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Landslides are prevalent natural disasters in mountainous regions worldwide, and
the debris flows that accompany them are considered a significant cause of
topographical changes. Landslide-debris flows cause property damage and
casualties if they occur in densely populated areas, such as cities and rural
areas. Sediments entering a dam or reservoir lake can compromise the
integrity and functionality of the facility. To minimize such damage, this
phenomenon should be elucidated through numerical models and quantitative
analyses performed. Despite South Korea having approximately 18,000 dams and
reservoirs, with approximately 70% of the country being mountainous, research on
landslides and debris flows occurring in the dam and reservoir basins remains
insufficient. However, such studies are essential for the continuous operation and
management of dams/reservoirs. This study focused on analyzing the damage
caused by landslide-debris flow events in a dam or reservoir basin. We established
different scenarios based on the distribution of vegetation in the basin to
determine the impact of vegetation on slope stability and debris flows.

KEYWORDS

landslides, debris flow, vegetation, dam, numerical modeling

1 Introduction

Landslides are natural disasters in mountainous regions worldwide, and the debris flows
that accompany them are considered to contribute significantly to topographical changes.
Landslides triggered by rainfall occur suddenly and are known to generate destructive fast-
moving debris flows, (Iverson, 2000; Lai et al., 2018). Landslide-debris flows cause direct
property and casualties when they occur in densely populated areas, such as cities and rural
areas. Sediments entering a dam or reservoir lake can compromise the integrity and
functionality of the facility. The sudden influx of debris flows, as seen in the
1963 Vajont dam disaster in Italy, can result in a large amount of sediment entering the
reservoir lake rapidly, causing a tsunami that can lead to secondary flood damage. To
minimize such damage, the phenomenon should be elucidated through numerical models
and performing quantitative analyses.

Accordingly, various studies to understand and predict landslide-debris flow through
numerical models have been conducted (Tran et al.,, 2017; Lee et al., 2022a). Landslides

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1216096/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1216096/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1216096/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1216096/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1216096/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1216096&domain=pdf&date_stamp=2023-07-04
mailto:hyunuk@cnu.ac.kr
mailto:hyunuk@cnu.ac.kr
mailto:minseok_kim@kigam.re.kr
mailto:minseok_kim@kigam.re.kr
https://doi.org/10.3389/feart.2023.1216096
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1216096

Lee et al.

generally occur in collapse-risk areas, as calculated through slope
stability analysis based on the infinite slope theory; representative
models include SHALSTAB (Dietrich and Montgomery, 1998),
TRIGRS (Baum et al, 2008), and time-varying slope stability
analysis (TiVaSS) (An et al, 2016). The Navier-Stokes equation
or the shallow-water equation is generally applied to the analysis of
debris flow, and FLO-2D (O’Brien et al.,, 1993), DAN (Hungr, 1995),
RAMMS (Christen et al., 2010), r.avaflow (Mergili et al., 2017), and
Deb2D (An et al, 2019) are among the representative models. In
addition, models that comprehensively analyze landslides and debris
flows are being developed and introduced (Hong et al., 2020; Liu and
He, 2020; Nian et al., 2021; Shan et al., 2022; Zhou et al., 2022; Wu
etal,, 2023). In these combined models, the landslide collapse area is
calculated through slope stability analysis based on time-varying
rainfall data. Accordingly, the debris flow is assumed to occur at the
point calculated in the previous slope stability analysis. However,
this process has uncertainty in the interpretation of the landslide
collapse point and the debris flow. Specifically, combining and
analyzing these models inevitably increases the uncertainty, so
additional verification and research are essential.

Several researchers have analyzed landslide-debris flow events in
urban and rural areas using various methods (Kim H. et al,, 2021; Kim
S.etal, 2021; Zhao et al., 2022). In the case of South Korea, which is
the focus of this study, interest in landslide-debris flow in urban areas
has increased following the 2011 Mt. Umyeon landslide in Seoul.

