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Abstract. This study evaluated slope stability through a case study to determine the disaster risks associated with increased
deforestation in structures, including schools and apartments, located in urban areas adjacent to slopes. The slope behind the OO
High School in Gwangju, Korea, collapsed owing to heavy rain in August 2018. Historically, rainwater drained well around the
slope during the rainy season. However, during the collapse, a large amount of seepage water flowed out of the slope surface and
a shallow failure occurred along the saturated soil layer. To analyze the cause of the collapse, the images of the upper area of the
slope, which could not be directly identified, were captured using unmanned aerial vehicles (UAVs). A digital elevation model of
the slope was constructed through image analysis, making it possible to calculate the rainfall flow direction and the area, width,
and length of logging areas. The change in the instability of the slope over time owing to rainfall lasting ten days before the
collapse was analyzed through numerical analysis. Imaging techniques based on the UAV images were found to be effective in
analyzing ground disaster risk maps in urban areas. Furthermore, the analysis was found to predict the failure before its actual
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occurrence.
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1. Introduction

Deforestation has continued to progress, with people
remaining unaware of this trend because of the increase in
convenience facilities, such as tourist facilities and walking
trails in urban areas, implemented by local governments
every year in addition to the increasing urbanization and
industrialization in each region. This increase in
deforestation is not only concentrated in road development
projects but has also increased in urban areas adjacent to
steep slopes, such as retaining walls and cut slopes. This
phenomenon has become a key factor causing damage in
the form of landslides. The probability of landslides
resulting from deforestation significantly increases during
the rainy season in Korea from June to August because of
shallow slope failures and debris flow, and many human
casualties and property damage suddenly occur (Peduto et
al. 2021, Gulla et al. 2017).

In Korea, the geographic information system (GIS)
technique has been used in research to analyze landslide
disaster risk areas. The data collected from this research
was used to produce a significant ground disaster risk map
that can be used as basic data to ensure the safety of arecas
close to landslides and steep slope sites (MPSS 2012).
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Previous studies on debris flow risks and landslides
have focused on the technology required to determine the
locations of slopes with a high landslide probability. This
technology can identify the locations with high collapse
probability in mountainous areas; however, its usability is
limited because it cannot identify areas where damage is
expected.

Latest technologies, such as unmanned aerial vehicles
(UAVs), i.e., drones, have recently been used in areas with
limited access to effectively cope with the risks associated
with mountainous areas in cities. UAVs can perform
measurements over wide areas, including hard-to-access
areas. Moreover, UAVs can be introduced within a
reasonable budget and provides a topographical survey
technology operable by minimal personnel.

UAV-based surveys can provide high-resolution spatial
information for the target area at the desired time in a rapid
and cost-effective manner. In addition to the geometric
information, they can acquire qualitative data, such as
texture and color. Monitoring based on unmanned aerial
photogrammetry is useful for quickly analyzing minute
topographic changes in large-scale terrain.

Fig. 1 shows a drone image of the road collapse in
Gokseong-gun, Jeolla-namdo caused by heavy rainfall. The
depth calculation of the collapse site and soil quantity in
three-dimensional coordinates obtained from the captured
data is also included. In Korea, drones have been used to
conduct research in various fields because two-dimensional
area analysis through drone photogrammetry, slope analysis
through digital elevation model (DEM), and landslide and
collapse risk analysis are possible. UAVs (drones) can be
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Fig. 1 Drone image of the road collapse caused by rainfall
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Fig. 2 Location of failure in Gwangju, South Korea

effectively used for map production and disaster area
analysis (Vasuki et al. 2014, Xiao et al. 2018). Therefore, in
this study, drone images of a slope collapse site were
analyzed and a slope failure stability evaluation was
performed to verify the disaster risks of structures in urban
areas, such as schools and apartment complexes, that are
hard to access because of geotechnical constraints. Seepage
analysis of unsaturated soils makes it possible to more
efficiently determine the cause of shallow slope failures that
frequently occur during the rainy season and offer
preventive measures in advance (Kim ef al. 2013).

