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Abstract: This study analyzed landslide susceptibility and numerically simulated the runout distance
of debris flows near a construction site in Korea. Landslide susceptibility was based on a landslide
prediction map of the study area. In the prediction map, 3.5% of the area had a 70-90% landslide
probability, while 0.79% had over 90% probability. Based on the landslide susceptibility analysis,
debris flows in four watersheds were simulated to assess possible damage to the construction site.
According to the simulations, debris flow in Watershed C approaches to within 9.6 m of the site.
Therefore, the construction site could be impacted by debris flow in Watershed C. Although the
simulated flows in Watersheds A and D do not directly influence the construction site, they could
damage the nearby road and other facilities. The simulations also show that debris runout distance is
strongly influenced by the volume of debris in the on-slope source area and by the slope angles along
the debris-flow path.

Keywords: landslide susceptibility; simulation of debris flow; runout distance; volume of debris;
slope angle

1. Introduction

Landslides are a major geological hazard, which can result in the loss of human life and economic
damage, in many areas on Earth. According to the Centre for Research on Epidemiology of Disasters,
landslides are responsible for 17% of the world’s natural hazard fatalities [1]. To reduce damage
from landslides, many scientific studies have sought to predict landslide occurrence and evaluate
runout distances. Landslide prediction research has used both physically based landslide susceptibility
methods and probabilistic analysis methods. Physically based landslide susceptibility assessment
methods usually base a landslide initiation model on the physical properties of the soils and rocks on
slopes and so predict slope instability [2-10]. In probabilistic analysis methods, several parameters
are considered as random variables and the statistical parameters and probability density functions
of uncertain variables are estimated [8,11-21]. Using soil, rock, and slope maps, such analysis can
identify areas of high landslide potential within a regional area. Several statistical methods can be used
in probabilistic analyses to evaluate landslide susceptibility. Among these, logistic regression analysis
is commonly used because its results are considered the most reliable [22-26]. Logistic regression is a
useful method, and applicable to landslide occurrence, when the dependent variable is categorical,
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and the independent variables are categorical and/or numerical. According to [27], logistic regression
has been chosen for many studies because: (i) it is one of the most common statistical methods used to
model landslide susceptibility, (ii) logistic regression has the lowest rate of error, increasing confidence
in the results of any comparison, (iii) logistic regression generates a statistical significance value for each
covariate in the model, and (iv) logistic regression estimates probabilities of landslide susceptibility
and hazard.

For landslide damage assessment, landslide runout has been modeled based on topography,
the properties of the slide materials, and soil water content. Fast landslides, such as debris flows,
tend to accelerate below the initial failure, and when their displacements are of high volume, they can
cause critical damage, and many casualties, in the area hit by the landslide. This makes the prediction
of landslide runout necessary to encourage preparedness and reduce damage. Many studies have
sought to model landslide runout by considering the properties, volumes, and mobilities of the moving
materials [28-35].

Since 2000, in the Korean Peninsula, the number of landslide events on natural terrain has increased
continuously under the influence of increasing rainfall amounts and durations as a consequence of
climate change. Considering the seriousness of landslide hazards in Korea, this study analyzed
landslide susceptibility and simulated debris flows runout distances near a construction site in
Chooncheon, Korea. Many landslides occurred in Chooncheon in July 2011 and July 2013 resulting
in huge damage to local people and their properties. Community infrastructure was planned at the
construction site at the bottom of a mountain necessitating a comprehensive evaluation of the safety
of the facility. Therefore, to estimate the likelihood of damage to the site, this study used a landslide
prediction map of the area, which had been drawn in 2008 with a logistic regression model suggested
by [14], to determine landslide susceptibility. The authors then simulated debris-flow runout distances
in the major watersheds around the construction site. There have been few prior runout distance
modeling studies in Korea and prediction of runout distances is rare. An exception is the Debris-2D
model [36,37] for simulation of runout distances under Korean geologic and topographic conditions.
Debris-2D was therefore used for this study.

