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Abstract: Debris flows are capable of flowing with high velocities and causing significant economic
and infrastructural damage. As a hazard mitigation measure, physical barriers are frequently
installed to dissipate the energy of debris flows. However, there is a lack of understanding on
how barriers affect and interact with debris-flow behavior (e.g., velocity and volume). This study
investigated the changes in debris-flow characteristics depending on the installation location of
barriers. Mt. Woomyeon, which is located in Seoul, Korea, was the site of a major debris-flow event in
2011. This study modeled this event using DAN3D, numerical software based on smoothed particle
hydrodynamics (SPH). Our numerical approach assessed changes in debris-flow behavior, including
velocity and volume, as the debris flow interacts with four closed-type barriers installed at separate
points along the flow path. We used DAN3D to model the barriers via terrain elevation modifications.
The presence of a closed-type barrier results in the reduction in the debris-flow velocity and volume
compared to when no barrier is present. Most notably, the closer a barrier is installed to the debris
source, the greater the velocity decrease. By contrast, a barrier that is constructed further downstream
allows the debris flow to undergo entrainment-driven growth before confronting the barrier, resulting
in a larger debris deposition volume that can often cause overflow, as shown at our particular study
site. The presented results highlight the effectiveness of barriers as a method of hazard mitigation
by providing insight into how such installations can alter debris-flow behavior. In addition, the
findings can provide a reference for future debris-flow barrier designs, increasing the effectiveness
and efficiency of such barrier systems.

Keywords: debris flow; closed-type barrier; barrier location; barrier capacity

1. Introduction

A debris flow is a phenomenon that involves the initiation of a landslide on a steep
slope, the rapid flow of debris along a confined channel, and the eventual deposition of
its contents on a flat area. Debris flows are considered as the most hazardous type of
landslide due to their poor predictability and devastating destruction associated with their
fast flow velocity, large impact forces, and long run-out distances [1]. In China, hundreds
of channelized debris flows were triggered by heavy rainfall on 12-14 August 2010 [2]. The
debris-flow event in the Hongchun gully was one of the most disastrous incidents in terms
of scale. Here, the initial source volume of 183,000 m> grew to 700,000-800,000 m?3 as the
debris flow moved downstream. The entrained debris blocked the Mingjiang River at the
outlet of the gully, resulting in 17 casualties [3]. In the Southern Leyte Province, Philippines,
a large-scale landslide caused by heavy rainfall inundated a village and covered about
500 houses and a school building on 17 February 2006. The debris flow mobilized boulders
and debris totaling a volume of 10-15 million m3, resulting in 1149 casualties [4]. On 26-27
July 2011, 151 landslides and 33 debris flows took place at Mt. Woomyeon, Seoul, Korea [5].
The majority of the debris was deposited on the lower reaches of Mt. Woomyeon, where
many local communities are located. This event caused 16 casualties and incurred an
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enormous financial cost of approximately USD 15 million. In particular, some of the debris
surged to the third floor of an apartment with a velocity of 28.6 m/s, as estimated from
videos taken by residents [5,6].

Debris-flow barriers have been widely used as a countermeasure to reduce the dam-
age caused by debris flows through energy dissipation and relevant hazard mitigation.
Many research efforts have been dedicated to evaluating the performance of debris-flow
barriers based on physical and numerical modeling. The small-scale physical modeling
has advantages of being repeatable, but reproducing real debris flows with consideration
of proper rheological characteristics and entrainment is a daunting task [7-11]. Numerical
approaches have been mainly employed to develop numerical models and software to
accurately describe and predict debris-flow behaviors [12-19]. However, relatively less
effort has been invested into exploring the influence of barriers on debris-flow characteris-
tics and the interactions between barriers and debris flows [3,20]. Osti and Egashira [20]
used sediment-water mixture rheology in 1D flow analysis and reported that check-dam
installations could significantly reduce bed erosion, and the farther distance between the
two check-dams led to an increase in volume capacity, if two check-dams were installed.
Shen et al. [3] used the finite differential method (FDM) based on Voellmy rheology to
determine barrier locations that could effectively reduce debris-flow intensity. However,
numerical simulation studies on barrier effects with consideration of entrainment, rheolog-
ical models, and complex 3D terrain are limited, which hampers the understanding and
prediction of barrier effects and the design of optimal barrier installations.