2. Survey of the slope failure site in the logging area
2.1 Overview of the slope failure site

The target area for the UAV imaging was the slope near
a high school, located in Gwangju, Korea. The slope behind
the school building collapsed on August 31, 2018, owing to
heavy rainfall. Rainwater had previously drained well by
moving around the slope during the rainy season every year.
However, during collapse, a large amount of seepage water
flowed out of the slope surface, and the collapse occurred
when excessive rainwater drained along the terrain surface.

high school in
urban area
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Fig. 3 Location of a high school and the adj
Gwangju (UAV image)
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Fig. 4 Slope failure site behind the high school building

Cross section of soil slope failure

™~ weathered soil
=~ 1

o iy

weathered™ AN
__rock & sliding plane
r \‘\ N
- - retaining wall
soft rock

Fig. 6 Area surrounding the high scoo otographed by
a UAV(Sept. 2015)



Application of UAV images for rainfall-induced slope stability analysis in urban areas 169

Fig. 7 Logging aras(yellow colos) potgrahed by a
UAV (Sept. 2017)
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Fig. 8 Logging areas(yllow clors) potaphed by a
UAV (Nov. 2019)

Fig. 3 shows a UAV image of the high school and the
adjacent area in Gwangju where a slope failure occurred,
and

Fig. 4 shows the location of the collapse of the retaining
wall slope behind the high school building. The area
covered by blue tarpaulin is the area where the collapse
occurred (Fig. 4). The failure occurred in the soil layer;
however, there was no damage to the retaining wall
structure. Fig. 5 shows a cross-section of the slope
reinforcement design. The site slope was steeper (1:1.7 to
1.4) than a standard slope (1:1.2 to 1.5), and many traces of
scouring in the form of shallow failures owing to heavy
rainfall were found.

2.2 Investigation of the cause of the slope failure
using drone imaging

The slope behind the high school collapsed on August
31, 2018, due to heavy rainfall. However, as shown in Fig.
6, it has been a stable area without collapse every year,
although it has rained a lot during the rainy season for more
than a decade. Rainwater resulting from heavy rainfall was
drained effectively near the retaining walls every year;
however, a sudden slope failure occurred during the rainy
season of 2018. Thus, images of the area surrounding the
slope were captured using drones to determine the cause of
slope failure. Based on these images, several areas in the
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Fig. 9 Drone image of the collapsed slope in Gwangju

Point of collapse
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Fig. 10 Area and width of the logging area calculated by
the photographic images

upper regions of the slope, where bushes and trees had been
logged, were identified. Figs. 6-8 can easily be found on
general internet mapping sites. The aerial photographs,
captured and recorded every two years, show that the
logged sections existed in 2017, at least one year before the
collapse. As seen in Fig. 7, the four slopes marked by
yellow dotted lines show the areas where bushes and trees
were logged compared to the same areas in 2015 (Fig. 6).
Further logging areas can be seen from the image in 2019
(Fig. 8).

The slope of the retaining wall behind the school
building acted as a stable civil engineering structure while
water was drained yearly during the rainy season. However,
the slope failure in August 2018 indicates significant
rainfall infiltration in sections where the ground was
exposed because of logging at least a year before the
collapse, an increase in the groundwater level, and
topographic changes caused by debris flow in the surface
layer. A slope analysis was conducted through DEM using
drone imaging data of the collapsed slope to further analyze
the cause of the failure. Fig. 9 shows the drone image of the
area behind the high school building where the collapse
occurred from an altitude of 1,600 m. Fig. 10 shows the
used by the software to calculate the area and width of the
logging areas. The width was calculated as 54 and 81m for
logging areas (D (closest to the collapsed slope) and @),
respectively (QGIS, 2020).

Fig. 11 shows the slope map derived from DEM. The
slope directions are marked by different colors to identify
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Fig. 11 DEM (slope map) for predicting the direction of water flow

Table 1 Strength and hydraulic properties of unsaturated soil

. Unit weight Cohesion Friction Angle 1 .

Soil Type (KN/m?) (kPa) a (kPa™) n m Permeability (m/s)
Weathered Soil 19.0 4.59 1.18 1.601 0.375 1.48 x 107
Weathered Rock 20.0 30.0 10.0 1.601 0.375 5.68 x 107

Soft Rock 23.0 50.0 30.0 1.601 0.375 1.05 x 108

Location Date Rainfa"\: duration Mal;;r;nm,‘mln] Max. [mmlﬁr) Max‘{;nlm,‘day:

the water flow direction in the surface layer during rainfall. Guang-du 280532 o ‘ 0 0
The width of the logging areas D and () shown in Fig. 10 GuangJu 218682 s e i
are represented by straight red lines at the same positions in Z"““j" i -
Fig. 11. The numbers give information on the area of G“::;:
logging, and when applying numerical analysis, the length Commede e . i
of the logging area could be calculated in two dimensions. P - - = e

The numbers and direction signs shown in the top right P — o 0 0 o
corner of Fig. 11 correspond to the directions by colors on Gwangu  missea " 5 m

the left. The rainwater can be predicted to flow along the
surface layer in direction 8 (7 o’clock direction) for the
section marked in red and direction 4 (6 o’clock direction)
for the section marked in pink. For the slope section marked
in yellow, the slope is formed in direction 16 (9 o’clock
direction). These three slope directions confirm that the
water flow is nearing the collapse point.

