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This study developed and verified landslide evacuation management criteria through the
analysis of surface behaviors (the surface displacement and slope) to minimize casualties
and property damage caused by landslides. First, for the surface-displacement-based
evacuation management criteria, short-term—based management criteria were developed
through the analysis of experimental results, and long-term-based evacuation
management criteria were developed through the analysis of site collapse data.
Furthermore, the reliability of the developed criteria was verified through additional
experiments and comparison with the results of previous domestic and overseas
studies. Next, surface-angle-based evacuation management criteria were developed
through the analysis of experimental results, and the reliability of the developed criteria
was verified through additional experiments. Finally, the phased management criteria of
these two criteria categories were directly compared and their similar results (i.e., warning
times) were verified. This analysis confirmed that the investigated surface-angle—based
management criteria can serve as an auxiliary form of the surface-displacement-based
evacuation management criteria.

Keywords: landslide, evacuation management criteria, surface displacement, surface angle, full-scale experiment

INTRODUCTION

Natural disasters causing human casualties and property damage occur every year worldwide.
Recently, the frequency and scale of natural disasters have been increasing due to rapid climate
change and industrialization. Moreover, human casualties and property damage due to natural
disasters are on the rise due to the urbanization and broadening of regions with concentrated
populations and resources. Landslides, which represent a high proportion of all natural disasters,
are closely related to topographical, geological, and rainfall conditions (Popescu, 2002; Kim et al.,
2022).

Geographically, approximately 70% of the land of South Korea is composed of mountainous
areas; geologically, the proportion of saprolites, which are vulnerable to landslides, is high. In terms
of climate, approximately 700 mm of precipitation occurs during the summer, thereby making this
country vulnerable to landslides (Kim et al., 2017; Kim and Jeong, 2017; Park et al., 2018). Landslides
represent a large percentage of all domestic disasters, and damage from these events has been
increasing. According to the Korea Forest Service, the damaged area and cost of restoration due to
the landslide are increasing every year, and this increasing trend is clearly observed by calculating the

Frontiers in Environmental Science | www.frontiersin.org 1

August 2022 | Volume 10 | Article 957842


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.957842&domain=pdf&date_stamp=2022-08-24
https://www.frontiersin.org/articles/10.3389/fenvs.2022.957842/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.957842/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.957842/full
http://creativecommons.org/licenses/by/4.0/
mailto:song32@korea.kr
https://doi.org/10.3389/fenvs.2022.957842
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.957842

Choi et al.

cost of restoration compared to the damaged area (Choi et al,
2019). This is thought to be due to the concentration of human
and material resources in the wake of industrialization and
urbanization.

Various studies have been conducted to respond to increasing
landslide damage including studies related to the cause and
characteristics of landslides (Song and Hong, 2007; Choi et al,
2011), the evaluation of vulnerabilities to landslide damage (Kang
and Kim, 2015; Kim et al, 2019), landslide prevention and
restoration measures (Lee et al, 2018; Jang et al.,, 2020), and
the establishment and operation of evacuation management
criteria to reduce human casualties from landslides (Park
et al., 2018).

The importance of such topics as the establishment and operation
of evacuation management criteria is increasing as it is related to the
recent development of smart cities as well as the reduction of human
casualties. With respect to evacuation management and operations,
the Korea Forest Service manages areas surrounding mountains and
has provided a nationwide danger notification service by
constructing a landslide forecast and alarm system based on
rainfall and geological conditions (Lee et al., 2009). Moreover, the
Ministry of the Interior and Safety monitors mountains around
residential areas, conducts continuous measurements for areas
considered to require special management, and is implementing
evacuation management criteria based on measurement information
considering the potential collapse of mountains around residential
areas (Ministry of the Interior and Safety (MOIS), 2016).