FIGURE 1
Schematic of the infinite slope-stability model (refer to An et al.,
2016).

10.3389/feart.2023.1216096

Despite South Korea having approximately 18,000 dams and
reservoirs, with around 70% of the country being mountainous,
research on landslides and debris flows occurring in the dam and
reservoir basins has been insufficient. However, such studies are
essential for the continuous operation and management of dams/
reservoirs (ICOLD, 2009). In particular, to prevent disasters similar to
the 1963 Vajont dam disaster in Italy, it is crucial to elucidate these
phenomena through numerical models and develop appropriate
countermeasures. This study focused on analyzing the damage
caused by landslide-debris flow events in dam and reservoir lakes.
In addition, mountainous areas with vegetation distribution are
usually predominant in basins where dams or reservoirs are
constructed. Different researchers have suggested that vegetation
could block the debris flow (Lee et al., 2004; Hui et al,, 2010; Tang
etal, 2014; Kang et al,, 2022), and Julian and Torres (2006) and Shen
etal. (2017) suggested that vegetation could not only block the debris
flow but also inhibit the erosion and entrainment processes that occur
during debris flows. Therefore, this study analyzed the effects of
landslide-debris flow events on dams or reservoirs and the effects of
vegetation in the simulation processes. We established different
scenarios based on the distribution of vegetation in the basin and
used occurrence frequency rainfall scenarios to determine the impact
of vegetation on slope stability.

However, dam and reservoir facilities are typically situated in
mountainous areas where obtaining topographical information and
data on historical landslide and debris flow events is more challenging
than in urban areas with established disaster response systems. This
study used satellite map data to identify landslide-debris flow events
(Casagli et al., 2004; Haeberlin et al., 2004; Mondini et al., 2011; Martha
et al, 2019). For the target event tracked through satellite data,
information on the landslide occurrence points was simulated via
the time-varying slope stability based on the rainfall data in the
target area through the TiVaSS model. The results from the TiVaSS
model were used as input data for the Deb2D model to analyze the flow
and deposition after ground collapse. An et al. (2016) developed
TiVaSS, a numerical model that analyzes slope stability through a
three-dimensional (3D) subsurface flow system of the Richard equation,
whereas An et al. (2019) developed Deb2D, a numerical model that
analyzes debris flows by discretizing the two-dimensional (2D) shallow
water equation via the finite volume method (FVM). This study selected
the Doam dam located in Gangwon-do, South Korea as the study area.
The problem of turbid water in the Doam dam has been aggravated by

A erosion-entrainment process (z,, >7,) B deposition process (7, <7,)

FIGURE 2

entrainment height

deposition height

Processes of (A) erosion—entrainment and (B) deposition (refer to Lee et al., 2022b).
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Study area: the Doam dam basin in Gangwon, South Korea.
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FIGURE 4
Land use map of the Doam dam basin.
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continuous sheet erosion and intermittent landslides and debris flows,
and the dam currently lacks function. Accordingly, the landslide and
debris flow events that occurred near Doam dam were tracked using
satellite map data, from which the impact of the landslide and debris
flow that occurred in the area was quantitatively analyzed.

2 Materials and methods

Previous studies proposed various methods for analyzing
slope failure and debris flow and verified the performance of
these methodologies. However, complex physical processes, such
as landslides and debris flows, have high uncertainty due to soil
particle characteristics. Therefore, a series of physical processes
should be separately analyzed to minimize errors. Therefore, this
study analyzed these processes (slope collapse, liquefaction, and
flow) by separating slope collapse from the flow process that
occurs after collapse. Slope collapse due to rainfall was analyzed
using the TiVaSS model. The flow-deposition process associated
with the debris flow was analyzed using the Deb2D model and
data from the collapse zone calculated through the TiVaSS
model. It was assumed that the slope failure occurred
instantaneously. These assumptions are for small basin
damage assessment. However, because this study is focuses on
the amount of debris flow in large dam basins, the effects of these
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FIGURE 5
2D topography and characteristic data of Doam dam basin: (A) DEM, (B) soil depth, (C) saturated soil weight, (D) friction angle, and (E) soil cohesion.

assumptions are deemed limited. This study assumed that the soil
that flowed into the lake directly caused the dam function
deterioration by increasing the top of dead storage. In
addition, the percentage of the inflow soil volume compared
to the water storage was calculated to quantitatively analyze the
degradation of dam function due to landslide-debris flow in the
dam basin.