3. Unsaturated seepage and stability analyses
according to rainfall analysis

A stability analysis was conducted for the retaining wall
slope failure behind the high school building in Gwangju to
identify the time of the collapse and the stages proceeding it
by applying hourly rainfall data and conducting an
unsaturated seepage analysis. Table 1 lists the physical
properties of each stratum obtained through a geotechnical
investigation at the time of the initial collapse. As shown in
Fig. 5, the slope consisted of weathered soil, weathered
rock, and bedrock.

To conduct unsaturated seepage analysis for each

Gwang-Ju 20180831 6 182 {saay

Date of slope collapse

Fig. 12 Climate information for Gwangju (KMA 2018)

stratum and apply the experimental constants (a, n, m) of
the soil-water characteristic curve, the average of the
experimental values published in previous studies were
applied (Al-Mahbashi et al. 2015, Kim et al. 2014, Kim et
al. 2013, Kim et al. 2021). Table 1 lists the average values
of the soil-water characteristic curve and saturated
permeability coefficient by stratum used in the unsaturated
seepage analysis.

Since the collapse occurred on August 31, 2018, the
rainfall before this date is a factor causing instability of the
slope. Fig. 12 shows the rainfall data for August 2018.
These data can easily be obtained from the Korea
Meteorological Administration (KMA) website
(data.kma.go.kr). In Fig. 12, the section enclosed by a red
dotted line represents the ten days before August 31, when
the slope failure occurred. We confirmed continuous rainfall
during this period, with the retaining wall slope collapsing
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Input data for precipition on August, 2018 (Seep/W)
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Fig. 13 Actual rainfall data for 10 days for seepage
analysis
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Fig. 14 Initial condition for unsaturated soil seepage
analysis (SEEP/W)
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Fig. 15 Boundary condition for slope stability analysis
(SLOPE/W)

on the last day (August 31). Fig. 13 shows the detailed daily
rainfall for the ten days before the collapse. The maximum
rainfall was recorded on the fifth day; however, the rainfall
differed from that on August 31, when the collapse
occurred. The maximum precipitation per day shown in Fig.
12 were applied as the seepage analysis rainfall conditions
to conduct the slope stability analysis.

Fig. 13 shows the changes in rainfall data recorded in
the actual August 2018 entered into the software. When

Rainfall

Elevation (m)

Distance (m)

Fig. 16 Contour of pore water pressure (after 1 day)

1,121

Rainfall

Elevation (m)

Distance (m)

Fig. 17 Safety factor owing to 1 day of rainfall

86,400 seconds are calculated as 1 day, the final time shown
in Fig. 13 shows the rainfall input data for 10 days (864,000
sec) (KMA Weather Data Service).

For the initial numerical analysis conditions with
rainfall exceeding the permeability coefficient and
occurring on a slope with dense bushes or trees, the ponding
effect is not generally considered because the rainfall flows
along the terrain surface. In this study, the area in Fig. 14
marked by a red dotted line was defined as a logging
section, and the ponding effect was considered. In the event
of rainfall exceeding the saturated permeability coefficient,
the daily rainfall penetrating the ground and affecting slope
stability was analyzed over time. The boundary conditions
were set according to the retaining wall design conditions,
as shown in Fig. 15, and the slope stability was examined in
connection with seepage analysis for ten days.

Figs. 16-23 show the results of the seepage analysis that
applied the daily rainfall conditions shown in Fig. 13. The
results could not be presented for all dates. The pore water
pressure distribution in the ground, depth of saturation from
the surface layer, and safety factor of each slope were
determined for days 1, 3, 5, and 10. As rainfall begins, the
seepage water flowing along the unsaturated surface
depends on the unsaturated permeability coefficient
calculated by the soil-water characteristic curve (SWCC, as
shown in Table 1). The unsaturated permeability function of
weathered soils is the most important hydraulic property
governing the flow process. Therefore, various information
of the unsaturated permeability function is essential in the
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Fig. 18 Contour of pore water pressure (after 3 days)
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Fig. 19 Safety factor owing to 3 days of rainfall
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Fig. 20 Contour of pore water pressure (after 5 days)
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Fig. 21 Safety factor owing to 5 days of rainfall
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Fig. 22 Contour of pore water pressure (after 10 days)
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Fig. 23 Safety factor owing to 10 days of rainfall