The measurement-based evacuation management criteria
being implemented by the Ministry of the Interior and Safety
consist of surface-displacement-based evacuation management
criteria, which are direct indicators that measure the behaviors of
mountains, which incorporate underground slope-, load-, and
rainfall-based evacuation management criteria. These criteria are
considered to be indirect indicators that consider changes in a
measuring instrument rather than the measurement of surface
behaviors, which are considered via pore-water-pressure-,
volumetric-water-content-, and  groundwater-level-based
evacuation management criteria. Specifically, the surface-
displacement-based evacuation management criteria were
determined based on the cumulative displacement and
displacement rate obtained by analyzing the measurement data
of actual collapse sites. The underground slope-based evacuation
management criteria were established by analyzing domestic and
overseas management criteria, such as those of Japan’s Slope
Stability Subcommittee and soil-retaining temporary facilities.
The load-based evacuation management criteria were established
by referring to load gauge management criteria for temporary
soil-retaining facilities and management criteria that were applied
to these sites. The rainfall-based evacuation management criteria
were established based on rainfall data categorized by region by
analyzing the rainfall and geological characteristics of various
landslide damage sites. The pore-water-pressure-based
evacuation management criteria were established based on
excess pore-water-pressure data, while the volumetric-water-
content-based  evacuation management criteria = were
established based on the saturations of sandy and clay soils.
Finally, the groundwater-level-based evacuation management
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FIGURE 1 | Landslide failure model and phased criteria setting points.

criteria were established based on changes in the cumulative
groundwater level.

Among the evacuation recommendation criteria, the surface-
displacement-based management criteria are the most widely
utilized evacuation management criteria worldwide in terms of
their intuitiveness and ease of analysis using displacement
measurements established through direct surface behavior
measurements (Reid et al, 1999; Bazin, 2012). The
displacement-based management criteria of the Ministry of the
Interior and Safety, as described above, result from data gathered
from 10 collapse sites that occurred in South Korea, but they
require supplementation because these results were obtained
through an analysis involving a small amount of data.
Additionally, the underground slope-based
management criteria require supplementation because they were
obtained by analyzing relatively simple related criteria and include
criteria related to temporary facilities instead of mountains.

Therefore, this study aims to improve the existing surface-
displacement-based evacuation management criteria by
analyzing data from various experiments (small- and full-scale
flume experiments) and the field. We develop and propose
surface-angle-based evacuation management criteria that can
be utilized as a supplementary indicator of the surface-
displacement-based management criteria. Furthermore, the
reliability of these two types of evacuation recommendation
criteria is analyzed through verification and step-by-step
comparison of the two criteria types. This study aims to
minimize human casualties by improving the measurement-
based evacuation recommendation criteria currently used by
the Ministry of the Interior and Safety.

evacuation

DETERMINING MEASUREMENT
MANAGEMENT CRITERIA

Determining Management Criteria

Landslides are caused by geological and topographical factors,
physical factors, and human activities. There are many different
types of landslide failures, but they can be largely classified into
polynomial, growth, and rapid models.
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TABLE 1 | Phased criteria setting points for the development of measurement
management criteria.

Type Watch Caution Warning Alert

Polynomial 0 A B C (<85

Among these models, the polynomial model is a general slope
failure model that can be divided into three periods: the initial
displacement, continuous increase of the displacement, and rapid
increase of the displacement just before failure. This behavior
mainly appears in soils with low adhesion, high confining
pressures, and rocks, among other sites. Stages of this process
can be determined according to slope failure based on the
aforementioned slope failure characteristics, and measurement
management criteria can be determined using these stages.
Figure 1 shows the above-mentioned slope failure model, and
Table 1 summarizes the stage divisions and division points
determined based on Figure 1. For example, the slope failure
behaviors of the polynomial model can be divided into the initial
displacement, constant velocity, and acceleration periods. If these
periods are set as measurement management criteria, they may be
divided into the “initial displacement period” from the onset of
displacement to the point of a constant-velocity displacement
(OA), the “constant velocity period” in which the displacement
increases at a constant rate (AB), and the “acceleration period” in
which the displacement accelerates (BC). These periods can be
designated as three levels of phased management criteria as
“watch,” “caution,” “warning,” and “alert.” “Watch” begins at
initial displacement (O), “caution” begins at the “start point of
constant velocity (A),” “caution” occurs at the “end point of
constant velocity (start point of acceleration) (B),” and alert
occurs at the “end point of acceleration (C).”