2. Distribution of Regolith in the Study Area

The geology of the study area includes a Precambrian gneiss and schist complex, age unknown
amphibolites, Mesozoic granites, and Quaternary colluvium. The gneiss and schist complex and the
amphibolites are the major lithologies of Mt Goobong. The Mesozoic granites, with highly weathered
features, are distributed in the western part of the study area (Figure 1).

The amphibolites are distributed only in Mt Goobong. The intrusion direction is N10-20E on
the western part of the mountain. According to the field investigation, the amphibolites are exposed
as about 20m in width on the western part of Mt Goobong. The Mesozoic granites are distributed
in the western part of the survey area including the construction site. Because the granites are more
susceptible to weathering, it is difficult to find granites outcrops in the field.

When the granites were intruded into the gneisses and schists in the area, the intrusion occurred
along a fault with NE orientation. The boundary between the granites and the gneisses and schists
complex shows linear feature. There is another fault with N10E orientation and higher density of
fractures near the boundary. It indicates that the boundary between the granites and the gneisses
and schists complex is thought to be a fault contact. Since the areas occupied by the granites have
low elevation and gentle slope angle in the study area, it was easy to recognize lithological boundary
showing marked difference of slope gradient and elevation in the field survey. According to the results
of core logging in the construction site composed of the granites [38], depth of boundary between
weathered rock and weathered soil show various distribution from 6.0 m to 18.5 m below ground
surface. The difference of weathering depth in the granite area has been explained by Migon [39].
The progress of weathering vertically is controlled by the pre-existing structure of rock, its mineralogy,
and the discontinuities. Because granites usually have difference of weathering depth and extent,
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the thickness of the saprolite may be highly variable. On the other hand, the boundary between
weathered rock and weathered soil is distributed from 1.0 m to 1.5 m below ground surface in the
metamorphic rock area of the study area.
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Figure 1. Geological map of the study area.

This study undertook field mapping of regolith distribution. Regolith is unlithified material
distributed over bedrock. The field mapping was performed at the western part of Mt Goobong and
the construction site based on a classification of regolith suggested by [40] (Table 1). The authors
classified regolith on the surface and measured areal distribution and vertical thickness of regolith
in the field. The Mt Goobong area is primarily composed of outcrops, residual colluvium, and talus
(Figure 2). The outcrops are gneisses and schists whose exposure is limited to near the top of the
mountain (Figure 3). Although the mountain has steep slope angles, of 3040 degrees, outcrops are
only exposed in very small areas on the mountain.
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Table 1. Classification of regolith (after [40]).

Main Phases Deposits

Recent landslide debris
Depression colluvium
Valley colluvium
Rock Fall debris (Talus)
Relict landslide deposits
Residual colluvium

Saprolite formation Saprolite

Recent Colluvium

Relict Colluvium

SR Tl

[ ] Colluvium
B oo

‘u 100 20 5 Ol

Figure 2. Regolith map in Mt Goobong.
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Figure 3. Gneiss outcrop near the top of the mountain.

The residual colluvium is broadly distributed on Mt Goobong with a thickness of 1.0-1.5 m
as observed in trenches and soil cross sections. They are composed of angular cobble size of rock
fragments, clayey silts, and sandy silts (Figure 4). On the mountain slopes, the residual colluvium
has relatively similar thickness averaging 0.5 m near the top of the mountain. This thick residual
colluvium, on steep slopes, can produce high volume landslide debris flows.

(b)
Figure 4. Residual colluvium at Mt Goobong. Size of the red note is 10 X 15 cm. (a) and (b) are in
same scale.

