. Since then, the rockslide had become a potential
threat to the local residents, pedestrians, and traffic. To ensure
their safety, a wireless monitoring network combining on-site
sensors and the geodetic method by Global Navigation Satellite
System (GNSS) was installed to continuously monitor the surface
displacement of the rockslide. Field monitoring data measured by
crack gauges, rain gauges, and tiltmeter were transmitted to a real-
time early warning system developed using the new artificial
intelligence by the authors’ institute. Since the deformation of
the rock mass was found increasing, nearby residents were evac-
uated immediately. Using predefined early warning thresholds for
rockslides in the system, the rockslide was successfully forecasted
53 min in advance. Prompt action taken by scientists and local
authorities averted human and economic losses completely. In this
study, we introduce the real-time early warning system, its con-
cept, the method for determining warning threshold, and perfor-
mance, followed by the emergency mitigation measures performed
for this particular rockslide. It is the sth time our early warning
system successfully forecasted a landslide since its implementation
in 2017, and hence we discuss the key characteristics of the system
in order to make it applicable for other cases globally.

Keywords Landslide early warning - Monitoring - Emergency
response - Mitigation measures

Introduction

On 17 February 2019, a large rockslide occurred in Longjing village,
Xingyi city, Guizhou province, China. The rockslide was initially
triggered in 2014 due to the removal of rock mass near the slope
toe for road construction. After the initial event, destabilized loose
rock masses and residual rock deposits with an estimated volume
of 1.4 million m® were identified potentially unstable, directly
threatening the safety of more than 400 residents, pedestrians,
and traffic in the near vicinity. To avert human and economic
losses, emergency mitigation measures were implemented and a
self-developed real-time landslide early warning system (LEWS) of
the State Key Laboratory of Geohazard Prevention and
Geoenvironment Protection (SKLGP) (Xu et al. 2009, 2011; Ju
et al. 2015; Fan et al. 2019) was deployed over potentially unstable
rock masses. Once found the deformation was increasing critically,
nearby residents were evacuated weeks before the actual rockslide.
A successful prediction of the rockslide was achieved 53 min before
the occurrence on 17 February 2019. No injuries, casualties, and
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property losses were reported. The key to this successful LEWS lies
in: (1) the understanding of local geology and deformation history,
(2) the ability to pre-identify and measure indicators of slope
deformation, (3) the preciseness of the early warning model for
issuing alert levels, (4) immediate action to evacuate local resi-
dents, (5) and most importantly the responsible collaboration
between local authorities and scientists.

Prediction of landslides is a global challenge for geoscientists due
to the complex nature of landslide failure mechanisms (Fukozono
1990; Crosta and Agliardi 2003; Ju et al. 2015; Loew et al. 2016; Intrieri
et al. 2019). Catastrophic landslides often occur suddenly without
any noticeable precursors, and some even without any triggers, i.e.,
the slow-moving gravitational landslides (Fukozono 1990; Popescu
and Sasahara 2009; Gariano and Guzzetti 2016; Pecoraro et al. 2018).
To overcome these challenges, we have studied and monitored more
than hundreds of multiple types of landslides (rockslides, soil slides,
shallow slope failures, etc.) in Southwest China, collecting data from
cases involving varied geological formations and climatic contexts,
since the inception of our LEWS. Based on the monitoring data from
a large number of landslides, we found that most of the landslides
that were considered sudden failures actually underwent a deforma-
tion process. The difference is that some landslides have longer
deformation period before failure (years, months, and days) than
some others (hours, minutes). With this know-how, a real-time early
warning system based on the new artificial intelligence and data
transmission technologies was developed by SKLGP. This system
has successfully predicted five landslides since 2017 and saved thou-
sands of lives in China (see Fig. 1).

The deformation of the Longjing rockslide started to increase
severely in June 2018, confirmed by visual observation of contin-
uous development of many cracks. The emergency prevention
measures by assembling sandbags and installing pile reinforce-
ments in front of the rockslide toe (see Sect. Early warning and
emergency mitigation measures for the chronology of mitigation
measures) were also implemented. Meanwhile, the field monitor-
ing network was installed by SKLGP on 27 January 2019. Monitor-
ing devices, i.e., crack gauges, etc. was set up over potentially
unstable zones (see Sect. Monitoring strategies for further
details). These crack gauges can adjust the sampling frequency
according to the displacement rate of landslides ensuring full
control over the landslide deformation. Continuous measurement
of displacements from the crack gauges was received and proc-
essed in real-time by the server system of the LEWS (situated in
the office of SKLGP) which time to time checked the threshold
levels and sent warning messages to cellphones of the experts
which can be viewed through an Android APP.