The specific analysis method for these criteria is as follows. The
“displacement/slope velocity” is calculated based on the velocity/
slope displacement unit of the management criteria using the
displacement data over time, and the “displacement/slope
acceleration” is calculated based on the displacement/slope
velocity. However, in the case of the end of the acceleration
phase for determining the alert level, the maximum
displacement/slope at which the displacement can be measured
and the corresponding maximum acceleration values are
generally calculated using the measured values. However, the
measurement management criteria provide risk levels before
considering the damage from failure; therefore, it is difficult to
determine the alert level based on the end point of the acceleration
phase. To complement this, Xu et al. (2011) analyzed the
displacement/slope velocity at which a slope failure occurs using
actual failure site data from Wang and Zhang (1999). The article
found that the displacement velocity at slope failure may be
converted into a slope angle of 89-89.5". Based on this, the
critical failure for pre-warning criteria of was to be 85".

In this study, the polynomial model was utilized by applying
the aforementioned criteria for four graded, initial displacement
(O) for “watch,” start (A) and end (B) points of constant-velocity
period for “caution,” “warning,” end point of acceleration (C) for
“alert” in Table 1.

Evacuation Management Criteria for Landslides

Research Method

Domestic and overseas references, indoor experiments (including
small- and full-scale flume experiments), and field data were
analyzed to develop measurement-based management criteria for
soil slope failure in this study. First, management criteria that can
be used to examine the stability of slopes under construction were
examined. Additionally, short-term-based management criteria
considering short-term-based data, such as heavy rainfall over
short time periods, and long-term-based management criteria
considering the continuous measurement of the slope and soil
were developed. Considering the short-term-based criteria, a
slope failure experiment was conducted using small- and full-
scale slope failure simulators at the National Disaster
Management Research Institute. The surface behaviors were
analyzed by installing a surface displacement gauge to verify
the behaviors during the failure process. The values of phased
management criteria were derived from the displacement
measurement data, and the short-term-based management
criteria were then developed. The final measurement-based
management criteria were developed following the full-scale
flume experiment considering the effects of scaling. The long-
term-based management criteria were next developed by
analyzing domestic and overseas references and field data of
previous failures that have either occurred or are predicted to
occur in South Korea.

The research on surface-angle-based measurement
management criteria globally remains limited. Therefore, the
surface-angle-based ~ evacuation = management  criteria
considered in this study were developed by analyzing the
surface angle results acquired via the full-scale flume
experiment at the National Disaster Management Research
Institute.

Finally, the reliability of all management criteria was verified
using small- and full-scale flume experiments with different
conditions, as well as by considering the results of previous
studies. The design and methodology of study is shown in
Figure 2.

EQUIPMENT AND EXPERIMENTAL
CONDITIONS

Introduction of the Slope Failure Simulator
The National Disaster Management Research Institute has a full-
scale steep slope failure simulator. This full-scale steep slope
failure simulator, which is the largest in Asia, is composed of an
artificial rainfall reproduction device for reproducing rainfalls, a
model container for constructing slopes, and a control room for
the analysis of slope images and verification of the measurement
results. The artificial rainfall reproduction device with a size of 4 x
21 m can reproduce a continuous rainfall across the entire slope,
and the rainfall intensity can be adjusted from 10 to 160 mm.
Furthermore, the injection method can be selected between left,
right, and directly downward injections according to the
experimental conditions. The model containers are divided
into the first, second, and third containers, which have a
variable structure in which the angle can be adjusted for

Frontiers in Environmental Science | www.frontiersin.org

August 2022 | Volume 10 | Article 957842


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Choi et al.

Evacuation Management Criteria for Landslides

Type of criteria

| | Type of data |

Small scale experiment (18 data)|

Short term based criteria

Surface
displacement

Full scale experiment (2 data) |

Evacuation

Long-term based criteria |‘—{

landslide sites (87 data) |

management criteria
(Polynomial model)

Surface angle

H Full scale experiment (6 data) |

FIGURE 2 | The design and methodology of this studly.

different soil types. The first model container can be adjusted to
0-5°, the second model container to 0-15°, and the third model
container to 15-40°". The soil layer can be built up to a height of
2.5 m, and soil can be piled up to approximately 250 t. Finally, the
control room can adjust the rainfall intensity, method, and slope
angle, as well as receive measurement data and acquire images. In
addition, the National Disaster Management Research Institute
has a small-scale slope failure simulator with a size that is 1/10 the
scale of the large simulator.