This study explored how barrier location affects the characteristics of a debris flow. We
chose to model a debris-flow event that occurred at Mt. Woomyeon, Seoul, Korea during
heavy rainfall on 26-27 July 2011. The model included the addition of closed-type barriers
along the debris-flow channel by simulating a model debris-flow event while varying
the installation location from upstream to downstream. The effects of barrier location on
debris-flow characteristics were calculated by considering velocity and volume. Moreover,
the volumetric capacity (or deposition capacity) of a barrier is an important design factor to
reduce overflow-associated risks. Our results shed light on how barriers that are installed
to mitigate debris flows affect the various behaviors of such disasters.

2. Study Area

The study area is a watershed at Mt. Woomyeon, located in Seoul, South Korea
(37°28/14.90" N and 127°0'21.40” E; Figure 1a). Mt. Woomyeon is 293 m above sea level
at its highest point and is characterized by the abundance of buildings and roads in its
vicinity within an area of 5.1 km?. On 26-27 July 2011, this mountain was the site of
33 debris flows that were caused by ~150 landslides [5]. The debris flows were triggered
on steep slopes (>30°) due to heavy rainfall, the intensity of which is highlighted by the
recorded peak rainfall intensity of 112.4 mm/h. The debris flowed at an extremely high
velocity (up to 28.6 m/s in the Raemian watershed) due to the high water content and
entrainment. Among the many debris flows that took place in Mt. Woomyeon, we chose
our reference case (Case REF) as one that flowed along a watershed on the north side of the
mountain inundating the Sindonga Apartment Complex. The debris-flow initiation and
deposition locations were determined to be 256 m and 70 m above sea level, respectively.
The debris-flow path was 627 m in length and the initiation section had an average slope of
26°. The watershed area was 107,200 m? [21]. Digital elevation model (DEM) data were
acquired before the debris-flow event by the National Geographic Information Institute of
Korea [22].
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Figure 1. Illustration of barrier installations: (a) barrier locations; (b) detailed map view.

3. Study Method
3.1. Numerical Code

The commercial software named DAN3D (Dynamic Analysis of Landslides in Three
Dimensions) [14,23,24] is an invaluable simulation tool used to examine and study the flow
dynamics surrounding viscous debris that possess qualities similar to liquids. DAN3D is
based on the smoothed particle hydrodynamics (SPH) method and the equivalent fluid
concept, which assumes the multi-phase and multi-component materials of landslides as
a single fluid, to interpret the behavior of complex fluids [25]. As changes take place in a
complex 3D terrain area, this gives rise to non-hydrostatic and anisotropic internal stresses,
which can have significant impacts on landslide dynamics. DAN3D is a semi-empirical
method based on physics that uses calibrated input parameters obtained from back-analysis
based on real events. The governing equations of DAN3D involve mass and momentum
conservation, as follows:
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where p is the material bulk density, / is the bed-normal flow depth, « is the inclination
of the bed from the horizontal position, R is the bed-normal radius of the curvature of
the path in the direction of motion, v, is flow velocity in the direction of motion, b is the
bed-normal erosion-entrainment depth, and g is gravitational acceleration. k is the stress
coefficient, and ¢, and 7,y are the bed-normal and basal shear stresses, respectively. f is
the friction coefficient, ¢ is the turbulence parameter, and E; and E; are the erosion rates
dependent on time and displacement, respectively.

We decided to employ DAN3D due to its following advantages: (a) The code uses
complex 3D digital elevation models (DEM) to simulate debris flows. (b) The entrainment
process is considered by using an empirical erosion rate based on the momentum transfer
between the debris and the bed material. (c) DAN3D can implement five rheological models



Energies 2021, 14, 7890

40f11

(Newtonian, Bingham, Voellmy, plastic, and frictional) to model flow characteristics that are
associated with different types of landslides and debris flow. (d) DANS3D is user-friendly
and requires relatively little computational resources and time compared to other numerical
simulation methods. This advantage was achieved using simplified governing equations
and boundary conditions.