At 5:00 a.m., 17 February 2019, the LEWS team was forewarned
by the critical warning messages. In an immediate response to the
emergency, our team quickly checked the monitoring data and
confirmed that the deformation was rapidly increasing and
marching into the final stage of an accelerated slope deformation,
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Fig. 1 Map showing locations in China where SKLGP's early warning system successfully predicted the landslides (see Table 2 for details)

which indicated the forthcoming rockslide. Immediately after this,
the information was sent out to the local government and then to the
public. Owing to the preplanned mitigation measures and early
evacuation of all the field personnel and nearby residents, damages
from the catastrophe was completely averted. In this study, the
application of our self-developed LEWS to the Longjing rockslide is
described, covering the aspects of geological setting, deformation
history, monitoring strategies, early warning model, and correspond-
ing emergency mitigation measures. This case provides an impres-
sive example of how a LEWS can help during an emergency response
for preventing and mitigating landslide risks. In addition, we review
the cases of landslides which were predicted successfully by our
LEWS and explain some key characteristics of the model which have
played a major role in pre-determining the oncoming disaster. We
believe the practical implementations and the successful history of
our LEWS will surely benefit other countries as well and improve
global landslide resiliency.

Background

Geological setting
The rockslide is located in Longjing village, Maling town, 7 km far
from Xinyi city of Guizhou province in Southwest China (104° 54
12" N and 25° 09’ 25" E). The locations of the recent rockslide and
other four successful early warning of loess landslides are shown
in Fig. 1.

The study area is predominantly covered by karst landforms
with strong records of incision and erosion processes (Huang et al.
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2012a; Guo et al. 2013). A detailed geological investigation and
drilling was performed to identify the lithology. The strata out-
crops belong to Yangliu (T,y) formation, Guanling (T,gl) forma-
tion and Jialingjiang (T,.,j) formation of Middle Triassic and
Quaternary periods (Fig. 2). The upper parts of the hill slope are
50° to 70° steeper while the lower parts having a slope angle of 15°
to 28° The climate is classified as subtropical monsoon climate,
with an average annual temperature ranging between 14 and 19 °C
and average annual precipitation between 1300 and 1600 mm. The
major rainfall concentrates during May to October, and the max-
imum daily rainfall recorded over the years was 203 mm on 27
August 2015. The above-mentioned temperature and rainfall sta-
tistics were obtained from a meterological station (104° 54’ 03" N,
25° 05" 06"E) in Xingyi city located 7.4 km far from the rockslide
(see Fig. 1 for location).

The sliding area is conditioned by one fault (F;) and two
suspected faults (F, and F,). F, is one of the significant disconti-
nuity structures controlling the slope deformation along the back
scarp in the NW-SE direction. The F; dipping 290°~ 60° accom-
panied with F, forms the potentially unstable area which is sus-
ceptible for sliding, having an estimated volume of 6 million m®.
Zone I (marked as I in Fig. 2), the highly deformed area under
compression of the upper rock mass, together with Zone II
(marked as II in Fig. 2) are further considered potentially unstable
areas. A cross-section of the rockslide is taken along 1-1" line and
shown in Fig. 3.

As illustrated in Fig. 3, the rockslide body mainly consists of
gray-white-colored thick and layered dolomite, a hard competent
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Fig. 2 Geological map of the study area

rock mass, which slid along a weak layer of bedrock mostly
consisting of argillaceous limestone and argillaceous dolomite
(see the inset in Fig. 3 for enlarged view showing argilalceous
limestone, argillaceous dolomite, and weak interlayer) with an
estimated volume of 1.4 million m>. In between the dolomitic rock
layers, a 2-5-cm-thick interlayer of clay is found along the front
edge of the rockslide. The relative height difference between the
peak of the rockslide scar and the road at the foot of the slope is
around 252 m. The weak clay interlayers might have made the rock
mass prone to sliding under a gravitational effect. From this
longitudinal profile (Fig. 3), it was confirmed that the ~ 40-50-
m-tall dolomite block sitting at the uphill with a ~ 45° slope angle
will no longer be stable without additional reinforcements at the
slope toe. Considering these aspects, pile reinforcements were
constructed and temporal sandbags were stacked at the slope
toe, which helped to reduce the impact and travel distance during
the 17 February 2019 rockslide (see Sect. Early warning and
emergency mitigation measures for details).