Experimental Conditions
A soil slope was constructed using the full-scale landslide
failure simulator for landslide experiments and data
acquisition. The soil used in this experiment was granite
weathered soil that consists of 73.8% sand and 22% fine
powder. The coefficient of uniformity (Cu) is 6.0, the
coefficient of curvature (Cg) is 0.84, the liquid limit (LL) is
29.7%, and the plastic limit is 21.5%, so this soil is classified as
SP. The engineering properties (friction angle and cohesion) of
soil were measured to 32.1° for friction angle and 22.8 kPa for
cohesion intercept. The bottom angle of the slope was 5° for the
first model container, 15° for the second model container, and
35° for the third model container, and the surface angle of the
slope was 35°. The dimensions of the slope size were 10.6 m in
height, 15.2 m in length, 2.5 m in soil depth, and 4 m in width.
The weight of the slope was approximately 220t. When
constructing the slope, the soil was built with a dry density
of approximately 1.55t/m3 and a water content of 10%. To
measure the process of slope failure due to rainfall, three
surface angle gauges were installed at the top (7.5m),
middle (6.3 m), and bottom (5.1 m) from the end of the
slope. The surface displacement gauges were installed at the
same heights as the surface angle gauges at approximately 1 m
from the center of the slope (six gauges total). An imaging
device was installed at the top front section of the slope to
visually analyze the changes during the failure process.
Lastly, the rainfall was injected using the artificial rainfall
reproduction device, and the rainfall intensity was set to 50 mm/
h. Because the rainfall intensity (50 mm/h) was determined by
average rainfall intensity (until slope failure) over six fields during
typhoon “Mitag” in the year 2019. The coefficient of uniformity of
the rainfall was 87.2%, which satisfied the reliability of the
coefficient of uniformity for domestic and overseas rainfall
devices (Jeong et al., 2019).

The slope dimensions, gauge types, and installation positions
for the experiment are shown in Figure 3. This experiment was
performed twice.

Measurement Instruments

Closed-circuit televisions (CCTVs), surface displacement gauges,
and surface angle gauges were used to analyze the surface
behaviors and develop measurement management criteria. The
CCTVs consist of nine cameras in total that can obtained videos
at different locations and a recorder for recording videos. The
surface displacement gauges are composed of a displacement
sensor, a box that contains this sensor, and a fixture for fixing the
displacement gauge. For the displacement sensor, a wire sensor
(electrical resistance type) was used, which is widely used for
surface displacement measurements. A device with a
measurement range of up to 2,000 mm was used considering
the scale of the empirical experiment. The measurement
instrument and data logger for storing the data are
interconnected by a wire. The surface angle gauge is composed
of an integrated slope measurement instrument (composed of a
slope gauge sensor and support) that can transmit data wirelessly,
as well as a gateway that can send and receive the data. The slope
gauge has an embedded battery, can measure 360° from the
reference point, and has a resolution of 0.0001°.

SURFACE BEHAVIOR ANALYSIS RESULTS
BASED ON MEASUREMENT
INFORMATION

A slope failure was induced by subjecting the above-described
slope to a continuous rainfall. The images were acquired during
the failure process, and measurements of the slope surface and
surface displacement were acquired during failure. The analysis
results of the imaging device and measurement instruments
(slope surface and surface displacement) were obtained.

The imaging device results demonstrated that the failure
behavior obtained via the first experiment occurred via a scour
generated at the center approximately 20 min following the onset
of rainfall, and the size and number of scours increased with time.
Failure occurred at approximately 1000 min from the onset of
rain. At the time of failure, a soil depth of approximately 1 m was
generated. The failure behavior observed via the second
experiment resulted from the generation of scours at
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FIGURE 4 | Images of the slope failure after each experiment: (A) first and (B) second experiments.

approximately 25 min after the start of rainfall. The failure

progressed similarly to that of the first experiment, but it

progressed slower and occurred approximately 1300 min later

the onset of rain. The final images of the slope failures are shown
in Figure 4.

The results of the surface displacement analysis are shown in
Figure 5A considering the surface displacement over time for the
first experiment. The surface displacement behavior showed a
tendency to increase either step-by-step or rapidly at various
points during both the first and second experiments. In general,
the bottom of the slope showed an abrupt increase, while a more
gradual increase was observed toward the top. At the bottom of
the slope, a rapid displacement occurred initially. Partial failure is
considered to have occurred at the lower portion of the slope as

saturation of the bottom portion of the slope occurred due to the
continuous rainfall.