Talus has a limited distribution on the mountain slope (Figure 5). Talus is generally formed
by disintegration and collapse of highly fractured and weathered rock masses. The average size of
rock fragments in talus is cobble size, of the order of 10 cm X 10 c¢m, in this area. This indicates
that metamorphic rock masses such as gneisses and schists have detached to rock fragments under
weathering along foliations and joints.
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Figure 5. Small scale talus distribution on mountain slopes.
3. Method of Numerical Simulation of Debris Flows Based on Landslide Susceptibility Analysis

The Chooncheon landslide events of 2011 and 2013 suggest that further landslides and related
debris flows are likely in the future under heavy rainfall. To reliably assess the potential damage from
landslides and debris flows, it is necessary to assess both landslide susceptibility and the behavior
of debris flows. Since the major objective of this study was to assess the safety of the construction
site, relative to debris flows from Mt Goobong, numerical simulation was used to predict the runout
distance of debris flows under the scenarios based on the results of landslide susceptibility analysis.
Accurate simulations of debris flows require landslide information such as initiation locations and
the amount of debris transported from the source areas. Therefore, this study analyzed landslide
susceptibility, using a landslide prediction map, and then simulated debris-flow runout distances from
areas of high landslide probability. This process improved the accuracy of debris volumes in upper
mountain areas and increased the reliability of debris runout distances at the bottom of the mountain.

3.1. Analysis of Landslide Susceptibility

Landslide susceptibility was analyzed based on the landslide probability mapping of the area
by [11]. The landslide probability map was drawn by using a logistic regression model, developed
by [14], to predict landslide susceptibility. The target area of landslide prediction was Mt Goobong,
located to the east of the construction site. The metamorphic rock complex, amphibolites and colluvium,
1.0-1.5 m thick on slopes of 30—40 degrees, make the mountain susceptible to landslides.

Chae et al. [14] proposed a logistic regression landslide model reflecting the complex relationship
among the factors (especially geology, topography, and soil properties) influencing landslides.
The following is the logistic regression model for landslide prediction derived by [14].

logit (p) = —9.3670 + 0.2129 = Slope angle + 0.7690 * Dry density — 0.0052
+ Elevation + 0.4248 * Lithology + 0.1777 1)
* Permeability coeff. + 0.0555 = Porosity

The output of this equation is converted to probability with the following equation.

_ exp{logit(p)}
P~ M+ expllogit(p)] @
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Chae et al. [11] used this relationship for landslide prediction mapping in the Chooncheon area
including Mt Goobong. Among the factors in Equation (1), slope angle and elevation were collected by
the topographic digital elevation model (DEM). Lithology was classified by a field survey for the study
area. Soil properties such as dry density, permeability coefficient and porosity were acquired by the
laboratory soil tests with undisturbed soil samples collected at the field. The area was divided into
10 m x 10 m cells and factor values (as in Equation (1)) were assigned to each cell. The logit values
were then calculated in each cell and converted to landslide occurrence probabilities. This landslide
prediction map was used to assess the landslide susceptibility of the study area, covering 12 km?,
around Mt Goobong (Figure 6).
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Figure 6. Landslide probability map of Mt Goobong (after [11]).

Focusing on the western slope of the mountain, the probability of a landslide was grouped into
four grades. Areas with over 70% landslide probability, when over 250 mm of rain fell locally in
24 h, were categorized as high potential based on [14]. According to the rainfall data in Chooncheon
area from 2000 to 2019, rainfall events over 250 mm/24 h occurred three times in 2011, 2013 and 2016.
Because the most highly weighted factor in the logistic regression model is slope angle, landslide
probability is primarily controlled by slope angle with steep slopes having higher landslide probabilities
than gentle slopes. However, steep slope areas with outcrops, and hence fewer soil materials, tend to
have landslide probabilities lower than 50%. The outcrop areas were determined during the regolith
mapping on Mt Goobong.

Within the prediction map, areas with 70-90% landslide probability cover 3.5% of the land and
those with over 90% probability are 0.79% of the area. The location of the construction site appears to
be particularly vulnerable to debris flows from two valleys, both with areas of landslide probability
over 70%. Other parts of Mt Goobong, to the north and south of the construction site, also include
several areas with over 70% landslide probability.