Deformation history

The deformation history of the rockslide was analyzed using multi-
temporal images obtained from Google Earth since February 2014.
The results demonstrate how the discontinuities of the rock mass,
i.e., cracks were widened and developed under the influence of
anthropogenic activities (Fig. 4a—f). In 2014, there was road construc-
tion and expansion of the existing road. The rock mass at the toe of
the slope (Fig. 4a) has been excavated, which eventually exposed a
major discontinuity (main scarp in orange). The major
discontinuity/opening seen in Fig. 4a suggests that the slope had

T
104°54'0"E

undergone long-term deformation. Once the road construction
started, the deformation was accelerated due to further removal of
rock mass from the foot of the slope, followed by a small-scale
bedding failure (Fig. 4b). Here, we can assume that the potential
zones marked in yellow (Fig. 4a) should have failed along with
additional rock mass. Since we lack images immediately after the
collapse, it was not possible to delineate the actual extent of the first
occurrence of this rockslide. In 2016, the collapsed rock masses have
been completely removed (clear bedrock as shown in Fig. 4c) to
avoid further movement of deposits by rainfall. The upper part of the
sliding body consists of arable and gravel soil, and the underneath
layer is dolomite with the sliding surface having an argillaceous
interlayer. Manual removal of failed rock masses exposed an approx-
imately 266-m-long smooth sliding surface with white and gray
colored dolomite. The trailing edge of the 2014 rockslide produced
a free surface with a vertical height of about 25 m (Fig. 4d, e), which
became one of the sources for the 17 February 2019 rockslide.
There was no further deformation observed from the images after
August 2016, even after a period of heavy rainfall in 2017. The slope
was experiencing creep deformation within or below the surface rock
mass. Since June 2018, a tensile crack with a width of 0.2 to 0.9 m was
observed at the rockslide crown and it developed into a major
discontinuity having a length of about 200 m, a width of 0.8 to
3.0 m and a depth of 33 m by 5 December 2018 (see Fig. 5). These
were in situ visual observations which showed the signs of acceler-
ated deformation, indicating the slope was marching into an unsta-
ble status. The major discontinuity developed since June 2018 can be
seen from Fig. 4e. In addition, as shown in Fig. 4e, a small rock mass
with a volume of about 20,000 m* was collapsed on the northwest
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Fig. 3 Longitudinal profile taken along line 1-1" (Fig. 2) of the rockslide after 17 February 2019

side on 21 January 2019. The latest and large rockslide occurred at
5:53 a.m. on 17 February 2019, whose boundary is shown in Fig. 4f.
This new failure was at the scarp and the sliding surface of the
previous rockslide. Figure 4f also shows the highly deformed area
affected by the first rockslide, where intensive cracks were developed
in Zones I and II and eventually, these zones were found to be
potentially unstable after the 17 February 2019 event.

Real-time landslide early warning system

Monitoring strategies

For the early warning of slow-moving/creep landslides, displace-
ment and other displacement-derived quantities are the main
monitoring parameters widely used all over the world (Pecoraro
et al. 2018; Intrieri et al. 2019). For rockslides and rock falls,
Pecoraro et al. (2018) review 6 landslide early warning systems,
which use displacement and its derivatives (velocity and accelera-
tion) as primary alert parameters measured by geotechnical, geo-
detic, and remote sensing techniques. Even though not all the in
situ-monitored parameters are directly taken to define the alert
criterion, they provide complementary information on landslide
activity and additional updates for the LEWS.

In this study, we adopted a combined monitoring strategy with
the use of geotechnical and geodetic methods. The deployment of
the various sensors and its distribution on the site are illustrated in
Fig. 6. Geotechnical monitoring was done by the crack gauges
assessing direct measurements of ground displacements and a
tiltmeter measuring tilt angle. Anyhow, the tiltmeter measurement
was not used for the early warning as it was judged that displace-
ment would be a better candidate to forecast the rockslide.
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Geotechnical monitoring method is easy to implement and pro-
vides reliable data due to its simplicity and robustness. Meanwhile,
the geodetic method by Global Navigation Satellite System (GNSS)
identifies displacement by measuring distances tracked by Global
Positioning System (GPS) satellite signals. Further, a rain gauge
was installed to measure precipitation that may likely trigger a
failure. Even though precipitation is not strictly considered as an
alarm parameter or warning threshold for this rockslide, it may
still promote the mechanical deterioration of the weak interlayer,
which consists of argillaceous limestone and argillaceous dolo-
mite. Nevertheless, no heavy rainfall is recorded before the 17
February 2019 rockslide, and it is clear that precipitation was not
a crucial trigger that led to the sliding. Therefore, the installations
of multiple types of monitoring sensors provide complementary
information about the landslide activity and help to detect the
spatial-temporal evolution of landslide for a reliable prediction,
though not all of them are taken forward to the early warning
system (Dunnicliff and Green 1988). It is worth to point out that
more than one monitoring method for ground displacements was
employed to have alternatives in case of device malfunctioning
due to weather and related disturbances and to keep the LEWS
active during emergency scenarios.