Finally, the surface angle analysis was conducted to
investigate the variation of the slope angle over time as
measured by the slope gauges, and the results are shown in
Figure 5B. The slope angles in both experiments generally
underwent cycles of increasing and decreasing over time.

These results were likely obtained due to the creation of

scours via the continuous rainfall. Furthermore, a rapid

change occurred immediately before the slope failure, as

was observed in the image analysis results. The slope angle

partially increased or decreased over time depending on the

section of the slope, while the slope angle at the actual failure
point rapidly increased after slowly increasing.
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DEVELOPMENT AND VERIFICATION OF
THE SURFACE-DISPLACEMENT-BASED
EVACUATION MANAGEMENT CRITERIA

For the surface-displacement-based measurement management
criteria, short-term-based measurement management criteria
that can be used to examine the stability of a slope under
construction or applied when examining heavy rainfall over a
short time period were considered. Moreover, long-term-based
measurement management criteria that can be applied to soil
slope and creep that require continuous management were
developed. Furthermore, the reliability of the developed
measurement management criteria was verified.

Development of Short-Term-Based
Measurement Management Criteria

The short-term-based measurement management criteria were
derived through 18 experiments using the small-scale slope
failure simulator and two experiments using the full-scale
slope failure simulator.

During the 18 small-scale experiments, measurements were
performed while changing the rainfall intensity (30, 50, and
100 mm/h), slope gradient (35, 40, and 50°), and dry unit
weight (1.30-1.50 g/cm3). Considering the measured data, four
levels of management criteria were determined according to the
criteria for each level described in Section 2. Therefore, “watch”
(gray circle), “caution” (yellow triangle), “warning” (orange
square), and “alert” (red diamond) were marked at the points
corresponding to each level, as shown in Figure 6A. Regarding
the results of the small-scale experiments, either the minimum or
average values may be used to determine these levels. In this
study, we utilized the hr. average values according to the method
presented in the steep slope management practical handbook.
The short-term-based management criteria obtained through the
small-scale experiments were denoted as the point at which
displacement first occurred for “watch,” 1mm/min for
“caution,” 5 mm/min for “warning,” and 31 mm/min for “alert.”

Next, two full-scale flume experiments were conducted using
the conditions noted in Section 3, and the phased management

criteria and averages were analyzed. The analysis method using
the full-scale flume experiments was the same as that of the small-
scale experiments. However, in the case of the full-scale flume
experiments, the experimental time was approximately 18-21h
whereas it was <2 h for the small-scale experiments, and scours
and partial failures occurred. Therefore, considering the
measurement data of the full-scale flume experiments, the
measurement management criteria were analyzed only using
the data that was directly affected by failure (i.e., the final
polynomial graph or total graph) instead of analyzing the
entire experiment. Finally, the four aforementioned levels were
indicated via this analysis. Figure 6B shows a figure of the phased
management criteria points obtained using partial data of the full-
scale experiment, and their values are shown in Table 2. The
short-term-based =~ measurement = management  criteria
determined via the full-scale flume experiment were
determined as the onset of displacement for “watch,” 1 mm/
min for “caution,” 3 mm/min for “warning,” and 17 mm/min for
“alert.”

To develop the short-term-based measurement management
criteria through indoor experiments, the results of the small- and
full-scale flume experiments were analyzed. It was found that the
criteria determined through the small-scale experiments were
higher than those determined through the full-scale flume
experiments (except for “watch”). The average values of the
small-scale experiments may have been greater due to large
differences in the criteria values for each level considering
various conditions (rainfall intensity, dry unit weight of soil,
and slope angle). Moreover, it appears that the different amounts
of time required for failure affected these results. The small-scale
experiments were conducted over a relatively short period of
approximately 2h, whereas the full-scale flume experiments
required more than 16h. In the small-scale experiments,
failure occurred relatively quickly and displacement occurred
rapidly compared to the large-scale experiments due to size
differences. Jeong et al. (2011) analyzed the progression of
failure over time according to the sizes of the small- and full-
scale flume experiments and confirmed that the small-scale
experiment generated greater displacements over the same
time period compared to the full-scale flume experiment.