3.2. Rheological Model

Rheological models play a critical role in describing debris-flow behavior. Specifically,
the original purpose of the Voellmy model was to describe snow avalanches [26]; the
Voellmy model was implemented to landslide modelling due to the similarities between
landslides and snow avalanches in terms of velocity and thickness [23]. The input parame-
ters of the Voellmy model include the frictional coefficient and the turbulence parameter
(Equation (4)): the former governs debris-flow deposition properties, whereas the latter
influences debris-flow mobility [23]. The frictional coefficient and turbulence parameter
are typically determined through back-analysis based on the recorded velocity, run-out
distance, and deposited area of the debris flow [12,23,27,28]. Although most debris flow
cases in Korea have been reported with high velocities, the debris flow that took place in
Mt. Woomyeon exhibited exceptionally rapid velocities of up to 28.6 m/s, as measured
from videos taken by residents [5,6], which was a result of heavy rainfall increasing the
water content to high levels. Herein, the frictional coefficient and turbulence parameter
were set as low and high values, respectively, to recreate the high velocity flows. The input
properties and details of the debris-flow event are summarized in Table 1. A field survey
noted that most of the debris was deposited downstream near the residential complex.
The source volume of the reference case was measured to be approximately 70 m3 [5].
Back-analysis using the source and deposited debris volumes and deposition area was
employed to determine the friction coefficient (0.03), the turbulence parameter (800 m/s?),
and the erosion rate (7.8 x 1073 %/m), as shown in Table 1. The turbulence parameter
and the friction coefficient were determined according to ranges employed in previous
studies [12].

3.3. Barrier Installation

A barrier is created in DAN3D via terrain elevation modifications. Figure 2 illustrates
how the DEM was modified to create the barriers. Therefore, barriers would be considered
as part of the terrain, and debris flow-barrier interactions are not modeled. A flattened
terrain (i.e., deposition zone; Figure 2c,d) is placed at the upstream face of the barrier to
reduce the flow velocity and minimize bursting and airborne particles [29]. For further
information regarding DAN3D, refer to the papers of McDougall and Hungr [14,24] and
McDougall [29]. Four locations were selected for the installation of closed-type barriers to
explore how the location of a barrier affects debris-flow behaviors in numerical modeling.
In the study site, the distance from the debris source to the road near Sindonga Apartment
is 627 m (L), as shown in Figure 1a. For the barrier locations, four points were selected
along the debris-flow channel downstream of the initiation location. Accordingly, a barrier
was placed at the following locations: 0.3 L (i.e., at a distance of 189 m from the initiation
location; Case 0.3 L), 0.5 L (i.e., 311 m distance from the initiation location; Case 0.5 L),
0.7 L (i.e., 437 m distance from the initiation location; Case 0.7 L), and 0.9 L (i.e., 563 m
distance from the initiation location; Case 0.9 L). ArcGIS 10.5 was used to create the
barriers; a desired shape and size could be achieved by altering the elevations of individual
topography grid cells (Figure 2). The direction of each barrier was perpendicular to the
direction of the debris flow. In terms of the barrier width, the value was set to be twice the
width of the front portion of the simulated debris flow; thus, the barrier was 48 m wide in
Case(0.3L,50min Case 0.5L, 60 min Case 0.7 L, and 110 m in Case 0.9 L. The thickness and
height of all debris-flow barriers were fixed as 3 m and 7 m, respectively (Table 1). A total of
five simulations were conducted: one case did not have any barriers installed (the reference
case; Case REF) and the other four included a barrier at their respective locations (Cases
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0.3 L to 0.9 L). Table 1 also lists the locations and geometric dimensions of the barriers, in
addition to the geotechnical engineering parameters. Geotechnical parameters such as unit
weight and internal friction angle were obtained from laboratory tests with soils sampled
from the study site.

Table 1. Modeling conditions and properties of the debris-flow event and barriers.

Parameters/Cases Site
Unit weight 16.3 kN/m?
Internal friction angle 40°
Erosion rate 7.8 x 1073 %/m
Input parameters Maximum erosion depth 1.6m
Friction coefficient 0.03
Turbulence parameter 800 m/s?
Field 70 m3
Source volume
DAN3D 70 m3
Debris volume
. Field 3914 m?
Final volume
DAN3D 4024 m®
. Distance fromthe
Width initiation location
Case REF 627 m
Barrier condition Case 0.3L 48 m 189 m
Case 0.5L 50 m 311 m
Case 0.7 L 60 m 437 m
Case 09 L 110 m 563 m

Apartment complex Apartment complex

Barrier location

Flow Direction \

Flow Direction \

Flow Direction Flow Direction

(9 (d)

Figure 2. Schematics of an installed barrier: (a,c) the elevation model before barrier installation; (b,d) the elevation model
after barrier installation.
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3.4. Deposition Zone at the Upstream Face of a Barrier

