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ABSTRACT

Extreme rainfall induced debris flow is a fast-moving type of landslide
comprising of coarse and fine materials 6 dispersed in water. This type of landslide can
be catastrophic to an urban area. Construction of slit-type barrier 7 not only prevents
such damage but also gives minimum environmental destruction. However, the
performance of 8 slit type barrier against debris flows with respect to various
parameters still remains poorly identified. This paper 9 presents a debris mobility
analysis of slit-type debris flow barrier and the effect of various parameters on the 10
barrier performance by using CFD program FLOW-3D. After checking reliability of the
model, barrier performance with various parameters were 12 analyzed. The parameters
in the study considered grain size, sediment concentration, initial velocity, volume, 13
height, and slit ratio. The results showed reasonably correlated relationships between
some parameters and debris 14 flow mitigation by the barrier which can be contributed
to an optimum design of debris flow barrier.

1. Introduction

Debris flow refers to the geological phenomenon of transporting suspended loads
and bedloads in a mountainous terrain with significant fluid motion (Stiny 1910, Sharpe
1938). These flows are composed of various mixtures, such as coarse materials
(driftwoods and boulders), fines (silt and clay), and fluid (water and slurry). The debris
composition is mainly determined by the soil characteristics of the area in which the
flow occurs (Lister et al. 1984). Most debris flows are caused by intensive rainfall,
earthquakes or volcanic eruptions, and can incur economic and societal damages in
urban areas due to their rapid velocity and huge volume (Hungr et al. 1984, Hubl et al.
2005, Jakob et al. 2005).
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One method for controlling the consequences of this disastrous flow is installing a
debris flow barrier that blocks the flow mass and dissipates the energy (Zollinger 1985).
Two debris flow barrier types can be distinguished, depending on the existence of
openings in the barrier. A closed-type barrier intercepts debris by means of blocking,
and therefore mitigates or stops the debris flow. An open-type barrier is constructed
with suitable openings to capture part of the flow and control the peak debris flow
discharge by allowing a relatively small amount of debris to pass through (Takahashi
2014). Although the open-type barrier does not capture the flow as the closed-type
barrier does, construction of open-type barriers has increased owing to the fact that
they are eco-friendly structures that self-clean the debris deposition upstream of the
barrier (Zollinger 1985, Fujita et al. 2000). Among the various open-type barriers, the
slit-type barrier has multiple vertical slits in the barrier wall, which can trap and deposit
the debris as well as mitigate the velocity.

Numerous researchers have investigated the performance of debris flow barriers,
and several approaches have been developed for modeling the debris flow through the
barrier. Armanini and Larcher (2001) theorized and experimented on the debris flow
through a barrier with a single slit, and suggested a rational criterion for barrier design
in order to control the bed load and its deposition. Catella et al. (2005) verified the
model proposed by Armanini and Larcher (2001) with a four-slit barrier built in the
Versilia River in Tuscany, Italy. Numerical models based on conservation laws have
been proposed by several researchers, considering the behavior of sediment (Busnelli
et al. 2001, Campisano et al. 2014), driftwood (Shrestha et al. 2012; Ishikawa et al.
2014), and boulders (Takahashi et al. 2001; Albaba et al. 2015; Silva et al. 2016) in the
presence of the barrier. Osti and Egashira (2008) presented a debris flow propagation
model and its application in a case study on debris flow barrier design in Venezuela.
Kwan et al. (2015) proposed a staged debris flow with the effects of multiple debris flow
barriers, and compared the results to those of numerical simulations.

However, there is still a shortage of studies focusing on the performance of the slit-
type barrier against debris flows. The behavior of debris flows with a slit-type barrier
has mainly been discussed in terms of bed load transportation only, or the influence of
overflow when the debris flow first hits the barrier has not been considered, which can
significantly influence energy mitigation and trapping performance. Furthermore, debris
flow barrier design studies considering debris flow properties are lacking.