Frontiers in Environmental Science | www.frontiersin.org

August 2022 | Volume 10 | Article 957842


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Choi et al.

Evacuation Management Criteria for Landslides

A B 5000
O Watch O Watch

P 1 )

E 300 | ACalltlfm g 1,500 | A Caution

k=) O Waming Sauet, B Warmning

= -

g @ Alert 5 @ Alert

£ 200 £ 1,000

8 Q

8 &

2 _

.4 100 | % =00

A A

O 1 1 0 + * * * * * * !
0 10 20, .30 40 50 0 L | Looo 1,500
Time(min) Time (min)
FIGURE 6 | Phased management criteria points (surface displacement) obtained via (A) small-scale flume experiments and (B) full-scale flume experiments.

TABLE 2 | Results of the long-term-based evacuation management criteria
(surface displacement).

Type Evacuation management criteria (mm/day)
Watch Caution Warning Alert
Results Onset of displacement 2 8 56

Because the small-scale experiment cannot consider the
scaling effects, the small- and full-scale flume experiments may
not be directly compared. To address this problem, a weight (x2)
was given to the results of the full-scale flume experiments, and
the short-term-based measurement management criteria
applicable to the soil slope were finally developed. Results
show the short-term-based measurement management criteria
determined through indoor experiments, which were the onset of
displacement for “watch,” 1 mm/min for “caution,” 4 mm/min
for “warning,” and 21 mm/min for “alert.”

Development of Long-Term-Based

Evacuation Management Criteria

The long-term-based evacuation management criteria were
determined through the data analysis of measurements from
eight domestic landslide sites (2012-2014). These data were
used to determine the evacuation management criteria for
landslides that occurred in 2016 by the Ministry of the
Interior and Safety. We aim to improve upon these
management criteria by using a different analysis method
while considering the same data.

The conventional phased measurement management criteria
apply one criterion for one data point, but this study determined
multiple criteria for each level to reflect the actual behaviors of
slope failure and improve the reliability of these criteria by
considering more data. Figure 7A shows phased evacuation
management criteria that were previously determined, whereas
Figure 7B shows multiple phased evacuation management
criteria points that were determined in this study. The
evacuation management criteria shown in Figure 7B were
determined using 87 data points instead of the eight data

points used previously. As a result, “watch” was determined as
the onset of displacement, “caution” as 2 mm/day, “warning” as
8 mm/day, and “alert” as 56 mm/day.

Verification of the Evacuation Management

Criteria

In this section, the short- and long-term-based evacuation
management criteria developed in Sections 5.1 and 5.2 are
verified. The short-term-based evacuation management
criteria were verified using 10 small-scale flume experiments
and two full-scale flume experiments with different
experimental conditions. The soil used in these experiments
was granite weathered soil with a specific weight of 2.59,
liquid limit of 29.7%, plastic limit of 21.5%, and plasticity
index of 6.8%. This soil was classified as SC-SM by the unified
taxonomy, and the content of fine particles was analyzed to be
approximately 38.0%. Furthermore, the slope conditions and
positions of the measuring instruments were to the same as
those in Section 5.2. The rainfall intensity was 50 mm/h, as in
the previous experiments. The phased management criteria were
calculated using the measurement management criteria method
applied in this study using the displacement data measured
during the 10 small-scale flume experiments and two full-scale
flume experiments according to the above conditions. Figure 8
shows the phased criteria points according to the above
experiments. The verified management criteria were
determined to be the onset of displacement for “watch,”
I mm/min for “caution,” 4mm/min for “warning,” and
96 mm/min for “alert.” These criteria are greater than the
values proposed in this study, which were onset of
displacement, 1, 3, and 17 mm/min for “watch,” “caution,”
“warning,” and “alert,” respectively. The criteria in this study
were set more conservative than those for verification. Therefore,
they are considered to be reasonable for application under various
conditions.

The long-term-based evacuation management criteria were
verified through the surface-displacement-based measurement
management analysis method that has been used both in Korea
and elsewhere. The management criteria (mm/day) determined

Frontiers in Environmental Science | www.frontiersin.org

August 2022 | Volume 10 | Article 957842


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Choi et al.

