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Abstract: In this study, laboratory tests were used to determine the deposition characteristics (runout
distance, lateral width, and deposition area) of debris flow and their relationships with the flow
characteristics (flow velocity and flow depth) according to the presence of a berm. An experimental
flume 1.3 to 1.9 m long, 0.15 m wide, and 0.3 m high was employed to investigate the effects of channel
slope and volumetric concentration of sediment with and without the berm. The runout distance
(0.201–1.423 m), lateral width (0.045–0.519 m), and deposition area (0.008–0.519 m2) increased as the
channel slope increased and as the volumetric concentration of sediment decreased. These quantities
also increased with the flow velocity and flow depth. In addition, the maximum reductions in the
runout distance, lateral width, and deposition area were 69.1%, 65.9%, and 93%, respectively, upon
berm installation. The results of this study illustrate general debris flow characteristics according to
berm installation; the reported relationship magnitudes are specific to the experimental conditions
described herein. However, the results of this study contribute to the design of site-specific berms in
the future by providing data describing the utility and function of berms in mitigating debris flow.

Keywords: runout distance; debris flow; berm; volumetric concentration

1. Introduction

In recent years, the frequency of torrential rainfall in Korea has increased due to
climate change caused by global warming and human activities, increasing the frequency
of slope disasters, including landslides and debris flow [1]. Debris flow, a type of slope
disaster that occurs in mountainous areas, has often occurred over the last few decades in
Korea, where mountainous areas represent more than 60% of the total area. In particular,
ongoing urbanization has significantly increased the risk of debris flow in urban areas
adjacent to mountainous areas [2]. In 2011, a large-scale debris flow occurred on Mt.
Woomyeon, adjacent to an urban area in Seoul, resulting in 49 deaths [3,4]. Including
this incident, 824 ha of debris flow damage occurred during that year. In 2020, heavy
rainfall caused 1343 ha of debris flow damage under the influence of typhoons Jangmi,
Bavi, Maysak, and Haishen. Indeed, debris flow has recently been classified as a kind of
natural disaster with high risk and frequency in Korea [5,6], and the potential damage
caused by debris flows in the future could be much larger due to urbanization [7].

Debris flow is a mass movement toward downstream areas along a flow path under
the influence of gravity, and can be a mixture of water, clay, soil, gravel, rock, boulder,
and timber [3,5,8]. It can be caused by various factors, such as heavy rainfall, typhoons,
snowmelt, earthquakes, volcanoes, and human activities [9,10]. Most of the debris flow in
Korea occurs owing to typhoons and heavy rainfall [2,11]. The sediment–water mixture,
whose density is approximately twice that of water, may cause serious human casualties
and property damage in downstream areas owing to transport and deposition within a
short period of time, a result of its high mobility [12,13]. The high mobility of debris flow
results from the momentum exchange through interactions between the sediment and
fluid via particle friction, particle collision, and the viscosity of the pore fluid [8,14–16].
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In general, it is difficult to predict a debris flow because it may occur without a clear
warning despite preceding torrential rainfall [10]. Risk estimation and proper response
may also be difficult because debris flow can significantly increase in magnitude through
the absorption of sediment and water from riverbeds owing to its instability and erosive
force [17,18]. Therefore, it is necessary to conduct relevant research and prepare efficient
mitigation measures to reduce the potential damage caused by debris flows.

Debris flow mitigation measures can be divided into structural and non-structural
measures. Structural measures reduce the damage caused by debris flow by installing
structures in the generation, transport, or deposition path of debris flow. They include
check dams (open and closed types), flexible debris flow barriers, baffles, and berms.
Non-structural measures do not consider direct structure installation and instead include
land use regulations, risk maps, education, and forecasting and warning systems. Other
non-structural measures considered for debris flow mitigation include the assessment of
the frictional resistance and shear strength of the ground in a potential debris flow area and
the improvement of ground strength using straw fibers [19–21]. These latter approaches are
based on an advancing understanding of the interaction between ground and subsurface
objects to improve the stability of the ground.