In this study, the effects of various parameters on fine sediment trapping and energy
reduction using the slit-type barrier were analyzed. Numerical flow simulations were
conducted by means of the CFD program FLOW-3D, which can consider all sediment
transport mechanisms, such as bed load transport, suspended load transport, grain
lifting, and grain settling (Wei et al. 2014). The reliability of the model was determined
by comparing the numerical solution with the experimental results of Choi et al. (2016).
The influencing parameters were largely divided into those controlling the initial debris
flow conditions and the barrier design. It is expected that understanding the effect of
each parameter on barrier performance can lead to optimization of the slit-type barrier
design, which is appropriate for site-specific hydrological and geotechnical
characteristics. Finally, the performance of slit-type barriers was discussed regarding
two major factors—energy reduction ratio and trap ratio.
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2. 3D numerical model setup and validation
2.1 Basic equations of debris flow motion

FLOW-3D is a commercially available CFD software that can simulate numerous
flow processes and is capable of predicting free-surface flows with high accuracy (Hirt
and Nichols 1988). The mass conservation and momentum equations of
incompressible fluid in the model are expressed as follows:

—( A+ o= (vAy)+ (wa,) =0 (1)
St [ua S+ va, 4 Azz]+la—p_ax+fx @)
—+—[ A —+vAya—+ |+ =6, + 3)
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The velocity components (u, v, w) are in the (x, y, z) coordinate directions;

Vr is the fractional volume open to flow; p is the fluid density; A; is the fractional area
open to flow in the i-directions; (G,, G, G,) are body accelerations; and (fx, fy, fz) are
viscous accelerations.

Free surfaces are modeled based on the volume of fluid (VOF) method, a humerical
modeling technique for tracking and locating the free surface, developed by Hirt and
Nichols (1981). Fluid configurations are defined by the VOF function F (x,y,z,t), which
represents the volume fraction occupied by the fluid. This function satisfies the
following equation.

oF 1[0 ad ad
i [a (FAu) + 5 (FAy) + 5 (FAZW)] =0 (5)

2.2 Sediment scour model

The sediment transport processes, including grain lifting, grain settling, bed load
transport, and suspended load transport, were calculated using the sediment scour
model, one of the physics models implemented in FLOW-3D.

FLOW-3D provides three different equations for the volumetric bed load transport
rate of sediment g;. In this study, the Meyer-Peter and Muller equation (Eqg. (6)) was
selected for the bed load transport calculation:

q; = ¢;B;(6; — )™ (6)

where 6; is the shield parameter, c; is the volume fraction of species i in the bed
material, and B; is the bed load coefficient.

The critical Shield parameter 6.,; is calculated using the Soulsby-Whitehouse
equation (Eq. (7)), and d, is the dimensionless grain size, which is provided by Eq. (8)
below:
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where v, is the kinetic fluid viscosity, d; is the grain size, p; is the grain density, and
pr is the fluid density.

The velocity at which the grains leave the packed bed (u;r;) and settling velocity
(usettiing) are calculated based on the equations suggested by Winterwerp et al. (1992)
and Soulsby (1997), respectively.

lglldi(pi—pr)
Uifei = ainbd9'3 6; — Gcr,i)l's /lp—flf (9)

Usettiingi = Z—f [(10.362 — 1.049d3)°5 — 10.36] (10)

where «; is the entrainment coefficient of species i, and n, is the outward normal
vector of the packed bed surface.
The suspended load transport is calculated by solving its own transport equation:

Zsl 4 V- (i) = V- V(DCy ) (11)
where Cs; is the suspended sediment volume concentration, u; is the sediment
velocity, and D is the diffusivity.

2.3 Numerical model setup

The channel for the debris flow barrier was simply modeled, as shown in Fig. 1(a).
The width of the modeled channel was 0.1 m and the length was 0.95 ~ 1.1 m,
depending on the debris volume. The channel was tilted at 15 degrees. The barrier was
located in the middle of the channel, and composed of three rectangular walls of the
same size (Fig. 1(b)). An imaginary plane located at the end of the channel was used
for kinetic energy analysis. The main properties of the sediment used in both models
are listed in Table 1.

(a) (b)
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(a) 3D model for debris flow barrier (b) Design of barrier in model
Fig. 1 Modeled channel and debris flow barrier
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Table 1 Input properties of sediment in 3D model

Input properties Unit | Value Input properties Unit Value

Bed roughness/D50 1 2.5 Fluid density kg/m3 1000

Entrainment coefficient 1 0.018 Grain density kg/m3 2650
Bed load coefficient 1 8 Angle of repose Degree 32

2.4 Validation

Choi et al. (2016) performed a laboratory-scale experiment on slit-type barriers and
analyzed the roles of barrier arrangement on velocity reduction and trap ratio in debris flows.
A simulation using the same conditions and boundary conditions as those of Choi et al.
(2016) was performed, and the numerical solution was compared with the experimental data.