Evacuation Management Criteria for Landslides

200 400
Elapsed time(day)

A B

500 500

O Watch O Watch
= a00 [ A Caution ‘=400 H AcCaution
E BWarning E O Warning
At el
E 300 @ Alert S 300 H eAlert
15) Q
g g
g 3
Q 200 & 200
< —
a, [=
5 1)
. -t L
A 100 A 100
0 - P 0 N .
0 600 0

200 ) 400 600
Elapsed time(day)

FIGURE 7 | Phased management criteria points determined through an analysis of field measurement data: (A) previous analysis data [21] and (B) this study.
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TABLE 3 | Results of the long-term-based evacuation management criteria used
for verification (surface displacement).

Type Evacuation management criteria (mm/day)
Watch Caution Warning Alert
Xu et al. (2011) 1 6 26 63
Wang and Zhang, (1999) 13.8 18.6 54.4 94.2
Jeong et al. (2019) - - 5 50
Jeong et al. (2011) - 1 10 100

in previous studies that can be directly compared with the criteria
proposed in this study were considered (Task Committee of
Japanese Geotechnical Society (TCJGS), 1996; Japan Highways
Organization (JHO), 1998; Ministry of the Interior and Safety
(MOIS), 2015; Yoo, 2006; Yueping et al., 2010; Cheon et al., 2013).
It was found that the average values of the management criteria
were 7.4, 8.0, 19.2, and 84.5 mm/day for “watch,” “caution,”
“warning,” and “alert,” respectively, as shown in Table 3.
These criteria were more conservative than the long-
term-based measurement management criteria proposed in
this study, which were the onset of displacement, 2, 8, and

56 mm/day for “watch,” “caution,” “warning,” and “alert,”
respectively. Therefore, the measurement management criteria

determined in this study may be applied for various ground and
geological conditions.

DEVELOPMENT AND VERIFICATION OF
THE SURFACE-ANGLE-BASED
EVACUATION MANAGEMENT CRITERIA

Development of Evacuation Management
Criteria

The surface-angle-based measurement management criteria
were developed by analyzing the six surface angle datasets
obtained using the experimental conditions described in
Section 3.2. Figure 9 shows the results of the full-scale flume
experiment over time. The measurement data showed a trend of
slowly increasing after the onset of measurements and then
rapidly increasing at a certain point. Therefore, according to
the criteria defined in Section 2.1, the “watch” level was set to the
onset of displacement, “caution” level to the beginning start of the
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constant velocity,” “warning” level to end point of the constant
velocity, and “alert” level to the end point of the acceleration. The
final surface-angle-based measurement management criteria
were proposed by averaging the results of each dataset for
each level. The final measurement management criteria for the
full-scale flume experiment were determined as the onset of
displacement for “watch,” 0.04°/min for “caution,” 0.22°/min
for “warning,” and 1.74°/min for “alert.”

The surface-angle-based measurement management criteria
developed in this Section 6.1 were verified. The results of the
full-scale flume experiments conducted under the soil and
experimental conditions described in Section 5.3 were used to
verify the measurement management criteria, and the criteria
determination method described in Section 6.1 was used as the

verification method. Five datasets were analyzed through two full-
scale flume experiments. As shown in Figure 10, the slope angle
slowly increased after the onset of displacement and then rapidly
increased. This trend was the same as the trend observed in Section
6.1. The final measurement management criteria were derived by
averaging the individual data analysis results. As shown in Table 4,
the “watch” level was determined as the onset of displacement,
“caution” level as 0.04"/min, “warning” level as 0.18°/min, and
“alert” level as 2.22°/min. These criteria were more conservative
than those proposed in this study, which were the onset of
displacement, 0.04, 0.22, and 1.74°/min for “watch,” “caution,”
“warning,” and “alert,” respectively. Therefore, the measurement
management criteria proposed in this study may be applied to
various soil and geological conditions.
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TABLE 4 | Results of surface-angle-based evacuation management criteria for
verification.

No. Evacuation management criteria ('/min)

Watch Caution Warning Alert
1 Onset of displacement 0.03 0.20 3.52
2 0.03 0.16 2.78
3 0.05 0.18 215
4 0.01 0.13 1.22
5 0.08 0.24 1.40
Results 0.04 0.18 2.22

It should be noted that the surface-angle-based measurement
management criteria proposed in this are not sufficiently reliable
due to insufficient analysis data and a lack of existing research
results. Therefore, it is recommended that the surface-
angle-based measurement management criteria proposed in
this study be used as supplementary criteria, for application to
steep soil slopes where it is difficult to install surface displacement
gauges.