3.2. Numerical Simulation of the Runout Distance of Debris Flows

This study used the program Debris-2D [36,37] to simulate debris flow. In Debris-2D the theory of
viscoplastic fluid, which is a branch of non-Newtonian fluid mechanics, is applied to model debris
motion. The bulk of debris flow is treated as a continuum. The governing equations are based on mass
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and momentum conservation, with a shallow water assumption. The coordinate system is Cartesian
with the average bed elevation as the x-axis. The governing equations involve conservation of mass

OH  d(uH) | d(vH)

ot ox + dy =9 ®)
and conservation of momentum in the x-and y-directions
d(uH) 3(”2H> d(uvH) JB oH . 1 tou
oF + ox + ay = _gHCOS Qa —gHCOS 65 +gHsm6— Eﬁ (4)
d(vH)  d(uvH) ‘9<02H> B dB JH 1 1gv
T, + o + oy __gHCOSG@_gHCOSG@_E—uZ—i—UZ ®)

where H(x,y,t) is flow depth, B(x,y) is constant bed topography, u(x,y,t) and v(x,y,t) are, respectively,
depth-averaged velocities in the x-and y-directions, 0 is the bottom bed slope, 79 and p are debris-flow
yield stress [Pa] and density, respectively, which are assumed to be constant here, g is gravitational
acceleration, and S denotes the effect of bottom erosion. Because the bottom shear layer is ignored,
yield stress becomes the dominant bottom stress.

In applying Debris-2D, the finite difference method is used to discretize the governing equations,
i.e., Equations (3)—(5). In spatial discretization, the first-order Upwind method is applied to discretize
the convective term and the second-order central difference method is used for the remaining terms.
The explicit third-order Adams—Bashforth method is used for time advancement. During computation,
the time step At is fixed under the Courant-Friedrichs-Lewy condition, and the volume of debris-flow
bulk is conserved.

At the start of the computation, Debris-2D uses Equation (6) to determine where debris flow can be
initialized. If Equation (4) is not satisfied, the mass stays stationary with zero velocity and unchanged
flow depth; otherwise, debris starts to flow. During computation, if the maximum velocity in the whole
computational domain is less than the numerical error, the computation terminates automatically.

a—B+8—H—tan92+ 8_B+8_H2> LZ (6)
ox = ox dy  dy pgcos6H

The derivatives of B and H represent pressure effects, and tan6 denotes the gravitational effect.
The right-hand side is the resistance from yield stress.

The main inputs include the topography, the initial debris source distribution, and the material
properties of debris flow. For Debris-2D, the topographic digital elevation model (DEM) must be in
square grids. Man-made structures or engineering countermeasures, e.g., check dams, can be included
in a modified DEM for more precise simulation.

In contrast to flood route modeling, Debris-2D simulates the movement of the continuum bulk
of debris to simulate real debris flows better [41]. The initial distribution of debris sources must
be determined through field survey. From field survey or satellite image analysis, one can identify
dry debris volumes V; and their corresponding triggering locations. Another input is the material
properties of potential debris flow. The only rheological parameter needed is yield stress (7g) which
can be accurately measured and calibrated from soil samples using the inclined plane test [36] or with
the help of a Couette-type rheometer [42]. The value of yield stress varies by an order of magnitude,
from 107 to 10° Pa, depending on the average size of the debris and its composition.

For Debris-2D simulation, the two inputs, i.e., initial mass distribution and yield stress, are both
determined using physically based methodologies. Regarding the sensitivity of the input data,
Liu and Hsu [43] found that, if yield stress is 100 times larger, the front location of the affected area
only reduces by 50 m. However, if the volume is just 10 times larger, the front location extends nearly
300 m. Therefore, results are more sensitive to initial mass volume than to yield stress.
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4. Simulation of Debris Flow

4.1. Input Data for Simulation

The digital elevation model was adopted from geological map. The grid resolution of DEM was
2 x 2m. The aerial photo was extracted from Google Maps, which was captured on 10 June 2013.
As this study considered the worst scenario, potential source masses in the areas of landslide probability
over 70% were assumed to be transformed into the initiation of debris flow. Since the volume of
erosion process has already been considered in the total potential volume, the input topography does
not depend on temporary variable.