The applicability of debris flow mitigation measures varies depending on the mag-
nitude of the debris flow, risk factors, topography, and budget [17]. Debris flow risk
overestimation may cause unnecessary expenses, whereas underestimation may increase
the scale of human casualties and property damage because debris flow damage cannot
be sufficiently reduced [22]. For areas in which the precipitation and channel slope that
cause debris flow are known based on forecasting and warning systems, evacuation and
relocation are the most appropriate methods of reducing debris flow damage [10]. Oth-
erwise, measures that partially reduce debris flow damage are mainly applied because
the implementation of measures that completely prevent debris flow damage may incur
excessive costs [23]. Check dams, which are frequently considered to be debris flow mit-
igation measures, are suitable for controlling channelized debris flow, and their use in
major facilities is generally limited because they entail considerable construction costs [10].
In addition, check dams constitute the primary form of debris flow mitigation measure
implemented in Korea, and as a result, there has been a great deal of research on debris flow
mitigation focusing on check dams. However, debris flow in urban areas is often limited to
a small scale without full development because of its relatively short travel distance, and
studies on the mitigation of this type of debris flow, which cannot justify the cost of a check
dam, are presently insufficient.

Therefore, in this study, berms were considered to be mitigation measures considering
the recent sharp increase in the occurrence of debris flow in urban areas in Korea. Figure 1
shows examples of berms installed on actual slopes. Berms are stepped structures that di-
vide slopes into several sections, disperse rainwater, and reduce debris flow velocity [4,24].
They also reduce riverbed erosion by increasing the resistance of each section and dissi-
pating the energy of the debris flow [25]. Berms are judged to be particularly suitable for
debris flow mitigation in urban areas because they require relatively low construction costs
compared to other debris flow mitigation measures and exhibit high efficiency on short
slopes [10,25].

Recently, studies have been conducted to analyze the performance of various debris
flow mitigation measures through numerical analyses and laboratory tests. Lin et al. [26]
examined the blocking effect of slit dams and their interaction with debris flow through a
laboratory test based on the characteristics of the Yanmen gully. Wang et al. [27] investigated
the velocity reduction and energy dissipation of debris flow through laboratory tests
considering cubic, trapezoidal, and triangular prism-shaped baffles. Chen et al. [28]
analyzed the roughness coefficient of the energy dissipation structure section installed in
a channel through laboratory tests and prototype observations. Jiang et al. [29] studied
the deformation mechanism of a flexible net barrier during the debris flow impact process
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through laboratory tests and numerical simulations. Tan et al. [30] assessed the interaction
between debris flow and a flexible barrier by conducting a physical modeling test.
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Studies have also been conducted to elucidate the effects of channel topography
considering berms or stepped channels as debris flow mitigation measures. Kim and
Lee [31] evaluated the behavior and mechanism of debris flow in a single-berm channel
according to the channel slope and the amount of debris supply using the finite difference
method based on the mass and momentum conservation equations. In analyzing the
results, they compared the debris flow discharge, volumetric concentration of sediment,
and flow depth in a single-berm channel with those in a straight channel. De Stefano
et al. [32] proposed the use of single and multiple soil berms to control the mobility of
debris flow and reduce the slope failure risk. They reproduced the behavior of debris flow
using the dynamic landslide analysis model, Voellmy flow model, and DAN-W model.
Chen et al. [33] conducted laboratory tests and theoretical analyses to identify the structural
characteristics, debris flow reduction effect, and design considerations of stepped channels.
They determined the structure shape, slope of the stairway section, and total length as
design conditions for stepped channels using theoretical approaches. Jiang et al. [34]
analyzed the failure mechanism and safety factor of a geotextile-reinforced berm through
finite element analysis to determine its stability. Li et al. [35] conducted a three-dimensional
smoothed particle hydrodynamics (SPH) study using the normalized Bingham model to
analyze the effects of debris flow on a stepped channel with baffles. The performance of
the SPH model was confirmed through laboratory tests that considered triangular and
rectangular baffles, and the impact force of the debris flow was analyzed for three baffle
shapes (square, trapezoid, and triangle) by applying the calibrated SPH model.

Field observations, numerical analyses, and laboratory tests have been widely used
to investigate the characteristics and mechanisms of debris flow. Debris flow is difficult
to predict because it occurs irregularly and locally, and field observation is also very
difficult owing to its non–uniform spatiotemporal behavior [13,36]. Numerical analysis
provides relatively high accuracy; however, it is difficult to select parameters through
field observations and to secure the observation data required for model verification [6].
Laboratory tests provide useful information for analyzing the relationships among physical
variables and developing debris flow mitigation measures [12,37], despite some limitations
due to small scaling [38,39]. In addition, laboratory tests are suitable for analyzing debris
flow characteristics because various experimental conditions can be evaluated with high
repeatability and reproducibility under limited conditions [36,40,41].

Therefore, we performed laboratory tests in this study to assess the deposition charac-
teristics of debris flow according to the channel slope, volumetric concentration of sediment,
and presence of a berm. To analyze the influence of the berm, we compared the experi-
mental results for a straight channel without a berm with those of a single-berm channel.
Finally, we elucidated the relationships between the debris flow deposition characteristics
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observed in this study (runout distance, lateral width, and deposition area) and the flow
characteristics (flow velocity and flow depth) reported by Chang et al. [4].