The simulated debris flow readily overflows when a barrier is installed on top of the
original topography due to the slope of the upstream surface. To correct this, the ground at
the upstream face of the barrier was flattened to the lowest elevation. The flattened area is
henceforth referred to as the deposition zone. In our simulations, this deposition zone was
10 m in length and equal in width to the barrier. The sharp elevation changes at the cut
edges were gently smoothed, and the cell size was kept at 1 m in all numerical simulations.
For wide basins that are difficult to block with barriers, the use of barrier shoulders (or
wings) on both sides of the barrier is a common solution (Figure 1b). In addition, we set a
no-erosion zone near the barrier 50 m in length and width to restrain entrainment around
and at the barrier.

4. Results and Analysis

From the simulation results, the velocity and volume of the flowing debris and the
volume of the deposited debris were computed to evaluate barrier effect. Viscous fluids
in the SPH method are modeled as particles, meaning it is possible to track the location,
velocity, and volume of each particle over time. In this study, the velocity of the flowing
debris was determined using the average velocity value of all particles. The flowing debris
and deposited debris volumes were also computed by finding the sum of the volumes of
the moving particles and the deposited particles, respectively.

Additionally, we assessed the volumetric parameters of debris flows—the entrained
volume Veytrgined, the deposited volume Vygposites, and the barrier volumetric capacity Vigprier-
The entrained volume V,t14ineq is the increment in debris volume by entrainment and is
determined when all debris come to a halt and/or are trapped. If some debris overflows, the
value is determined the moment the overflowed debris enters the urban environment. The
total debris-flow volume V4,5 is defined as the debris volume passing through a specific
barrier location and can also be derived by summing the initial source volume and the
entrained volume (i.e., Viepris = Vinitial + Ventrainea)- The volume of deposited debris Veppsited
is estimated from the total volume of stationary debris particles (i.e., particles with zero
velocity). Lastly, the barrier capacity Vi, (Or the trap capacity of a barrier) is determined
based on the barrier height Hj, and width W}, and is computed as Ve = W),-H,,2. Herein,
it is assumed that the debris is deposited behind the wall with a horizontal-to-vertical slope
ratio of 2:1, as suggested in previous experimental studies [9,12,30-34]. As the deposited
debris forms a slope near the barrier, the follow-up debris is more likely to overflow
over the deposited slope [9,12,30-34]. Accordingly, the retained volume ratio Ry can be
defined as Ryet = Vgeposited / Vdebris and be used as an indicator to quantify the trapped debris
volume. By comparison, the debris-to-barrier volume ratio R/, can be also determined as
R = Vievris/ Viarrier, Which represents the volume ratio between the expected total debris
volume relative to the barrier’s trap capacity.

Figure 3 shows the final debris flow simulation results and Figure 4 shows the debris-
flow velocity and volume changes. As shown, the debris-flow velocity rapidly increases
to approximately 7 m/s, which is due to the upper flow path having steep slope angles.
As the debris flow progresses downslope, its velocity gradually decreases. The sudden
drops in velocity take place when the debris collides with each barrier. In Cases 0.3 L and
0.9 L, the debris-flow velocity is reduced to nearly zero, which indicates effective trapping
and deposition. By contrast, the results in Cases 0.5 L and 0.7 L reveal that part of the
debris continuously flows down after colliding with the barrier, which indicates overflow
(Figure 3d,e). This overflowed debris slightly increases in velocity as it traverses down
steep slopes downstream of the barriers (Figure 4a), and the volume also increases due to
entrainment (Figure 4b). If entrainment effects are ignored, the volume of the overflowed
debris would remain constant, whereas the slope of the channel primarily determines
the velocity.
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Figure 3. Snapshots at the end points of the debris flow simulations: (a) before the event; (b) Case REF; (c) Case 0.3 L;
(d) Case 0.5 L; (e) Case 0.7 L; (f) Case 0.9 L.

The debris grows to a volume of 4100 m? as it approaches the downstream roadway
at 85 s in Case REF (Figure 4b). In contrast, none of the cases with installed barriers
exhibited debris volumes higher than 1000 m®. In particular, in Case 0.3 L the retained
volume ratio Ry is unity, and the deposited volume is equal to the total debris volume
(Figure 4b,c). This indicates zero overflow as the barrier completely traps and deposits
all debris. This completed trapping by the barrier in Case 0.3 L can be readily expected
with debris-to-barrier volume ratios R, far less than 0.5. Figure 5a illustrates how debris
deposits near a barrier without overflow. The debris depth near the barrier is less than 1 m,
which is lower than the height of the wall (5 m), as shown in Figure 5.