For Debris-2D simulation the mass distribution is necessary as an input factor. The distributions
of dry debris were determined according to the area with over 70% of landslide probability (Figure 7).
The thickness of whole mass was set to be 1.5 m uniformly based on the survey results. The mass
distributions of dry debris for each watershed are shown in Figure 8. With the information of dry debris
mass, the volume of debris flow was estimated using the concept of equilibrium concentration [44],
i.e., Equation (7). The input factors for Equation (7) are density of debris flow and average slope angle
of triggering locations. Based on the measurement results, the density of saturated soil collected from
the field was about 1979.6 kg/cm?.

pwtan®

G = (0 — pw) (tang — tano)

@)

where p,, is water density, o is density of dry debris (around 2000 kg/m?), ¢ is internal friction angle
which depends on on-site soil composition (about 37°), and 0 is average bottom slope angle in the
field. The maximum value of C; cannot exceed 0.603 [36].

Set1 Set2
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Figure 7. (a) Photo of test yield stress calibration. (b) The measured longitudinal profiles and fitting

curves (blue line) of 6 sets for calibration of yield stress. (X: longitudinal coordinate, H: height of profile).
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Figure 8. Distribution of watersheds in the simulation area overlain on the landslide prediction map.

This study conducted six tests for yield stress calibration according to the method (Figure 7a) by
suggested Liu and Hsu [43]. The test results, shown in Figure 7b, were used to calculate the value of

yield stress with Equation (8) [43].
=20 @®)
pE
where H denotes the profiles of mass and it depends on longitudinal coordinate X. 7 is the yield stress.

The value of yield stress was calculated 2800 Pa in this study.

4.2. Results of the Numerical Simulation of Debris Flow

There are four watersheds near the construction site, to the west of Mt Goobong, as shown in
Figure 8. Information on each watershed is listed in Table 2. In the modeling, it is assumed that the
mass of debris-flow at the initiation area comes from a landslide triggered on the slopes. The areas of
the landslide and sources of mass used in the simulations were those with a landslide probability over
70%. Based on the regolith mapping, the thickness of loose soil on the slope of Mt Goobong was set
to 1.5 m uniformly. On this assumption, the total volume of dry debris across all four watersheds is
24,726.78 m® (Figure 9).

Table 2. Information of watershed area and total volume of debris in each watershed.

No Watershed Total Dry Debris Designed Debris-Flow  Area for Collecting VEE:%KI‘:dI:Z ?r:i:ll Designed Debris-Flow
) Area [m?] Volume [m3] Volume t [m®] Rainfall [m?] v y 3 Volume by Rainfall { [m3]
water. [m”°]
A 67,283.35 6612.56 10,966.11 33,778.37 5556.54 13,996.33
B 55,942.89 3174.32 5264.21 14,144.71 2326.80 5860.97
C 78,296.82 3594.74 5961.43 45,122.06 7422.58 18,696.67
D 134,946.30 11,345.16 18,814.54 75,789.91 12,467 .44 31,404.13

t calculated as V4/C;, (Cyp = 0.603), § calculated as Vyater/(1 — Cy) Vi dry debris volumes, Cy: equilibrium solid
volume, Vyater: water volume by rainfall.
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Figure 9. Map of effective rainfall collection areas (yellow) in each watershed. The purple areas denote
initial mass distributions and the cyan triangle is the peak of Mt Goobong.