2.1 TiVaSS model

The TiVaSS model developed by An et al. (2016) analyzes slope
stability based on the infinite slope-stability model as shown in
Figure 1, and the shear and normal stress at the slope surface are
calculated as follows:

Frontiers in Earth Science

T w .
Tfs = b/CTﬁb = ?cosgbsm ¢, (1)
P W
o= bjcos¢p b cos” ¢, @

where W = y Db is the soil weight (kg/m) and y, is the unit weight of
the soil (kg/m?), D is the soil depth (m), and b is the slope width (m);
T is the shear force (kg/m); P is the normal force (kg/m); and ¢ is the
slope angle (radian). According to the Mohr-Coulomb theory, the
shear strength at an infinite slope is calculated as

S=c+o0'tang, (3)

where c is the cohesion (kg/m?); 0’ = 0 — 8, + 05 is the effective stress
with excessive suction force (kg/m*), which was generalized by Lu and
Likos (2006) and &, is the air pressure and o5 = — (8, — 8,)S. is the
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FIGURE 6

Soil cohesion considering root reinforcement for each vegetation distribution scenario.

suction stress, where &, = y, v is the water pressure, y,, is the unit
weight of water (kg/m’), and y is the pressure head of the subsurface
water (m); and S, = 69:_99: is the effective saturation and 6 is the

volumetric moisture content, where 6, is the saturated moisture

content, and 6, is the residual moisture content; and ¢ is the
internal friction angle (degrees). Finally, time-varying slope stability
proposed by Iverson (2000) FS is defined as follows:

FS:i— yS.y,tang  tang c

= . 4
Trs  yDsingcos¢ tan¢ y Dsin¢cos “)

The only time-variant variable in Eq. 4 is the pressure head
because effective saturation is usually given as a function of the
pressure head. Moreover, in the TiVaSS model, the subsurface flow
in saturated soil due to rainfall is interpreted through the 3D Richard
equation, which is as follows:

B v kv+2)-a=0, ®)

where K is the hydraulic conductivity (m/s); t is time (s); z is the
vertical dimension, which is assumed to be positive in the
upward direction; and g is a general source term (1/s),
including rainfall.

In the TiVaSS model, Eq. 5 is discretized within FVM, and the
following equation is applied with the Gauss-Green divergence
theorem (An and Yu, 2014):

a0
IEdv-Jn.Kv(wz)dav-Jqdv:o ©)
v v v
where V is the control volume; 0V is the control-volume boundary;
and 0 and y are assumed to be the cell-averaged values from the

finite-volume approximation. The detailed equation from this
model was given by An et al. (2016).
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2.2 Deb2D model

Flow can efficiently be analyzed if it has a small vertical
height relative to the area of the horizontal surface, such as a
debris flow, using the shallow-water equation based on the
Navier-Stokes equation. The Deb2D model, developed by An
et al. (2019), analyzes debris flow using a two-dimensional
shallow-water equation based on a rectangular grid that
utilizes an adaptive mesh-refinement technique. Therefore,
this numerical model requires a shorter time than that
required by other models to calculate the flow state. The
shallow-water equation is as follows:

% + o + % =s, (7)
ot ox dy
where ¢ denotes time; x and y are Cartesian coordinates; and q, f, g,
and s are vectors representing conserved variables, fluxes in the x
and y directions, and source terms, respectively. The vectors can be

written as
h hu hv
q=| hu |, f=| it +gh*/2 |, g= huv ,
hv huv W + gh*[2
v (8)
c
§ = ng - sfx >
Sgy =Sty

where h is the depth of the debris-flow mixture; u and v are the
depth-averaged velocity components in the x and y directions,
respectively; g is the acceleration of gravity; V. is the volume
change of the debris flow mixture; S, and S, represent the
gravitational acceleration in the x and y directions, respectively;
and Sy, and Sy, represent the driving friction in the x and y

frontiersin.org
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FIGURE 7

Satellite data in 2004 and 2008 for tracking landslide-debris flow
events in the Doam dam basin, and traces of landslide-debris flow
in (A-C).

directions, respectively. Here, V. and Sy are factors for realistically
simulating debris flow in numerical analysis.

Debris flows cause various interactions with the ground
surface during the flow process, with erosion, entrainment,
and deposition being essential mechanisms for simulating the
debris flow in a numerical model. Calculating S¢ is required to
implement these processes physically. This study considers the
influence of vegetation in the debris flow, and St which reflects
this, is calculated as follows:

SfZSfr +SfV (9)

where S7, is commonly estimated as a non-Newtonian fluid in
simulated mixtures, such as debris flows, and S fy is the vegetation
drag force. First, the Voellmy rheology for calculating Sy, in this
study is as follows.

lul ul +v? Iv] W+ 7
Sfrx=7(ﬂgh+¥ s Spry = ygh+¥ ,

(10)
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where y and &, the Coulomb friction and turbulent friction
coefficients, dominate the deceleration behavior when the flow is
slow and fast, respectively (Bartelt et al., 2013; Frank et al., 2015).
Because these parameters reflect the field indirectly rather than
directly, researchers use calibrated values by performing back-
analysis. Sy,, which reflects the effect of vegetation, is developed
as follows (Lee et al., 2004; Hui et al., 2010; Tang et al., 2014; Kang
et al.,, 2022):

1 (n,D;
Spex = E( A

where 7, is the number of plants per unit area; D; is the average

n,D;
A

1
)thvu\/uz +v%, Spyy = E( >thvV\/uz + 2

(11)

vegetation diameter; A; is the unit area; C, is the vegetation drag
coefficient; and h, is the maximum vegetation height, which is
calculated from h, = min (h, h,). The mechanism behind these three
processes is shown in Figure 2, and the algorithm proposed by Lee
et al. (2022b) is as follows:

( ) %E if)Tdf>Te ( )
Velx y,t) = 12
—‘;’l—fd elseif) 74¢ <74
dz

dz .
o (,9,0) = | e (7 %) = g (pghs =) i 7ay >

0 else
(13)

where dz/dt, is the constant erosion-entrainment rate; dz/dt, is the
constant deposition rate; h ma (X, ¥,0) is the maximum potential
erosion depth; 7,5 is the shear stress of debris flow; 7, and 7, are the
critical shear stress of erosion and deposition, respectively; dz/dt is
the average potential erosion depth, p is the mass density; and s is the
channel slope. An et al. (2019) and Lee et al. (2022b) developed a
detailed equation of this model.

In this study, Eq. 11 was adopted to consider the effect of
resistance caused by vegetation in the debris flow process. However,
according to Julian and Torres (2006) and Shen et al. (2017),
vegetation not only affects the resistance in the flow process but
also affects the erosion process in the soil. Shen et al. (2017) analyzed
that the critical shear stress can increase 1.3-2.4 times in the
presence of vegetation. Therefore, in this study, the increase in
critical shear stress derived from a previous study was considered by
assuming that 7, increase 1.3 and 2.4 times when vegetation is
present.

2.3 Study area and event

2.3.1 Study area

This study analyzed the Doam dam basin located in the
upper reaches of the Han River that passes through South Korea.
The
Gangwon-do, is surrounded by mountains, as shown in

Doam dam in Daegwallyeong, Pyeongchang-gun,
Figure 3. Doam dam was built in 1991 for hydroelectric

power generation. However, the continuous/intermittent
inflow of soil into the lake has aggravated the turbid water
problem, and the dam lost its function in 2001 until now.