The further downstream the barrier is located, the greater its size due to the increased
channel width. Therefore, the deposited debris volume increases as the distance between
the barrier location and the initiation (or source) location increases (e.g., 230 m3 for Case
0.3 L, 450 m® for Case 0.5 L, 1350 m? for Case 0.7 L, and 3620 m3 for Case 0.9 L, as shown
in Figure 4b). For Cases 0.5 L, 0.7 L, and 0.9 L, the difference between the barrier capacity
and the total debris volume is minimal, with the former being even smaller than the latter
in cases 0.7 L and 0.9 L (Figure 4c); therefore, the debris-to-barrier volume ratios R, are
greater than 0.8 (Figure 4d). As expected, overflow occurs in these cases as the retained
volume ratios R, are less than 1 [12].

The results imply that a barrier could be installed near the initiation location to reduce
the size of the barrier and effectively capture the debris before entrainment effects take
place to increase the debris volume. These results are consistent with findings in previous
studies [3,12,35]. In addition, it was found that a barrier with a R;; of less than 0.7
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could trap debris without overflowing. However, it is worth noting that the prediction
of exact initiation locations and the volume of landslides and debris flows still remain as

challenging tasks.
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5. Discussion and Implication

The implications and limitations of our numerical approach can be described as
follows. (a) 3D terrain morphologies of greater complexity could be implemented to take
the depositional characteristics of debris flows into further consideration. In addition to
colliding with barriers, debris can bounce backwards, or slide to the side of barriers and
also interact with the terrain [36]. (b) It may be insightful to perform similar simulations
with various types of barriers, such as closed-type or open-type barriers, or drainage
paths. This can be achieved using 3D digital elevation maps (DEM) by altering the cell size.
However, modifying the cell size in an SPH model can drastically influence the interactions
between the SPH particles (debris materials), barriers, and the terrain. (c) Considering
the impact of entrainment effects on debris flows [3,12,37,38], future studies should focus
on how entrainment influences the rise in debris-flow volume or risk overestimating the
performance of debris-flow barriers. (d) The rheology of a debris flow is an important factor
as it determines the velocity of a debris flow, in addition to how it deposits. Given that the
presented method is centered around the parameters and terrain of a particular site, the
approach may need to be adjusted when being applied to other locations. (e) The barriers
in the presented approach were implemented by modifying the terrain morphology; thus,
they are considered as part of the terrain instead of structural elements, preventing the
direct assessment of barrier structural stability. We recommend using the presented SPH-
based approach to derive debris-flow characteristics (e.g., depth, velocity, and volume) that
can be used as inputs for a separate structural analysis [39,40].

6. Conclusions

This study investigated how the location of a barrier along a channel affects debris-
flow behavior based on numerical simulations using DAN3D. Entrainment causes a rise in
debris volume proportional to the source-to-barrier distance. At the same time, the basin
width increases further downstream. As expected, barriers installed at locations further
downstream need to be larger than barriers installed upstream. Furthermore, our results
revealed that debris can partially flow over a barrier if the debris volume is greater than
the deposition capacity of the barrier. The overflowed debris was observed to increase in
flow velocity and volume due to steep slopes beyond the barrier. This overflowed debris
can continually flow further down and result in additional damage to areas downstream.
Therefore, barriers could be installed nearer to debris-flow initiation locations as it is more
beneficial and effective from the perspectives of barrier size and overflow mitigation. This
is because barriers in such locations can restrain the entrainment-driven growth of debris
flow in the early stages of run-out. However, it is worth pointing out that there are often
some technical and economic challenges associated with barrier installation at upstream
locations, such as road accessibility and maintenance costs. Therefore, barrier locations
need to be carefully determined to ensure optimal debris-flow barrier designs that are
effective and efficient. In addition to analyzing the movement of debris flows, DAN3D is
also capable of identifying changes in debris flow characteristics due to the installation of
barriers. Therefore, the numerical software is a useful tool when designing barriers as it
can analyze the debris flow reduction effects according to the dimensions and location of
barriers prior to installation.
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