2. Materials and Methods
2.1. Experimental Setup

Figure 2 depicts the experimental setups of and the observation parameters (runout
distance and lateral width) investigated in the laboratory tests conducted in this study,
where R is the runout distance, B is the lateral width, and α is the channel slope. The
runout distance was taken to be the distance between the start and end points of debris
flow deposition. The maximum lateral width of the debris flow deposit was measured as
the lateral width. The experimental setup included a storage tank, an experimental flume,
and a deposition plane. The storage tank, which was located at the top of the experimental
flume, was fabricated with a length of 0.2 m, width of 0.15 m, and height of 0.3 m. The tank
was equipped with a gate that could be opened and closed to supply a mixed sample to the
experimental flume. The upper and lower channel sections of the experimental flume could
be separated to install a 0.6-m-long berm in between. The experimental flume thus had a
width of 0.15 m, a height of 0.3 m, and a length of either 1.3 or 1.9 m, depending on the
test type. The outlet of the experimental flume was connected to a horizontal deposition
plane with a length of 1.5 m and width of 1 m. The deposition plane was composed of grid
lines with longitudinal and lateral spacing of 5 cm to facilitate the observation of debris
flow deposition.

To observe the test process, cameras capable of capturing images at 60 fps were
installed in front and on the side of the experimental setup. The front camera observed the
average velocity of the head of the debris flow as it moved along the channel, and the side
camera observed the maximum depth of the debris flow at a point 10 cm upstream from
the channel outlet [4]. In each test, the runout distance and maximum lateral width were
measured upon the completion of deposition, and an image of the deposition geometry was
captured. The deposition area was measured by analyzing the deposition geometry using
ImageJ software. Because the flow velocity and flow depth were previously calculated by
Chang et al. [4] for the same parameters evaluated in this study, only the runout distance,
lateral width, and deposition area were calculated in this study.

2.2. Experimental Conditions

The characteristics and mechanisms of debris flow are generally affected by the
channel slope, volumetric concentration of sediment, particle size distribution, material
composition, clay content, debris flow magnitude, topography of the channel, and sinuosity.
Previous studies have focused on the effects of the channel slope and volumetric concentra-
tion of sediment on debris flow [36,40,42]. The volumetric concentration of sediment plays
an important role in indirectly estimating the viscosity of debris flow. Because debris flow
is not a single fluid, but rather a sediment–water mixture, it is necessary to estimate the
viscosity of the debris flow using the concept of the volumetric concentration of sediment
proposed by Takahashi [43] as the ratio of the volume of sediment to the total volume of
the mixed sample, which can be expressed as follows:

CV =
VS

(VS + VW)
=

VS
Vtotal

(1)

where CV is the volumetric concentration of sediment, VS is the volume of sediment, VW is
the volume of water, and Vtotal is the total volume of the mixed sample.
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In this study, experimental conditions were set to analyze the deposition characteristics
of debris flow according to the channel slope, volumetric concentration of sediment, and
presence of a berm, as shown in Table 1. Straight channel and single-berm channel tests
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were conducted to elucidate the effects of the presence of a berm. The channel slope
increased from 10◦ to 25◦ in 5◦ increments, and the volumetric concentration of sediment
increased from 0.40 to 0.60 in 0.05 increments. In total, 40 sets of experimental conditions
were considered, and each set of conditions was evaluated five times to ensure accuracy.

Table 1. Experimental conditions for laboratory tests.

Test Type α (◦) CV

Straight channel test

10 0.40 0.45 0.50 0.55 0.60
15 0.40 0.45 0.50 0.55 0.60
20 0.40 0.45 0.50 0.55 0.60
25 0.40 0.45 0.50 0.55 0.60

Single-berm channel test

10 0.40 0.45 0.50 0.55 0.60
15 0.40 0.45 0.50 0.55 0.60
20 0.40 0.45 0.50 0.55 0.60
25 0.40 0.45 0.50 0.55 0.60