Among these different sensors, the cumulative displacement
obtained from crack gauges present the most continuous and
reliable data during the accelerated deformation stage (Fig. 7). It
is very important to capture the crucial information of displace-
ment during imminent sliding, and in this aspect, crack gauges
were preferred and its monitoring data was taken over to the
LEWS instead of other displacement-based monitoring devices,
i.e., GNSS. The displacement measurements from the crack gauges
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Fig. 4 Visual interpretation of historical deformation of the rockslide from Google Earth images (the date is shown using YYYY/MM/DD format), a 2014/02/16, b 2014/11/
27, ¢ 2016/08/01, d 2017/11/16, e 2019/01/21, and £ 2019/02/17. The numbers (1), (2), (3), (4), (5), and (6) in (e) are locations of photographs (see Fig. 5) taken along the

orange scarp line

are shown in Fig. 7. A continuous progressive failure has been
observed from the data. The inset inside Fig. 7 shows the progressive
increase in rockmass displacement few hours before the failure.

A comparison between the crack gauges and GNSS sensors is
shown in Fig. 8. In Fig. 8a, b, the data obtained from GNSS show
an overall increased cumulative displacement trend than that of
crack gauge and has a loss of data because of its fixed low-
frequency sampling. With the advantage of a self-adaptive data
acquisition technique developed by SKLGP (Zhu et al. 2017), the
crack gauge can automatically adjust the sampling frequency with
respect to the displacement rate (velocity). The crack-gauge sensor
is designed to take samples at different frequencies, i.e., for the
primary creep with a constant rate of deformation; the frequency
is set relatively low in order to minimize energy consumption and
while the rock mass is undergoing accelerated deformation, the
sensor adjusts into high-frequency sampling to ensure high quality
of data which is crucial in calculating displacement and other
derived parameters.

Though newly developed instruments are adapted for monitor-
ing, it does not mean the results will exactly fit the ideal curve of
the three deformation phases (initial, constant, and accumulative)
of creep slope failure (Saito 1969; Fukuzono 1985; Hao et al. 2016;
Loew et al. 2016; Carla et al. 2017; Intrieri et al. 2019). The defor-
mation curve obtained from the monitoring device is inevitably
influenced by a variety of external factors, i.e., noises arising due
to nearby anthropogenic activities (for example activities near the
road towards left of the rockslide in Fig. 6). For the processing of
displacement monitoring data in our LEWS, the least squares
method and moving average method are generally used for fitting
and smoothening the original data (Qi 2017). The first method has
the most important application in data fitting, which minimizes
the sum of the squared difference between the observed value and
fitted value (see Fig. 8b). When the rock mass is in a long period of
“silence” or constant deformation stage, the least squares method
is carried out for regression fitting. However, the slope deforma-
tion usually experiences a sudden acceleration when it enters a
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Fig. 5 Enlarged view of discontinuties and cracks found along the landslide scarp (orange line in Fig. 4e) before the 17 February 2019 rockslide. Yellow dotted lines show

the cracks surrounded by vegetation

highly accelerated state according to creep theory (Loew et al.
2016). At this stage, the crucial information for issuing alert mes-
sages will be deleted by the least squares method and hence the
moving average method is introduced to overcome this limitation.
When the displacement had increased significantly, the moving
average method filters the noise, but highlights the trend of the
displacement-time curve and keeps the complete data detected
from sudden changes. It is important to automatically select the
appropriate method to process monitoring data according to the
characteristics of the displacement curve. In Fig. 8b, it can be seen
that the least squares method is not appropriate for GNSS data
since the slope has already undergone accelerated deformation.
Our LEWS automatically calculates the rate increment, identifies
the status of landslide deformation, and then selects the appropri-
ate data processing method which we consider to be most advan-
tageous during a critical emergency.