In preparing for damage by the debris flow, it is necessary to consider the worst-case scenario,
i.e,, when all potential mass becomes debris flow. The worst triggering hazard condition was considered
in the simulation. A severe landslide-triggered debris flow occurred in Chooncheon on 27 July 2011
and 15 July 2013. According to Korean Meteorological Agency data, the accumulated rainfall amounts
from 26 to 27 July 2011 were 427 mm, and 265 mm from 14 July to 15 July 2013. The simulation used
the accumulated rainfall as water input to determine the debris-flow volume. Taking the worst-case
scenario, the debris flow was assumed conceptually to involve the entire volume from bottom erosion.
However, Liu and Huang [36] set assumption that the entrained volume of debris flow from bottom
erosion is not much compared with total volume of debris flow which is majorly composed of source
volume of debris flow. Therefore, Debris-2D considers the initial volume of debris flow as major
volume of debris flow to calculate the total volume. The increase of volume by bottom erosion can
be included by assigning sufficient initial volume of debris flow. For the simulation, based on the
inclined plane test of soil samples collected from the field, the average yield stress was set to 2800 Pa
in the saturated condition. This calibrated value of yield stress is typical for a flow mass with a high
proportion of coarse sized debris or rock, and therefore high friction, as is shown in Figures 4 and 5.

Figure 10 illustrates, in three dimensions, the eventual deposition locations in the four watersheds.
The debris in Watersheds A and D flows across Jamboree Road, which is located between Mt Goobong
and the site, before deposition. In Watershed B the debris is deposited on the mild slopes before
reaching Jamboree Road. However, in Watershed C the final deposition of debris is very close to the
southern part of the construction site. Simulated flows and debris thicknesses for each watershed are
depicted in Figures 11-15.
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Figure 10. Final deposition area of debris in four watersheds. Color scale means thickness of
deposited debris.

4.2.1. Watershed A

The simulated flow thicknesses, at different times, are shown in Figure 11. Debris flow stops 1095
s after initiation. Figure 16a shows the maximum flow speeds over the flow period. From the insert in
Figure 16a the maximum speed was 10.04 m/s at 1.6 s after initiation. At 240 s the debris flow reaches
Jamboree Road and begins to slow down and deposit on the road. Then, some of the mass flows down
along a small gully and finally stops at 1095 s, as shown in Figure 11h. The simulation shows that
debris flow in Watershed A does not influence the target site. However, debris flow may damage the
road, the civilian area along the gully, and the nearby electric power cables.

4.2.2. Watershed B

The simulated flow thicknesses, at different times, are shown in Figure 12. Debris flow stops
1973 s after initiation. Figure 16b shows the maximum speeds over the flow period. From the insert in
Figure 16b the maximum speed was 6.03 m/s after 6.3 s. Because the topography near the parking lot,
which is located at the bottom of Watershed B, slopes gently, the flow speed decreases, and deposition
occurs in this area. The final area affected by debris flow (after 1973 s) is shown in Figure 12h.
Because the distance from the final deposition to the target site is around 90 m, the results suggest
no direct impact of debris flow on the construction site. However, the possibility of influence on the
construction site should be considered if the assessed volume of debris is increased. In that case, debris
flow could cause some damage to the road, the civilian area near the parking lot, and the electric power
cables in the area.

4.2.3. Watershed C

The simulated flow thicknesses, at different times, are shown in Figure 13. Debris flow stops
1468 s after initiation. Figure 16c shows the maximum speeds over the flow period. From the insert
in Figure 16¢ the maximum velocity was 10.82 m/s after 1.1 s. As shown in Figure 13g, the debris
flow approaches Jamboree Road four minutes (240 s) after initiation, and flow speed decreases over
the gentler topography. The front of the final deposition is very close to the target site, only 9.6 m
(Figure 14), and the maximum depth of deposition is 1.19 m. Therefore, the construction site has the
potential to be impacted by debris flow. Based on this simulation result, appropriate countermeasures
should be applied in the area.
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4.2.4. Watershed D

The simulated flow thicknesses, at different times, are shown in Figure 15. Debris flow stops 2025
s after initiation. Figure 16d shows the maximum speeds over the flow period. From the insert in
Figure 16d the maximum velocity is 10.74 m/s after 2.4 s. At 96 s the debris flow hits a house near the
gully with depth more than 2 m, as shown in Figure 15e. It reaches Jamboree Road after 456 s and
starts to deposit on the road. After 2025 s the debris flow stops. In this watershed, the debris flow does
not influence the target site. However, the road, and the civilian area, may be damaged by debris flow.
In addition, because some electric power cables near the area are likely to be affected by the debris
flow, some mitigating countermeasures are needed.