2.3. Sample Properties

In this study, mixed samples were generated in a storage tank to reproduce the debris
flow phenomenon. The mixed samples were prepared according to previous studies with
similar experimental scales [5,40,44]. Through a preliminary experiment, we verified that
the index confirming the reproduction of debris flow suggested by Fairfield [44] was
satisfied: formation of a head composed coarse particles, and a uniform phase with solid
and liquid. Figure 3 shows the particle size distribution curve of the mixed sediment
obtained through sieve analysis, and Table 2 shows the weights of the mixed samples used
in the laboratory tests, where Wtotal is the total weight of the mixed sample, WW is the
weight of water, and ρ is the density of the mixed sample. The mixed sediment comprised
particle sizes of 2 mm or less representing 50% by weight, 2–4.75 mm constituting 25% by
weight, and 4.75–9.5 mm corresponding to 25% by weight. The mixed samples used in this
study were mostly composed of soil and gravel, which reflects the research results of Kim
and Paik [5], who found that most of the debris flow generated in Korea was composed
of soil and gravel rather than clay. Regardless of the test type, a 4500 cm3 mixed sample
was used in each of the tests, and the density of the mixed sample increased from 1578 to
1867 kg/m3 as the volumetric concentration of the sediment increased from 0.40 to 0.60
(Table 2).
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Table 2. Weights of mixed samples for laboratory tests.

CV Wtotal (kg)
SP SP GP

WW (kg) ρ (kg/m3)
<2 mm (kg) 2–4.75 mm (kg) 4.75–9.5 mm (kg)

0.40 7.100 2.200 1.100 1.100 2.700 1578
0.45 7.425 2.475 1.238 1.238 2.475 1650
0.50 7.750 2.750 1.375 1.375 2.250 1722
0.55 8.075 3.025 1.513 1.513 2.025 1794
0.60 8.400 3.300 1.650 1.650 1.800 1867

2.4. Experimental Method

Figure 4 shows a flow chart of the laboratory tests. Each test in this study was
conducted according to the following sequence. The experimental setup was first adjusted
based on the channel slope and the presence of a berm. The sediment and water were then
weighed out according to the intended volumetric concentration of the sediment before
placing them in the storage tank to prepare a mixed sample. Next, the mixed sample was
supplied to the experimental flume by rapidly opening the gate at the front of the storage
tank. The runout distance and lateral width of the debris flow were then measured on
the deposition plane, and the deposition area of the debris flow was measured using the
captured image of the deposition geometry. Finally, the performance of the berm was
examined by comparing the experimental results obtained using the straight channel with
those acquired using the single-berm channel. Figure 5a,b depict example setups of the
straight channel and single-berm channel laboratory tests conducted in this sequence.
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2.5. Methods for Assessing Debris Flow Characteristics

The debris flow deposition characteristics obtained in this study were analyzed to-
gether with the flow characteristics obtained by Chang et al. [4] to determine the relation-
ship between the two sets of data. The previously determined flow characteristics consisted
of the flow velocity and the Froude number.

2.5.1. Flow Velocity

Debris flow velocity can be directly measured through field investigations or labo-
ratory tests, or it can be calculated using mean debris flow velocity estimation equations.
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Debris flow velocity estimation equations were proposed differently in previous studies
depending on the flow type. Equation (2) is an equation for Newtonian laminar flow [7]
and can be expressed as

v =
ρgh2α

3µ
(2)

where g is the gravitational acceleration (9.81 m/s2), v is the flow velocity, h is the flow
depth, µ is the apparent dynamic viscosity (Pa·s).
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Equation (3) is for dilatant grain shearing flow [7,45] and can be expressed as

v =
2
3

ξh3/2α1/2 (3)

where ξ is the lumped coefficient affected by the volumetric concentration of sediment
(m−1/2·s−1).

Equation (4) is for Newtonian turbulent flow [7,17] and can be expressed as

v =
1
n

h2/3α1/2 (4)

where n is the Manning coefficient (m−1/3·s).
Equation (5) is for Voellmy flow [15,46,47] and can be expressed as

v = C1h1/2α1/2 (5)

where C1 is the Chezy coefficient (m1/2·s−1).
Equation (6) is an empirical equation proposed by Koch [15] and can be expressed as

v = C2h0.22α0.33 (6)

where C2 is the empirical coefficient (m0.78·s−1) proposed by Koch [15]. For a more detailed
explanation of the flow resistance coefficient, please refer to Chang et al. [4].

2.5.2. Froude Number

Debris flows are a type of gravity driven flow occurring on a steep slope. Therefore,
the similarity law should be applied using the Froude number, which physically represents
the ratio of inertial force to gravity. The equation for the Froude number, Fr, is expressed as

Fr =
v√
gh

(7)
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3. Results

Table 3 shows the debris flow characteristics observed during the laboratory tests.
The reported debris flow velocity v, flow depth h, and Froude number Fr were measured
by Chang et al. [4]; the runout distance R, lateral width B, and deposition area A were
measured in this study. In the single-berm channel test, debris flow was deposited in the
channel regardless of the channel slope when the volumetric concentration of sediment
was 0.60. Thus, no analysis of this result was conducted when the volumetric concentration
of sediment was 0.60. In addition, debris flow was not sufficiently developed to observe
the flow depth in some of the straight channel and single-berm channel tests. Thus, these
cases were not included in the result analysis because of the influence of the debris flow
depth on the deposition characteristics.