The watershed area of Doam dam is 144.9 km? and the
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FIGURE 8

Rainfall intensity and accumulation rainfall from 14th 00:00 to 20th 24:00 and 15th 00:00 to 16th 24:00 at Daegwallyeong weather station.

TABLE 1 Parameter settings of models used in this study.

Model Input data Value Unit
Common DEM 658-1,439 (m)
Soil depth 2-3 (m)
TiVaSS Friction angle 25-33.8 (deg)
Soil cohesion 1,173-2,167 (kg - m™?)
Saturated soil weight 1,663-1825 (kg - m™?)
Soil water retention 0, 0.5 (m® - m™)
0, 0.18 (m® - m™)
K, 13 x10° (m-s™)
Deb2D Voellmy rheology u 0.04 )
13 2,000 (m-s7?)
Eroion-entrainment-deposition mechanism dz/dt, 0.05 (m-s7")
dz/dt, 0.01 (m-s™")
dz/dr 0.1 (m - kPa™)
p 1,800 (kg - m™)
T 1.0-2.4 (kPa)
T4 0.5 (kPa)
Vegetation mechanism N 4 (-)
A 36 (m?)
D, 0.3 (m)
C, 0.7 -)
h, 10 (m)
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FIGURE 9
Safety-factor (FS) simulation result of Doam dam basin for each vegetation distribution scenario through the low-resolution DEM 30 m by 30 m.

460000

1.5

456000

125

460000

Scenario | | [BZEXGa cenario 2
344000 348000 352000 344000 348000 352000 0

456000

FIGURE 10
Safety-factor (FS) simulation result of the lower Doam dam basin for each vegetation distribution scenario through the high-resolution DEM 10 m
by 10 m.

effective capacity is 40 million tons out of a total storage of  this watershed consists of forest (71.6%), paddy and field
51 million tons. According to the Ministry of Land, (16.5%), grassland (5.9%), bare land (5.1%), water (0.6%), and
Infrastructure and Transport (South Korea), the land use in  urban settlement (0.3%), as shown in Figure 4.
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TABLE 2 Simulation results of each vegetation scenario.

10.3389/feart.2023.1216096

Scenario Initial collapse volume (m?3) Volume of sediment flew into the lake (m?) Damage caused to the dam?® (%)
1 503,190 666,110 1.67
2-1 205,650 575,150 1.44
2-2 205,650 493,500 123
2-3 205,650 134,710 034

“Calculated by inflow/effective capacity of Doam dam.

Flow depth (m) Oi 2

460000
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460000

cecnario 2-2

456000

344000 348000 352000

FIGURE 11

344000 348000 352000

Based on the results derived from Figure 10 for each vegetation distribution scenario, simulation results of debris flow height; plotting with landslide-

debris flow trace in Figure 7.

Figure 5 shows the topography and characteristics of the Doam
dam basin. As shown in Figure 5, the following spatial distribution data
of the study area were used in TiVaSS and Deb2D models: digital
elevation model (DEM), soil depth, saturated soil weight, friction angle,
and soil cohesion (National Geographic Information Institute in South
Korea). As shown in Figure 4, because most of the target area consists of
forests, it is essential to consider vegetation in the numerical analysis.
Therefore, this study leveraged the concept of root reinforcement to
represent vegetation, which affects soil cohesion.

To calculate the soil cohesion under the effect of vegetation, a
quantitative evaluation of the root reinforcement is necessary. Chok
et al. (2015) summarized studies that calculated root reinforcement
as a quantitative indicator. The present study used data from the
which  has geographical/climatic
South Korea, to

forest of Japan, similar

characteristics ~ as determine the root
reinforcement of vegetation distributed in the Doam dam basin

(3kPa = 306 kg/m®). This study considered the distribution of

Frontiers in Earth Science

vegetation within the Doam dam basin, 1) without vegetation,
and 2) with vegetation to evaluate the influence of root
reinforcement. Figure 6 demonstrates each scenario.