268200 268300 268400 268500 268600 268700 268800

268200 268300 268400 268500 268600 268700 268800 268200 268300 268400 268500 268600 268700 268800
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Figure 11. Simulated flow and thicknesses of debris at different times (a-h) in Watershed A. (a/h)
represent the initial and final (at 1095 s) distributions.
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Figure 12. Simulated flow and thickness of debris at different times (a—h) in Watershed B.
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Figure 13. Simulated flow and thickness of debris at different times (a—h) in Watershed C.
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Figure 14. (a) Final deposition of debris in Watershed C. (b) Distance from the front of the final
deposition to the site boundary.
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Figure 15. Simulated flow and thickness of debris at different times (a-h) Watershed D.
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Figure 16. Simulation of maximum flow speeds over the flow period in each watershed. (a) Watershed A,
(b) Watershed B, (c) Watershed C, (d) Watershed D.

5. Discussion

This study used slope angles to simulate debris-flow runout distances. In each of four watersheds,
slopes were plotted along the debris-flow direction (Figure 17). Because each slope section shows just
one point of inflection (PI), the simulations used average slopes on either side of the PI. In Watershed A,
the Pl is located 183 m from the bottom of the slope. The average slope of the lower part is 16.2 degrees
and that of the upper part is 31.6 degrees. In Watershed B, which has its PI at 119 m, the average
slope of the lower part is 7.2 degrees and that of the upper part is 32.5 degrees. Watershed C has
a PI at 322 m with average slopes of 18.2 degrees and 31.7 degrees in the lower and upper parts,
respectively. In Watershed D, the P1 is at 74 m and the average slopes are 6.2 degrees below the PI and
18.2 degrees above.

The simulations show a debris flow in Watershed C approaching within 9.6 m of the target site.
This result reflects the relationship between debris runout distances and slope angles, with Watershed
C having steeper average slopes, across both parts, than the other watersheds. The steeper slopes
mean that the speed of debris flow does not reduce much until arriving at the bottom of the slope.
The debris flow in Watershed C, therefore, came nearer to the target site than in the four watersheds.
In the case of Watershed B, the slope below the Pl is a very gentle 7.2 degrees while the upper part
has the steepest average slope angle in all the watersheds. This would induce fast debris flow on the
upper slope, but below the PI the gentle slope area significantly reduces the debris flow speed and
the flow energy. Therefore, in Watershed B, the simulated debris flow does not reach the target site
even though the debris flow starting point in Watershed B is, among the watersheds, the nearest to the
target site. Based on the simulation results, the slope angle is a major factor influencing debris-flow
runout distances.

Debris runout distances are determined by several factors, in addition to slope angle, including the
volume of debris, quantity of water, physical and rheological properties of the soil. Debris-2D considers
the volume of debris and yield stress are significant in calculating runout distance. Liu and Huang [36]
discussed model sensitivity to yield stress and the volume of debris. They explained that the effect
of varying volume of debris was three to four times larger than that of varying yield stress in case
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of Chi-Chi debris flow. As mentioned in Section 3.2, Liu and Hsu [43] found that, if yield stress is
100 times larger, the front location of the affected area only reduces by 50 m. However, if the volume of
debris flow is just 10 times larger, the front location increases by almost 300 m. The greater influence
of debris volume is reflected here in the similar pattern of runout distances among the watersheds.
Watersheds C and D which have larger debris volumes, in combination with rainfall water volume,
have longer runout distances than the other watersheds (Table 2). In particular, Watershed D has the
largest area and the largest debris-flow volume in the study area. This may explain why the simulation
shows the longest runout distance in Watershed D even though the average slope is gentler than in the
other watersheds.
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Figure 17. Slope profiles for each watershed.