Table 3. Summary of observed data from laboratory tests.

Test Type α (◦) v (m/s) [4] h (m) [4] Fr [4] R (m) B (m) A (m2)

Straight channel

10 1.169–1.829 0.0058–0.0198 4.14–5.55 0.326–1.005 0.045–0.367 0.0450–0.2988
15 1.231–1.929 0.0038–0.0184 4.54–7.32 0.346–1.213 0.277–0.465 0.0506–0.3701
20 1.629–2.265 0.0034–0.0168 5.58–8.92 0.394–1.290 0.294–0.482 0.0637–0.4846
25 1.912–2.453 0.0032–0.0154 6.31–10.79 0.501–1.423 0.297–0.519 0.0718–0.5192

Single-berm channel

10 0.870–1.594 0.0079–0.0125 4.55–4.97 0.201–0.853 0.094–0.298 0.0078–0.1943
15 1.153–1.746 0.0030–0.0106 5.41–8.36 0.235–0.952 0.149–0.307 0.0284–0.2131
20 1.319–2.026 0.0054–0.0104 6.34–7.29 0.309–1.118 0.171–0.358 0.0310–0.3076
25 1.699–2.375 0.0030–0.0178 5.68–9.90 0.464–1.243 0.219–0.445 0.0644–0.3759

3.1. Deposition Characteristics of Debris Flow
3.1.1. Runout Distance

Figure 6 presents the runout distances of the debris flow observed during the labora-
tory tests and its change upon berm installation. Figure 6a,b depict the runout distance
according to the channel slope and volumetric concentration of sediment, respectively.
Figure 6c,d show the change in the runout distance upon berm installation according to the
channel slope and volumetric concentration of sediment, respectively. The experimental
results indicate that the runout distance increased as the channel slope increased or the
volumetric concentration of the sediment decreased (Figure 6a,b). Berm installation on the
slope decreased the runout distance by 12.7%–69.1% (Figure 6c,d). The average reduction
in the runout distance for all volumetric concentrations of sediment was 46.1%, 38.7%,
34.3%, and 28.7% when the channel slope was 10◦, 15◦, 20◦, and 25◦, respectively, and for all
channel slopes was 15.7%, 29.1%, 42.3%, and 60.7% when the volumetric concentration of
sediment was 0.40, 0.45, 0.50, and 0.55, respectively. In other words, the average reduction
in runout distance upon berm installation increased with decreasing channel slope and
increasing volumetric concentration of sediment.

3.1.2. Lateral Width

Figure 7 presents the lateral width of the debris flow observed during the laboratory
tests and its change upon berm installation. Figure 7a,b depict the lateral width of the
debris flow according to the channel slope and volumetric concentration of sediment,
respectively. Figure 7c,d show the change in lateral width upon berm installation according
to the channel slope and volumetric concentration of sediment, respectively. The exper-
imental results reveal that the lateral width increased as the channel slope increased or
the volumetric concentration of sediment decreased (Figure 7a,b). Berm installation on
the slope decreased the lateral width by 14.3%–65.9% (Figure 7c,d). The average reduction
in lateral width for all volumetric concentrations of sediment was 36.8%, 39.1%, 33.4%,
and 22.0% when the channel slope was 10◦, 15◦, 20◦, and 25◦, respectively, and for all
channel slopes was 23.2%, 25.1%, 32.0%, and 51.0% when the volumetric concentration of
sediment was 0.40, 0.45, 0.50, and 0.55, respectively. In other words, the average reduction
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in lateral width upon berm installation increased with increasing volumetric concentration
of sediment.
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3.1.3. Deposition Area