2.3.2 Study event

Landslide-debris flow events that occur in mountainous areas
are of much less interest than those that occur in cities. Therefore,
investigating past landslide-debris flow events in the Doam dam
basin is challenging. This study attempted to approximate the time
and location of the landslide-debris events using satellite maps to
overcome the above limitations. As shown in Figure 7, traces of
landslide-debris flow were found in the Doam dam basin between
2004 (source: Google Earth) and 2008 (source: Kakao map), and this
study investigated the landslide-debris flow events during this
period. According to An et al. (2015), rainfall occurred on July
14-20, 2006 in Pyeongchang, Gangwon, where Doam dam is
located, due to Typhoon Ewiniar. In particular, the rainfall on
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July 15-16, 2006 (approximately 320 mm) was reported to cause
landslide-debris flow events (Figure 8). Based on this, we assume
that the traces observed in Figure 7 were caused by the precipitation
in 2006 and simulated this event based on vegetation scenarios.

First, to simulate the event, the July 15-16, 2006 rainfall data
observed at the Daegwallyeong weather station, which is located
closest to Doam dam, were used (Figure 8). In this study, TiVaSS and
Deb2D models simulated a series of landslide and debris flow events
that occurred in 2006. Based on these simulation results, we
evaluated the impact of landslide-debris flow into the Doam dam
basin according to the distribution vegetation scenario and
evaluated the influence of vegetation. The parameters were
calculated based on the field survey (Table 1).

3 Results and discussion
3.1 Scenario analysis

This study simulated the landslide-debris flow event induced by
Typhoon Ewiniar in 2006 at the Doam dam basin. However, due to
the large scale of the target basin, which covers 144.9 km?, an initial
analysis of overall slope stability was performed using a 30 m x 30 m
resolution DEM, followed by a detailed analysis usinga 10 m x 10 m
resolution DEM for high-risk areas. The slope stability analyzed for
various scenarios of vegetation distribution via the TiVaSS model
and low-resolution DEM is shown in Figure 9.

The overall slope stability of the Doam basin analyzed using a low-
resolution DEM revealed that the slope would collapse at approximately
the 12th hr on the 16th, with many slope failures predicted to occur in
the lower part where the Doam dam and lake are located. In scenario 1,
which did not consider vegetation, many slopes were analyzed as
unstable, particularly near Doam Lake. However, in scenario 2,
which considered vegetation, the slopes were analyzed as relatively
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stable. For precision, we used a high-resolution DEM to perform a
detailed analysis of the lower part of the basin, where the areas on the
verge of instability were observed.

As shown in Figure 10, the simulation results of the high-
resolution DEM indicated that slope failures occurred twice on
the lower part of the Doam dam basin at the 10th and 12th hr on the
16th. The collapse occurred near the left bank of the river at the 10th
hr and in areas bl and b2 near the right bank and Doam Lake at the
12 h. In scenario 1, the unstable slopes rapidly increased from the
10th to 12th hr on the 16th. In scenario 2, the influence of vegetation
was noticeable, and the slopes previously identified as high-risk
areas in scenario 1 were largely stable until the 10th hr. Further,
some unstable slopes were observed at the 12th hr. This simulation
results reveal that vegetation not only delays the occurrence of slope
failures but also reduces their magnitude. Therefore, if vegetation is
ignored in the slope stability analysis of areas where vegetation is
sufficiently distributed, the risk of slope failures will be
overestimated. As illustrated in Figure 6, this phenomenon seems
to be due to the increasing cohesion (in Eq. 3) by considering the
root reinforcement. As a result, vegetation increased the slope
stability (in Eq. 4). The quantitative analysis of these results is
summarized in Table 2. For the Doam dam basin, if vegetation were
ignored, 297,540 m’ (=2.45 times) of additional slope failures would
occur, which is an overestimation. Based on the simulation results
shown in Figure 10, this study assumed that debris flow occurred in
unstable areas (FS < 1). The a and b2 indicated in Figure 10
demonstrate that TiVaSS well simulated the collapse area in
Figures 7A-C, respectively. We analyzed debris flow and the
impact on the Doam dam by quantitatively comparing and
analyzing the debris flow influx and resulting damage to the
Doam dam under different vegetation distribution scenarios.