Multiple threshold method applied in the early warning system

In addition to the self-developed monitoring instruments and
improved data processing methods, the final success of a LEWS
relies exclusively on a precise warning model to determine
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warning thresholds. The warning model defines a set of decision-
making procedures required to issue an alert by including the
determination of alert parameters, alert criteria, number of alert
levels and warning message dissemination (Pecoraro et al. 2018).
Many LEWS for rockslides employ correlation laws derived from
statistical analyses of observed data from historical landslides in
similar geological setting (Pecoraro et al. 2018). Based on the
assumption of creep theory (Tavenas and Leroueil 1981), many
researchers conducted empirical methods to extrapolate the time
of failure through geometrical arguments (Intrieri et al. 2019).
Specifically, they derive the relationships from the displacement-
time curve to fit the typical creep curve and then calculate the
inverse velocity from the fitted creep curve to estimate the failure
time, when the velocity is theoretically infinite and inverse velocity
approaches zero. The prediction of failure time is very important
to issue precise alerts but unfortunately, it is still under theoretical
research and successful application of the concept to a LEWS is
even more limited.

The authors of this paper developed a general and quantitative
criterion for LEWS (Xu et al. 2011). The criterion describes the
tangential angle (a) referring to the deformation rate of the
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displacement-time curve at a given time and is used to specify
different alert levels. Wang (1999) concluded that the value of «
before imminent failure is generally 89° to 89.5° based on back
analyses of a considerable number of landslides. Their finding
proves that similarity of tangential angle exits among different land-
slides. This tangential angle method was verified using nine numbers
of landslides with different failure mechanisms including rockslides
(Xu et al. 2009, 2011) and loess landslides (Qi 2017; Qi et al. 2018).
Altogether we analyzed deformation trends of more than 100 num-
bers of landslides, and out of those, details of 62 loess landslides are
described in Peng et al. (2018). These back analyses of more than 100
landslides help to divide the accelerated phase into three sub-phases
as illustrated in Fig. 9, which also shows the details of the warning
model in our LEWS. Compared with the traditional thresholds of
displacement and velocity, the thresholds of the tangential angle can
be used for various types of landslides (see Sect. Early warning and
emergency mitigation measures).

Though the tangential angle method is unique and advanta-
geous, defining a single threshold based on it for all landslides will
not be sufficient to make an accurate judgment on the trend of the
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entire evolution process of landslide deformation. Due to this
reason, multiple alert thresholds are established in our LEWS.
On the basis of the tangential angle method, the incremental rate
of deformation named as rate increment (Av) measured in mm/
timestep is used to identify the accelerated phases of deformation.
The rate increment (Av) does not differ much and assumed to be
around o in the constant deformation phase. At the beginning of
accelerated deformation, the rate increment (Av) is mostly posi-
tive, but still fluctuates and its amplitude is larger than that of the
constant deformation phase. The rapid growth of Av usually
indicates the premise of a failure. Different landslides exhibit
different rate increments (Av) and different deformation phase
changes. For example, the loess landslides exhibit different rate
increment (Av) in the accelerated deformation phase and its
amplitude varies more frequently within a very short span of time.
In this case, the lead time would become very short to judge (see
Sect. Discussion for more discussion on lead time). Moreover,
there is still the possibility of missing or misjudging the alert using
the tangential angle method. In that case, the velocity thresholds
(v) based on statistical analyses derived from monitoring data of
landslides occurred in the past play a vital role in further
distinguishing the true deformation of landslides from equipment
errors. As shown in Fig. 9, V, mainly identifies the state when the
landslide begins to deform abnormally, while V, indicates whether
the abnormal deformation of the landslide enters a relatively fast
degree. V, determines whether the deformation exceeds the short-
time rapid deformation of the landslide caused by most possibly a
new crack. The multiple threshold method makes our early warn-
ing system effective.

Early warning and emergency mitigation measures

For the case of Longjing rockslide, we lack monitoring data of
early deformations or similar landslides of this kind to extract and
define velocity thresholds. Thus, only tangential angle («) and rate
increment (Av) thresholds were considered alert parameters in
the LEWS. The displacement-time curves collected by crack gauges
and GNSS are used to get the real-time value of o and Aw.
Considering the quality of data (discussed previously in Sect.
Monitoring strategies), the crack gauge performs better than GNSS
with higher accuracy for determining the thresholds. After the
installation of the monitoring network on site in January 2019,
our LEWS can receive real-time data transmitted from the field
and automatically calculate the o for each crack gauge in parallel.
An alert message will be issued respectively considering the defor-
mation development from each sensor. Figure 10a shows the cu-
mulative displacement after data processing as obtained by crack
gauge C-o0s5, which firstly sent the warning message of imminent
sliding at 5:00 a.m., 17 February 2019.