Figure 8 shows the debris flow deposition area observed during the laboratory tests
and its change upon berm installation. Figure 8a,b present the deposition area according
to the channel slope and volumetric concentration of sediment, respectively. Figure 8c,d
illustrate the change in deposition area upon berm installation according to the channel
slope and volumetric concentration of sediment, respectively. The experimental results
reveal that the deposition area increased as the channel slope increased or the volumetric
concentration of sediment decreased (Figure 8a,b). Upon berm installation on the slope,
the deposition area was reduced by 25.0–93.0% (Figure 8c,d). The average reduction in
deposition area for all volumetric concentrations of sediment was 67.5%, 58.2%, 54.4%,
and 38.5% when the channel slope was 10◦, 15◦, 20◦, and 25◦, respectively, and for all
channel slopes was 35.4%, 46.5%, 60.7%, and 76.0% when the volumetric concentrations of
sediment was 0.40, 0.45, 0.50, and 0.55, respectively. In other words, the average reduction
in deposition area upon berm installation significantly increased with decreasing channel
slope and increasing volumetric concentration of sediment.
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Figure 8. (a) Deposition area according to α (when CV = 0.40–0.55); (b) deposition area according to CV (when α = 10◦–25◦);
(c) percentage decrease in deposition area due to berm according to α (when CV = 0.40–0.55); (d) percentage decrease in
deposition area due to berm according to CV (when α = 10◦–25◦).

3.2. Relationships between Flow Characteristics and Deposition Characteristics

Predicting the runout of a debris flows is critical for mitigating potential risks [16,36].
Indeed, the runout distance of debris flow plays an important role in estimating the debris
flow risk area [12,47], and the topography of the debris flow movement path significantly
affects the dynamics and deposition pattern of debris flow [48]. Therefore, in this study, the
relationship between the flow and deposition characteristics of debris flow was analyzed
to prepare a basis for mitigating potential risks. Table 4 shows the ranges, means, and
standard deviations of the deposition characteristics (runout distance, lateral width, and
deposition area) of the debris flow measured in the laboratory tests. Cases in which the
debris flow stopped on the channel are not included. Upon berm installation, the average
reductions in the runout distance, lateral width, and deposition area of debris flow were
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36.9%, 32.8%, and 54.7%, respectively. In other words, the reduction in the longitudinal
runout was slightly higher than that in the lateral runout, and berm installation on the
slope significantly reduced the deposition area.

Figure 9 presents the relationships between the flow characteristics (flow velocity and
flow depth) and deposition characteristics (runout distance, lateral width, and deposition
area) of the debris flow. Figure 9a,c,e show the runout distance, lateral width, and deposi-
tion area, respectively, according to the flow velocity, and Figure 9b,d,f depict the runout
distance, lateral width, and deposition area, respectively, according to the flow depth.
The experimental results reveal that the runout distance, lateral width, and deposition
area of the debris flow were significantly affected by the flow velocity and flow depth.
As the flow velocity and flow depth increased, farther and wider runout was observed,
and the deposition area increased accordingly. The relationships of the runout distance,
lateral width, and deposition area of debris flow with the flow velocity exhibited higher
coefficients of determination than their relationships with the flow depth (Figure 9a–f).

Water 2021, 13, x FOR PEER REVIEW 13 of 18 
 

 

Table 4. Deposition characteristics of debris flow. 

Deposition Characteristics Range of Values Mean Value Standard Deviation 

R (m) 

No berm 0.326–1.423 0.891 0.323 

Berm 0.201–1.243 0.679 0.314 

All 0.201–1.423 0.797 0.336 

B (m) 

No berm 0.045–0.519 0.348 0.099 

Berm 0.094–0.445 0.261 0.089 

All 0.045–0.519 0.309 0.104 

A (m2) 

No berm 0.045–0.519 0.226 0.138 

Berm 0.008–0.376 0.142 0.107 

All 0.008–0.519 0.189 0.132 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 9. Relationships between flow characteristics and deposition characteristics of debris flow: (a) Relationship between 

flow velocity and runout distance; (b) relationship between flow depth and runout distance; (c) relationship between flow 

velocity and lateral width; (d) relationship between flow depth and lateral width; (e) relationship between flow velocity 

and deposition area; (f) relationship between flow depth and deposition area.  

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
0.0

0.3

0.6

0.9

1.2

1.5

y = 0.7812x – 0.5591

R2 = 0.7683

No berm

Berm

R
 (

m
)

v (m/s)

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021
0.0

0.3

0.6

0.9

1.2

1.5

y = 44.967x + 0.4445

R2 = 0.6049

No berm

Berm
R

 (
m

)

h (m)

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6
No berm

Berm

B
 (

m
)

v (m/s)

y = 0.2443x – 0.1147

R2 = 0.7801

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021
0.0

0.1

0.2

0.3

0.4

0.5

0.6

y = 11.375x + 0.2281

R2 = 0.5047

No berm

Berm

B
 (

m
)

h (m)

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6
No berm

Berm

A
 (

m
2
)

v (m/s)

y = 0.2918x – 0.3180

R2 = 0.6963

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021
0.0

0.1

0.2

0.3

0.4

0.5

0.6

y = 20.649x + 0.0138

R2 = 0.6664

No berm

Berm

A
 (

m
2
)

h (m)

Figure 9. Relationships between flow characteristics and deposition characteristics of debris flow: (a) Relationship between
flow velocity and runout distance; (b) relationship between flow depth and runout distance; (c) relationship between flow
velocity and lateral width; (d) relationship between flow depth and lateral width; (e) relationship between flow velocity and
deposition area; (f) relationship between flow depth and deposition area.
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Table 4. Deposition characteristics of debris flow.