Table 2 Change on safety factor over 10 days
Rainfall

Daily

Date Intensity Precipitation Safety Factor
August 22 0 0 1.121
August 23 14.6 57 1.121
August 24 43 11.3 1.089
August 25 1.7 2.5 1.089
August 26 29.7 98.6 1.044

40.4
August 27 (failure in 108.5 0.806
analysis)
August 28 0.1 0.1 0.798
August 29 0.9 0.9 0.798
August 30 8.9 24 0.754
August 31 >34 75.4 0.730

(failure on site)

analysis of the flow process in the unsaturated zone.
Although the unsaturated permeability function can be
directly measured in soil laboratories, a reliable
measurement of the permeability function for an
unsaturated soil is challenging due to the time-consuming
nature and high cost of taking direct measurement. Thus the
unsaturated permeability function was estimated and used
directly within the software (GeoStudio 2016). As the
rainfall was not constant, changes in penetration depth and
safety factors did not show constant trends (Lombardi et al.,
2017, Pantelidis et al. 2020; Rahardjo et al. 2009).
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Fig. 24 Methodology for predicting the instability of soil
slopes in urban areas

As shown in Eq. (1), the shear strength equation of
unsaturated soil utilized in the slope stability analysis was
the unsaturated shear strength equation to incorporate the
contribution from the negative pore-water pressure. The
equation for unsaturated shear strength is as follows
(Rahardjo et al. 2009). Table 2 summarizes the safety factor
of the slope according

t=c + (0, —ugz)tan’ + (u, — uy) tan ¢ (1)

where t= shear strength of unsaturated soil; ¢'=effective
cohesion; (g, —u,) =net normal stress; o, =total normal
stress; u,=pore-air pressure; ¢'=effective angle of internal
friction; (u, —u,) =matric suction; wu, =pore-water
pressure; and ¢”=angle indicating the rate of increase in
shear strength relative to the matric suction. The slope
stability analysis using Bishop’s simplified method was
performed using SLOPE/W software. The pore-water
pressures, u,,, obtained from the transient seepage analyses
using SEEP/W were exported to SLOPE/W to be
incorporated in the slope stability analyses (GeoStudio,
2016).

Table 2 summarizes the safety factor of the slope
according to the daily rainfall for ten days. According to the
seepage and stability analyses, a failure had already
occurred after five days. Although the collapse was found at
the site on August 31 (the tenth day), we surmise that the
slope failure had already begun in the upper part of the
slope after five days. We consider that the surface layer was
rapidly saturated because large amounts of water penetrated
the ground owing to logging and that the ground strength
decreased relatively quickly as the pore water pressure
increased and matric suction rapidly decreased (Saseendran
and Dodagoudar 2020, Song and Hong 2022, Zhang et al.
2015, Zhao et al. 2020).

As a result, a flow chart (Fig. 24) showing how UAV
data and numerical analyses were used to estimate
instability of soil slope in urban areas. This would be a
research methodology that can help citizens living in urban
areas live safely.

5. Conclusions

In this study, logging areas near the OO High School
building in Gwangju, Korea, where heavy rainfall could
penetrate were identified using UAV imaging because the
cause of slope failure could not be directly confirmed. A
numerical analysis was conducted on the relationship

between the amount of penetration by heavy rainfall and the
section of slope failure by calculating the area and
maximum width of the logging areas using UAV imaging.
The following conclusions were drawn.

e As many buildings in urban areas, such as schools,
hospitals, and apartments, are constructed near the slopes of
mountainous areas, aerial photography utilization was
examined to prevent property damage and human casualties
caused by slope failures. We found that aerial photography
could be used to investigate risks and analyze the cause of
slope failure.

* The slope map derived from DEM can be used to evaluate
risk investigations because it can increase the safety
conditions where buildings are exposed to danger resulting
from debris flow or the flow of seepage water in urban
areas with slopes.

e We confirmed that the instability of a slope can be
predicted earlier than the occurrence of an actual collapse
by conducting a limited equilibrium analysis in connection
with an unsaturated soil seepage analysis by applying the
hourly rainfall intensity data obtained from KMA.

* Considering urban areas are exposed to risks resulting
from continuous development, such as logging, forest roads,
and walking trails, regular preparation of risk maps or
raising awareness of environmental changes is required. We
determined that imaging techniques can effectively analyze
ground disaster risk maps in urban areas.
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