In this study, we analyzed the influence of vegetation on the
stability analysis and the debris flow analysis models. Based on the
simulation results for scenarios 1 and 2 obtained using the TiVaSS
model, we divided the two scenarios into three by simulating the
presence and absence of vegetation in the debris flow using the
Deb2D model. Figure 11 shows the flow height simulation results of
the debris flow using a high-resolution DEM, and debris flowed into
Doam Lake due to the collapse shown in Figure 10. Scenario 1 in
Figure 11 represents the analysis of both TiVaSS and Deb2D models
without considering vegetation. Scenario 2-1 presents the effects of
considering vegetation in the TiVaSS model but not in the Deb2D
model. Scenarios 2-2 and 2-3 represent considering vegetation in
both TiVaSS and Deb2D models. We set the critical shear stress as
1.3 kPa in scenario 2-2 and 2.4 kPa in scenario 2-3. Scenarios 1 and
2.1 highlighted the importance of vegetation in slope stability
analysis by comparing the amounts of sediment entering the
Doam Lake. The importance of vegetation in debris flow analysis
was demonstrated through scenarios 2.1 and 2.2/2.3. The debris
flows under different vegetation distributions were analyzed based
on scenarios 2-2 and 2-3. Scenarios 1 and 2-2/2-3 involved
comprehensively evaluating the importance of vegetation in both
slope stability and debris flow analysis by comparing the simulation
results with and without considering vegetation. As shown in
Figure 11, the flow depth of the debris flow decreased under
scenario 2-1 compared to under scenario 1, and the deposition
range slightly decreased. However, scenario 2.2, in which the
vegetation blocked debris flow and increased the critical shear
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stress 1.3 fold, did not visually differ significantly from scenario 2.1.
In scenario 2-3, the flow depth of the debris flow decreased
significantly compared to that in other scenarios, and the
deposition range decreased significantly. Vegetation effectively
reduced the damage caused by landslide-debris flow events by
suppressing erosion and entrainment by increasing the critical
shear stress rather than simply blocking the flow. Thus,
vegetation was more effective in mitigating damage by increasing
the critical shear stress rather than by blocking the flow. The
quantitative analysis of these results is summarized in Table 2.
As listed in Table 2, a slope collapse of 503,190 m’ resulted in
666,110 m® of sediment inflow into the Doam Lake in scenario 1,
leading to a 1.67% decrease in dam performance. In Scenario 2-1, the
TiVaSS model considered vegetation in the Doam dam basin but the
Deb2D model did not. Moreover, a slope collapse of 205,650 m®
resulted in 575,150 m’ of sediment inflow, causing a deterioration in
function of 1.44%. In Scenario 2-2, in which the TiVaSS and Deb2D
models considered vegetation, a slope collapse of 205,650 m’
resulted in 493,500 m® of sediment inflow into the Doam Lake,
causing a function deterioration of 1.23%. In Scenario 2-3, a slope
collapse of 205,650 m® resulted in a sediment inflow of 134,710 m’?,
causing a 0.34% function deterioration. Four scenarios in Figure 11
illustrate that the Deb2D well simulated the debris flow traces shown
in Figures 7A-C. Thus, the TiVaSS and Deb2D models successfully
simulated the observed damaged areas traced by satellite images.
When vegetation only was considered in the slope stability analysis,
as shown in Figure 12, a substantial reduction of 297,540 m’ in slope
collapse was observed compared to that in scenarios where vegetation
was not considered. However, in the debris flow analysis, ignoring
vegetation produced a minor difference of 90,960 m® of sediment inflow
into Doam Lake. Nevertheless, considering vegetation in both simulation
processes reduced the sediment inflow into Doam Lake by
172,610-531,400 m® compared to when vegetation was ignored in
both processes, indicating that vegetation is a critical factor in the
analysis of sediment inflow due to landslide-debris flow. As
demonstrated in the analysis of scenarios 2-2 and 2-3, even when
considering vegetation in the debris flow simulation, the mitigation
effect can vary greatly depending on the distribution and type of
vegetation. As listed in Table 2, the dam function deterioration
caused by landslide-debris flow events can