Deposition Characteristics Range of Values Mean Value Standard Deviation

R (m)

No berm 0.326–1.423 0.891 0.323

Berm 0.201–1.243 0.679 0.314

All 0.201–1.423 0.797 0.336

B (m)

No berm 0.045–0.519 0.348 0.099

Berm 0.094–0.445 0.261 0.089

All 0.045–0.519 0.309 0.104

A (m2)

No berm 0.045–0.519 0.226 0.138

Berm 0.008–0.376 0.142 0.107

All 0.008–0.519 0.189 0.132

4. Discussion

Debris flow has recently become more frequent in urban areas adjacent to mountainous
areas in Korea, such as the debris flow at Mt. Woomyeon that occurred in July 2011. To
respond actively to debris flow damage in urban and suburban areas, the direction of
debris flow policy establishment in Korea has changed to include “daily life areas” as well
as “mountainous areas” [1,6]. In Korea, studies related to immature debris flows in urban
areas have already been conducted [49,50]. In this study, laboratory tests were performed
considering a berm as a debris flow mitigation measure to reduce the damage caused by
debris flow in urban areas. The berm was installed between the upper and lower channels
to reflect changes in channel topography, and the debris flow deposition characteristics
were analyzed according to the channel slope, volumetric concentration of sediment, and
presence of the berm.

Takahashi [43] reported that debris flow stops in a channel if the volumetric concen-
tration of sediment exceeds 0.58 and that the particle separation of debris flow is activated
if the volumetric concentration of sediment is less than 0.55. In this study, debris flow also
stopped in the channel, regardless of the channel slope, when the volumetric concentration
of sediment was 0.60 in the single-berm channel test. In the straight channel test, however,
the debris flow reached the deposition plane even when the volumetric concentration of the
sediment was 0.60. The value of 0.60 clearly affected the runout of debris flow in laboratory
tests, but it appears that the debris flow did not stop in the channel and traveled farther to
the deposition plane, even though the volumetric concentration of sediment exceeded 0.58,
owing to the low content of fine-grained soil in the mixed samples used in this study. In
general, debris flow can travel a longer distance while exhibiting higher mobility when the
content of coarse-grained soil is high [36,41]. Furthermore, debris flow occurs when the
channel slope is 15◦ or greater, and deposition gradually begins at a channel slope of 15◦

and ends at 10◦ in most cases [7,9]. In this study, when the channel slope was less than 15◦,
the development of debris flow was not sufficient for the flow depth to be observed under
the various experimental conditions. Nevertheless, debris flow reached the deposition
plane when the volumetric concentration of sediment was less than 0.60. Although a
channel slope of 15◦, at which debris flow began, affected the debris flow development in
the laboratory tests, it appears that different results have been obtained depending on the
study because the behavior (occurrence, transportation, and deposition) of debris flow is
affected by a combination of the debris flow volume and the content of fine-grained soil, as
well as the channel slope and volumetric concentration of sediment.

The experimental results showed that the runout distance, lateral width, and deposi-
tion area of debris flow increased as the channel slope increased (Figure 6a, Figure 7a, and
Figure 8a) and decreased as the volumetric concentration of sediment increased (Figure 6b,
Figure 7b, and Figure 8b). In addition, the runout distance, lateral width, and deposition
area increased as the flow velocity and flow depth of the debris flow increased, and the
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flow velocity exhibited a higher coefficient of determination with these parameters than
the flow depth (Figure 9a–f). These trends seem to have occurred because the flow velocity
exhibited a consistent pattern of change in the single-berm channel test, but the flow depth
did not, as splash flow slightly occurred at the berm when the channel slope was 25◦ [4].
Chang et al. [4] confirmed that the flow depth increased rapidly when the channel slope
was 25◦ in the single-berm channel test because the debris flow rapidly moved down
the channel owing to its high mobility. Furthermore, the flow depth was affected by the
cross-sectional geometry of the channel where the berm was installed. For these reasons, in
the single-berm channel test, the Froude number increased until the channel slope was less
than 25◦, but decreased sharply at 25◦.