The curves of velocity (v), tangential angle («), and rate incre-
ment (Av) were derived as shown in Fig. 10a. Xu et al. (2011)
highlight the importance of fixing the time interval, determining
the deformation rate, and the method for calculating the « (Fig. 9)
starting from the initial deformation phase. However, in our case,
it is worth to note that the slope has already reached the phase of
constant deformation when devices were set up and hence the
LEWS straightaway started analyzing the real-time data and issued
the alert level as discussed in Sect. Background.

Emergency mitigation measures were initiated in early January
2019. A chronology of the mitigation measures performed is
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Fig. 9 Concept of warning criteria of the landslide early warning system developed by SKLGP

summarized in Table 1 and only the most significant events are
described in the following. The emergency response was launched
on 7 January 2019. The following mitigation measures, including
anti-slide pile reinforcements at the rockslide toe and stacking
sandbags at the back scarp, was carried out step by step. During
the construction, on 21 January 2019, a small collapse happened at
the left front edge of the slope. It buried two of the reinforcement
piles with a volume of around 20,000 m? but fortunately, there
were no casualties or injuries. Since further collapses were
suspected, additional sandbags were stacked at the slope toe to
reduce the runout of rock masses in case of a large failure. The
LEWS was installed on the slope on 27 January 2019. Just 2 days
later on 29 January, the cracks at the rockslide crown were begun
developing with a deformation rate of around 20 mm/day. In
response to this threat, based on an instruction from the LEWS
team, the local government evacuated over 400 people who were
living on the premises around the highway.

The LEWS automatically broadcasted “Caution” (italicized) on
15 February 2019, as the value of a was more than 45°, which also
means the rockslide entered accelerative deformation phase. Based
on our suggestion, on 15 February 2019, prompt action was taken
by the local government closing the access to the road and
preventing public interference in the near vicinity. The very next
day, the values of v, Av, and « increased significantly. Before the o
reached 80° with a warning message of “Vigilance” in bold, all the
personnel and equipment on site performing structural mitigation

measures were evacuated. At 5:00 am on 17 February 2019, the
system sent a warning message in alarm level (bold-italic) with a
deformation rate exceeding 251 mm/day, cumulative displacement
of 829.2 mm and a tangential angle above 85°, explicating very high
possibility of failure in a short period of time. Warnings were first
sent to the Emergency Response Center of Guizhou Province and
then forwarded to the local government and residents through
short message service (SMS) messages and smartphone APP. The
previous alert messages until 17 February 2019, were announced as
internal statements only to politicians, government institutions,
and technical experts. Only the final alarm of imminent sliding
was sent to the public as an SMS in order to avoid unnecessary
panic. Above all, the LEWS successfully warned the occurrence of
rockslide and played a vital role in emergency response. Since
more frequent rock mass failures are expected in the future,
currently the LEWS continues to monitor the case. Meanwhile,
additional mitigation measures and reconstruction of the affected
site are underway whose details are planned to be presented in a
future research article.

Discussion

Many studies report the observed displacement time series follow-
ing the three-phase slope creep curve for an early warning model,
which is regarded as a significant part of the LEWS (Fukozono
1990; Crosta and Agliardi 2003; Ju et al. 2015; Loew et al. 2016;
Intrieri et al. 2019). Saito (1965) indicated that the slope creep
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Fig. 10 Cumulative displacement obtained by crack gauge C-05 and the derived curves of a, v, and Av with corresponding alert levels a data from 27 January 2019 to