The short-term-based evacuation management criteria were
verified using 10 small-scale flume experiments and 2 full-scale
flume experiments with different experimental conditions. The
soil used in these experiments was granite weathered soil with a
specific gravity of 2.59, liquid limit of 29.7%, plastic limit of
21.5%, and plasticity index of 6.8%. This soil was classified as SC-
SM by the unified classification method, and the content of fine
particles was approximately 38.0%. Furthermore, the slope
conditions and gauge positions were similar to those in
Section 5.2, and the rainfall intensity was set to 50 mm/h, as
in the previous experiments. The phased management criteria
were determined using the measurement management criteria
method proposed in this study considering the displacement data
measured via the small- and full-scale flume experiments. The
final measurement management criteria for verification were

Evacuation Management Criteria for Landslides

determined, as shown in Table 4, which were the onset of
displacement for “watch,” 0.04°/min for “caution,” 0.18°/min
for “warning,” and 2.22°/min for “alert.” These criteria are
greater than those proposed in this study, which were the
onset of displacement, 1, 3, and 17/min for “watch,”
“caution,” “warning,” and “alert,” respectively. Therefore, the
criteria proposed in this study were more conservative than
the verification criteria, and the proposed criteria may be
reasonably applied under various conditions.

COMPARISON OF THE
SURFACE-DISPLACEMENT- AND
SURFACE-ANGLE-BASED PHASED
MANAGEMENT CRITERIA

Surface-displacement- and surface-angle-based management
criteria were derived in this study by conducting failure
experiments using surface displacement and surface angle
gauges installed at the same positions. Therefore, the phased
measurement times can be directly compared by analyzing the
results of these two gauges.

Figure 11 shows the phased measurement management
criteria determined based on the surface displacement and
surface angle at the same height via empirical experiments.
The displacement over time is indicated by the black line, and
the phased measurement management criteria are indicated by
the open symbols. The surface-displacement-based management
criteria were calculated as approximately 170 and 1,238 min for
the “caution” level, approximately 901 and 1,257 min for the
“warning” level, and 1,172 and 1,260 min for the “alert” level. The
slope angle over time is indicated by the blue dotted line, and the
phased measurement management criteria are indicated by the
closed symbols. The surface-angle-based management criteria
were calculated as approximately 168 and 1,226 min for the
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“caution” level, 1,137 and 1,253 min for the “warning” level, and
1,142 and 1,274 min for the “alert” level. The two measurement
management levels showed similar values of approximately
170 for the “caution” level, approximately 1,255 min for the
“warning” level, and approximately 1,258 min for the “alert”
level. By comparing these two measurement criteria systems, it
was observed that the same management criteria for both the
surface displacement and surface angle occurred at similar times.
This confirmed that these two management criteria can be
directly compared with and verified using one another, and
the surface-angle-based management criteria can be used to
supplement the  surface-displacement-based  evacuation
management criteria.

CONCLUSION

This study developed evacuation management criteria based on
measurement data to minimize human casualties and property
damage due to slope failures considering the criteria used by the
Ministry of the Interior and Safety. Surface-displacement-based
and surface-angle-based measurement management criteria that
can analyze slope surface behaviors were developed. The results of
this study may be summarized as follows:

1) Short-term-based measurement management criteria that
can be applied to evaluate the stability of a slope under
construction or heavy rainfall for a short period of time
were developed. The management criteria were determined
using small- and full-scale flume experiments, and a weight
was given to the results of the full-scale flume experiments to
improve the reliability of these experiments. The final short-
term-based measurement management criteria proposed in
this study were 1 mm/min for the “caution” level, 4 mm/min
for the “warning” level, and 21 mm/min for the “alert” level.
Long-term-based measurement management criteria for
application to soil slope and creep scenarios, which require
continuous management, were also developed. These phased
management criteria were determined by analyzing the results
of domestic and overseas studies, as well as data from sites
where failures have occurred or are predicted to occur. The
final long-term-based measurement management criteria
proposed in this study were 2 mm/day for the “caution”
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