seem  relatively

insignificant. However, in South Korea, heavy rainfall occurs every
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year with typhoons, and rainfall intensity is increasing (Kim H. et al,
2021; Yeo et al, 2022). Therefore, considering vegetation is essential
when analyzing sediment inflow into the dam/reservoir due to landslide-
debris flow over a long period, especially in mountainous areas.

Vegetation increases slope stability and reduces the scale of slope
collapse, as shown in Figure 10. Furthermore, it delays collapse and
impedes flow and erosion-entrainment processes during debris flow.
Therefore, vegetation effectively reduces the damage caused by
landslide-debris flow events. This study addressed that increasing
the critical shear stress of the topsoil was more effective than
blocking the debris flow due to vegetation. It is hard to
generalize these simulation results. Therefore, additional research
on the role of vegetation in debris flow analysis is necessary.

3.2 Limitation and further study

In this study, TiVaSS and Deb2D models were used to analyze
the impact of landslide-debris flow events on dam functions.
Additionally, we constructed vegetation distribution scenarios
and performed simulation analyses to evaluate the influence of
vegetation. We effectively identified the deterioration effects of
landslide-debris flow events on dam functions and the effects of
vegetation in mitigating damage. However, physical and quantitative
comparisons were somewhat limited due to insufficient
observational data for validating the simulation results. Thus,
collecting data to validate simulation results is necessary to
analyze and understand these phenomena.

The commonly used DEM for input data is constructed based on
topography, which differs from the actual features of water systems,
such as rivers, lakes, and seas, as shown in Figure 13. Therefore, the
method used in this study is limited in precisely analyzing the volume of
the debris flow that enters lakes, and stimulating the waves generated in
the lake due to debris flow is challenging. To accurately analyze the
deterioration effects on the dam/reservoir functions and analyze
incidents such as the 1963 Vajont dam disaster, additional research,
such as that involving a two-layer debris-water system is, necessary.

This could solve the problem illustrated in Figure 13.

4 Conclusion

In this study, we analyzed the impact of landslides and debris
flows that occurred in the dam basin, which is relatively under-
studied. To analyze these phenomena, we used the 3D slope stability
analysis model TiVaSS to analyze slope collapse phenomena and the
2D debris flow analysis model Deb2D to analyze the flow of
collapsed slopes. Our research focused on the Doam dam basin
in South Korea, which has lost its function due to periodic sediment
inflows. We simulated the landslide-debris flow events caused by
typhoon Ewiniar in October 2006 and made observations based on
the satellite data. Additionally, we set scenarios of vegetation
distribution within the basin and evaluated the influence of
vegetation on slope stability and debris flow.

Based on the simulation results, vegetation distribution increases
slope stability and delays slope failure. The slope became more stable
against rainfall events through the root reinforcement due to vegetation
reinforcing the soil cohesion. Vegetation also helps to mitigate the
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damage caused by landslide-debris flow by blocking debris flow and
preventing volume increases caused by erosion and entrainment
processes. Therefore, sufficient vegetation present in the dam or
reservoir basin can effectively reduce sediment inflows caused by
landslide-debris flow events and maintain the performance and
management of the facility. Our study suggests that management of
not only the terrain near the dams or reservoirs but also the overall basin
is necessary. This kind of research can help establish plans to maintain
the performance of dams or reservoirs effectively and in an
environmentally friendly way.
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