17 February 2019 and b data few hours before the failure

usually showed a non-linear time-displacement relationship and
prompted a sudden increase in the deformation rate before com-
plete failure. Based on the slope creep theory, many empirical
methods were adopted to forecast the time of slope failure (Saito
1969). Fukuzono (1985) and Voight (1988) derived a time-
dependent relationship and developed a power-law function be-
tween failure time and displacement velocity, which was more
physically based on the method developed by Saito (1969). The
model was further improved by Crosta and Agliardi (2003)
through introducing controlling parameters into the velocity
curve, assuming these parameters were representative of the me-
chanical behavior of the rock approaching failure. Similarly, Loew
et al. (2016) applied an S-shape curve to fit the monitored time-
displacement curve, which was based on a relatively simple math-
ematical equation which describes the fatigue failure and defor-
mation of rock (Xiao et al. 2009). Meanwhile, velocity thresholds
were proposed for different alert levels, which are frequently used
in most LEWS. However, most velocity thresholds are determined
by an observational approach through back analysis of other
previous landslides in a similar geological setting. The velocities
are different from one specific site to another, and even within a
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single landslide, the deformation rate prior to the failure changes
considerably from a few millimeters per day to meters per day.
These make it rather difficult to obtain or determine the velocity
thresholds for early warning.

To overcome the above-mentioned constraints, our previous re-
search investigated the tangential angle of the displacement-time
curve as well as the acceleration characteristics during slope defor-
mation (Xu et al. 2009, 2011). A new warning criterion based on the
tangential angle was proposed and applied in our LEWS (Huang
et al. 2012b, 2015; Ju et al. 2015), which successfully predicted the
disastrous rockslide presented in this study (see Sect. Early warning
and emergency mitigation measures). In addition, our LEWS also
successfully predicted loess landslides at four more occasions in
Heifangtai Terrace, Gansu province, China between 2017 and 2019
(Huan 2017; He 2019; Petley 2019). Along with the thresholds of
tangential angle, multi-level velocities (see Sect. Background) are
also defined to improve the accuracy of LEWS. Our LEWS has been
validated and proved to be effective to predict at least two types of
landslides, i.e., rockslides and shallow soil slides so far due to its
consideration of different and multiple-level thresholds. Hereby, we
recommend adopting different and multiple-levels of thresholds, i.e.,



Table 1 Chronology of mitigation measures applied and associated warning messages

Timescale Mitigation measures

7 Jan 2019 The emergency response was launched.
8 Jan 2019 Construction of anti-slide pile reinforcement with retaining wall at the rockslide toe was started. The concrete pouring of 7
anti-slide piles was finished before 17th February 2019.
16 Jan 2019 Sandbags were stacked at the scarp of rockslide with an approximate volume of 10,000 m>. At Zone, I, the anchor rods with
concrete support was under construction.
21 Jan 2019 A collapse occurred at the left front edge of the rockslide with a volume of around 20,000 m>. All personnel in the dangerous
area were evacuated quickly.
22 Jan 2019 Additional sandbags were stacked to build a wall at the left front of the Xingma Avenue. Shielding of tensile cracks and drainage
ditch construction started.
27 Jan 2019 As invited by the Department of Natural Resources, Guizhou Province, the monitoring network was installed on-site, including 6
self-adaptive crack gauges and a rain gauge.
29 Jan 2019 400 residents were evacuated as the deformation rate exceeded 20 mm/day.
12 Feb 2019 Three GNSS sensors were installed.
13 Feb 2019 Other anti-slide pile reinforcements were under construction at the left front edge of the landslide. Pouring of concrete was
finished for 6 piles.
14 Feb 2019 3 additional crack gauges were installed.
15 Feb 2019 The alert level of “Caution” was issued by the LEWS.
Access to the danger zones around the rockslide was barred to prevent public interference in the near vicinity.
16 Feb 2019 The alert level of “Vigilance” was issued by the LEWS.
Construction workers, engineers, and related equipment were evacuated.
At 5:00 a.m., 17 The alert level of “Alarm” was issued by the LEWS, which indicated the imminent sliding.
Feb 2019
¢ Information sent out to the public by SMS messages, and relevant departments were informed to prepare additional disaster
prevention measures.
At 5:53 am., 17 The rockslide occurred.
Feb 2019

displacement (mm), rate of displacement/velocity (mm/per time
step), incremental velocity and tangential angle (°), etc. together in
a LEWS in order to improve its preciseness and extend its applica-
bility for different types of landslides.

Our experiences also complement the advantages of using
multiple monitoring strategies in a LEWS. In the case of Longjing
rockslide and other loess landslides, it was found that usage of
different types of monitoring methods through various kinds of
sensors, i.e., crack gauges, GNSS, etc. were helpful in determining
which one(s) should be taken forward to the LEWS to issue the
final alert. As we discussed earlier in Sect. Monitoring strategies,
we found the crack gauges are most suitable in our case to accu-
rately predict the deformation behavior, though usage of other
sensors in parallel will always add an advantage. The self-

adaptive data acquisition technique also adds another advantage
to the crack gauges. It is also important to select the right crack
gauge to issue the alert even though all the crack gauges were
monitored simultaneously. Based on our experience, we selected
the group of devices whichever reached a tangential angle of 45°,
80°, and 85° consecutively at the earliest.