When the berm was installed in the middle of the experimental flume, the runout
distance, lateral width, and deposition area of the debris flow were reduced by up to
69.1%, 65.9%, and 93.0%, respectively (Figure 6c,d, Figure 7c,d, and Figure 8c,d). These
findings demonstrate that the installation of a berm in the debris flow movement path
is suitable for mitigating the risk of debris flow by reducing mobility and runout in the
deposition area. Upon berm installation, the reductions in runout distance, lateral width,
and deposition area of debris flow were found to be highest for high-viscosity debris flows
with high volumetric concentrations of sediment (Figure 6d, Figure 7d, and Figure 8d). The
reductions in runout distance and deposition area upon berm installation increased as the
channel slope decreased (Figures 6c and 8c), whereas the lateral width of the debris flow
was reduced by berm installation, but exhibited no consistent change pattern according to
channel slope (Figure 7c).

In this study, the representativeness of the generated debris flow was confirmed
through comparison of Froude numbers (Table 3) because no field investigation was con-
ducted. The Froude numbers employed in this study were in the range of 4.14–10.79,
which is similar to those employed in previous laboratory tests at similar experimental
scales [6,44]. Though, actual debris flow may increase in volume by absorbing riverbed
material through strong erosive force [51–53], the various experimental conditions pertain-
ing to the berm characteristics (geometry, number of berms, and backslope) and debris
flow characteristics (initial volume, particle size distribution, content of fine-grained soil,
and absorption of the riverbed material) in this study were limited by the restrictions of the
experimental setup and laboratory environment. Although there are limitations in conduct-
ing research on the runout of debris flow in the deposition area using mixed samples under
restricted conditions, the results of this study can still be used to identify berm performance
for debris flow in urban areas. If laboratory tests are conducted after identifying material
properties through a field investigation of areas in which debris flow occurs, it is expected
that the debris flow deposition geometry can be estimated more accurately.

5. Conclusions

In this study, we focused on debris flow in urban areas using a berm as a debris flow
mitigation measure. We conducted laboratory tests of debris flow considering the channel
slope, volumetric concentration of sediment, and berm installation, then analyzed the
relationships between the resulting flow characteristics (flow velocity and flow depth) and
deposition characteristics (runout distance, lateral width, and deposition area). In addition,
we compared the experimental results using a straight channel without a berm with those
of a single-berm channel to examine the berm performance. The main conclusions of this
study are as follows.

The runout distance, lateral width, and deposition area of the debris flow exhibited a
positive correlation with the channel slope, but a negative correlation with the volumetric
concentration of sediment. In the single-berm channel test, debris flow was deposited in
the flume regardless of the channel slope when the volumetric concentration of sediment
was 0.60, and debris flow was insufficiently developed to observe the flow depth in the
various experimental conditions when the channel slope was less than 15◦. In other words,
the well-known general debris flow occurrence slope of 15◦ also affected the debris flow
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behavior simulated in the laboratory tests. In addition, the deposition characteristics
(runout distance, lateral width, and deposition area) of the debris flow exhibited a positive
correlation with the flow characteristics (the flow velocity and flow depth), and tended to
be more affected by flow velocity than flow depth.

The average reductions in runout distance, lateral width, and deposition area of the
debris flow owing to berm installation increased 3.87, 2.20, and 2.15 times, respectively, as
the volumetric concentration of sediment increased from 0.40 to 0.55; when the channel
slope decreased from 25◦ to 10◦ these reductions increased 1.61, 1.67, and 1.75 times,
respectively. The debris flow mitigation performance of the berm was therefore more
affected by the change in volumetric concentration of sediment than in the channel slope.
With the berm installed in the middle of the experimental flume, the maximum reductions
in the runout distance, lateral width, and deposition area of the debris flow were 69.1%,
65.9%, and 93.0%, respectively. These results indicate that a berm is suitable for partially
controlling the runout of debris flow in the deposition area.

As only laboratory tests were performed in this study, there exist several limitations
to the application of these experimental results. Furthermore, the results of this study
are insufficient to account for various experimental conditions such as the content of
fine particles (clay and silt) and geometry of the berm owing to the focus on the effects
of changes in channel slope and volumetric concentration of sediment. Nevertheless,
this study demonstrated the usefulness of berms as debris flow mitigation measures by
elucidating their ability to control the runout of debris flow in the deposition area. In future
research, experimental conditions describing the geometry of the berm can be variously
configured and laboratory tests performed based on a field investigation of debris flow
events to obtain a more accurate berm performance analysis.
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