The major advantage of the methodology used in this study is that the dynamics of debris flows
can be simulated accurately. In addition, initial mass volume and occurrence location were evaluated by
integrating the proposed landslide susceptibility model with a mechanically based debris flow model.
Therefore, this study has successfully delineated the dangerous zones and affected area of debris flows
from multiple watersheds, and it will be considered as an important reference of countermeasure
engineering for the construction site. On the other hand, the methodology used in this study is difficult
to predict the timing of debris flow occurrence. However, this drawback can be easily overcome
by installing monitoring systems to each watershed based on the analysis results. Consequently,
the authors believe that the methodology is practical and sustainable for the mitigation of debris flow
hazards. This study estimated the yield stress by a simplified laboratory test with soil collected in the
field. Because the soil was classified as the same type of residual colluvium, which had been weathered
from gneisses, the numerical simulations of debris flow were performed with identical yield stress
values in all watersheds. However, the application of watershed specific values of the yield stress
would likely generate more accurate simulations of debris flow. For further study, yield stresses should
be estimated for the various soils based on in-field regolith mapping and prediction of the saturation
characteristics of the soils in each watershed.

6. Conclusions

This study analyzed landslide susceptibility and, based on this, simulated the runout distance
of debris flows near a construction site in Korea. Before the landslide susceptibility analysis, and to
understand the distribution of soils in the study area, this study mapped the regolith and determined
that Mt Goobong is composed primarily of outcrops, residual colluvium, and talus. The outcrops are
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gneisses and schists which have only limited exposure near the top of the mountain even though the
mountain slopes are between 30 and 40 degrees. The residual colluvium is broadly distributed over
Mt Goobong with thicknesses of 1.0-1.5 m. These thick colluvia potentially produce high volumes of
debris when landslides and debris flows occur in the area. The rock fragments in the valley colluvium
is composed of the same materials, such as schists and gneisses pebbles, which are distributed over
Mt Goobong.

This study analyzed landslide susceptibility based on a landslide prediction map of the study
area which had been drawn in 2008. The landslide prediction used a logistic regression model. In the
prediction map, based on 250 mm of rainfall in 24 h, the areas with 70-90% of landslide probability
were 3.5% of the analyzed area; those with probability over 90% were 0.79% of the area. Relative to
the location of the construction site, the two nearest valleys both have high (over 70%) landslide
probability areas. Two additional valleys, to the north and south, also have several areas with over
70% landslide probability.

Based on the landslide susceptibility analysis, numerical simulation of debris flow was performed
to assess the likelihood of damage to the construction site by debris flows. According to the simulations,
debris flow in Watershed C may approach very near to the boundary of the site. The distance between
the front of debris deposition and the construction site was 9.6 m. Therefore, the construction site
may be impacted by debris flows in Watershed C. Although the simulation results in Watersheds
A and D indicate no direct influence on the construction site, they may damage the road and other
facilities at the base of Mt Goobong. The simulations also showed that the debris runout distance is
strongly influenced by the on-slope volume of debris in the source area and by the slopes along the
debris-flow path.

This study is dealing with the case study that simulated debris runout distance coupled with
landslide occurrence prediction in upper mountain areas in order to assess the safety of the construction
site. In general, there are limited previous studies which analyze runout distance of debris flow and the
possibility of landslide initiation together. For a more reliable simulation of runout distance, landslide
information, such as triggering locations and the amount of debris transported from head areas,
should be obtained. Therefore, the analysis process proposed in this study improves the reliability of
debris runout distances with more accurate information of debris volumes in upper mountain areas.
This approach will be effective to secure disaster preparedness in our society.
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