The detection and forecast of landslides well advance in time by
the LEWS is much essential to facilitate the evacuation process
(Sattele et al. 2012; Stdhli et al. 2015). We compared the lead time
from all the five successful cases of the early warning done by the
LEWS (Table 2). The first four cases are loess landslides and the
final one is the recent Longjing rockslide. In the first case, the
LEWS forecasted the landslide approximately an hour before, the
alert message was sent out exactly after 22 min, and finally, the

Table 2 Comparison of lead time from all the successful landslide predictions by the LEWS

Landslide Imminent sliding alert

(LEWS o > 85°)

Alert message conveyance
(expert’s decision)

Lead time (h)

The actual occurrence
of landslide

Chengjia—1 (Heifangtai, Gansu) 13 May 2017 (8:51) 13 May 2017 (9:13) 13 May 2017 (9:52) 1.02
Dangchuan—1 (Heifangtai, Gansu) 30 Sep 2017 (17:50) 30 Sep 2017 (20:55) 1 Oct 2017 (5:00) 11.17
Chengjia—2 (Heifangtai, Gansu) 3 Mar 2019 (22:18) 3 Mar 2019 (23:17) 4 Mar 2019 (0:19) 1.03
Dangchuan—2 (Heifangtai, Gansu) 26 Mar 2019 (4:20) 26 Mar 2019 (4:34) 26 Mar 2019 (5:01) 0.68
Longjing (Xingyi, Guizhou) 17 Feb 2019 (5:00) 17 Feb 2019 (5:00) 17 Feb 2019 (5:53) 0.88
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actual occurrence timed 1 h later. The other three cases of loess
landslides also have these timings as can be seen from Table. 2. For
the Longjing case, the forecast was done less than an hour before
the actual rockslide and the expert decision on sending the alert
message was done at once at the same time. Whereas for all the
other four cases, the expert suggestion came at least 14 min later
than the alert from the LEWS (the second case came after 3 h).
This time difference states that though we have an advanced
LEWS, it still needs to be double confirmed by scientists to decide
whether or not to send an alert message to the public in order to
avoid false alarms.

Conclusions

The cases of successful prediction and mitigation of landslides are
very exceptional worldwide due to their complex nature. Early
warning systems are valuable tools for risk reduction, and they
empower the community by providing timely alerts spanning
hours, thus saving invaluable lives. In this study, we presented a
successful case of early warning and emergency mitigation mea-
sures accomplished for a disastrous rockslide in Southwestern
China. Our self-developed LEWS helped to predict and mitigate
the rockslide, eventually achieving zero casualties or injuries and
almost no property losses. We also discussed the other four land-
slides that were successfully predicted by our LEWS. The im-
proved data processing method and the early warning model
based on multiple threshold determination methods were intro-
duced. Our study also contributes to the compilation of a com-
prehensive database of displacement time histories of landslides
that will be helpful for predicting similar landslides in the future.
The experiences we have learned from the successful cases are
summarized as follows:

- The Longjing rockslide was initially triggered by anthropogenic
activities and with time developed into a major disaster need-
ing special attention and exclusive mitigation measures. Since
the initial trigger is a manmade slope excavation, this experi-
ence also brings out the consequences of underestimating the
role of hillslope geology. It is very clear that no prior investi-
gation in 2014 was done regarding the hill slope stability under
the influence of the amount of rock mass removed from the
slope toe. The necessity of performing a thorough geotechnical
stability investigation of adjacent hillslopes along transport
network has clearly been understood.

- Satellite images are very helpful to track the deformation his-
tory of landslides especially for cases where deformation is
ongoing and there is a lack of continuous monitoring data.
For the Longjing rockslide, it is with the help of initial inter-
pretation from freely available satellite images; the mitigation
measures have been planned and carried out.

- Knowledge of site conditions play an imminent role before,
during, and after setting up the LEWS and both the in situ
monitoring and mitigation measures should be carried out
simultaneously to prevent minor to major disasters in quick
time.

- The importance of considering different and multiple-level
thresholds (criteria) in an early warning system is substantially
proven. We recommend the use of multiple thresholds mea-
sured from different sensors together to keep the system unin-
terrupted and reliable during an emergency.
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