Choi et al. (2016) used a mixture with 3.5 kg water and 1 kg Joomunjin standard sand
(mean diameter 0.6 mm) for debris flow generation. The schematic concept of the
experimental setup is shown in Fig. 2(a) and modeled as Fig. 2(b). The experiment was
scaled down to 1/30 from an average barrier size in Korea, and thus the scaled width,
channel length, and width of the barriers were 0.4 m, 1.4 m, and 50 mm, respectively. The
barrier was located between sections 3 and 4 of the channel (Fig. 2(a)), and in order to
consider the barrier arrangement effect, seven barrier types with different angles (Fig. 3)
were tested. In order to measure the debris flow velocity data, two speed cameras captured
the test particle speed, and the images were analyzed using a particle tracking velocimetry
program.
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Channel slope Flow direction
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" slit barrier

Imaginary plane
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(b) Numerical model for experiment in
[Choi et al. 2016]
Fig. 2 Schematic concept of the experimental setup and its model

(a) Schematic drawing of experimental setup

Fig. 4 displays a comparison of the experimental results of velocity reduction in the
imaginary plane located in section 5. The velocity reduction sequence considered in the
simulation was consistent with the experimental results of Choi et al. (2016). Furthermore, it
supports the conclusion of Choi et al. (2016) that the V-type barrier arrangement exhibits
higher velocity reduction than that of the P-type. Errors between the numerical solution and
experimental data were considered to be induced by differences in the methods of
measuring the debris flow velocity.
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Fig. 4 Velocity reduction ratio in section 5

3. Parametric study

3.1 Initial condition parameters

Grain size is the most important parameter in the sediment transport processes (Dey
2014). The sediment transport mode and corresponding mechanism, such as bed load
transport or grain settling, are partially dependent on the size of the grain to be
transported (Egs. (6)-(9)). Six simulations with different grain sizes (0.4, 0.6, 0.8, 1.0,
1.2, and 1.5 mm) were classified into Group A in Table 2, and the influence of grain size
on barrier interaction was explored.

The debris flow composition, such as grain distribution and volumetric concentration,
can influence debris flow (Whipple and Dunne 1992, Scheidl and Rickenmann 2010,
Haas et al. 2015, Hurlimann et al. 2015). Furthermore, sediment concentration is one
parameter for calculating the lifting rate (Eq. (8)) and settling velocity (Eqg. (9)) in
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sediment transport. When the debris consists of a sediment volume V; and a fluid
volume Vg, the sediment concentration C by volume is defined as:

C=-2 (12)

C VstVy

Two simulation sets, namely Group B and Group C (Table 2) were conducted. Group
B represents a set of simulations for a parametric study considering different sediment
concentrations (0.14, 0.26, 0.32, 0.37, 0.43, 0.48, 0.54, and 0.59), while Group C
investigates the effects of sediment concentration (0.14, 0.26, and 0.43) according to
various barrier configurations.

Various topographical factors, such as the slope, width, and length of the upstream
channel, as well as the slope of the outflow plain, affect the debris flow velocity
(Bathurst et al. 1997; Takahashi 2014). The debris flow velocity is one factor of kinetic
energy and an impelling force in the lifting process. In this study, instead of considering
all topographical factors, the effects of flow velocity on barrier performance were
investigated. Two simulation sets, namely Group D and Group E in Table 2, were
analysed for evaluating the velocity effect. Group D is a set of simulations for a
parametric study considering different initial debris velocities of debris (0, 0.5, 1, 1.5,
and 2 m/s). In Group E, the influences of debris velocities (0, 1, and 1.5 m/s) on
mitigation with various barrier configurations were obtained.

Several methods have been proposed for predicting debris flow, which depends on
the debris volume (Rickenmann 1999, Berti and Simoni 2007). In order to investigate
the effects of the initial
debris volume, two simulation sets, namely Group F and Group G in Table 2, were
analysed. Group F is a set of simulations for a parametric study assuming different
volumes (0.0005, 0.001, 0.0015, and 0.002 m®). Group G provides the results of
simulations with different debris volumes (0.001, 0.0015, and 0.002 m?®) for various
barrier configurations.

3.2 Barrier design parameters

The backwater effect, whereby part of the debris flow that hits the barrier wall
bounces backward and blocks the remaining flow, has a significant influence on the
performance of a barrier with larger slit spacing than the material (Takahashi 2014).
Furthermore, the blocking effect of barriers is closely related to the ratio between the
opening and material sizes (Wenbing and Guogiang 2006). Therefore, it is important to
understand the contribution of barrier design to the mitigation effect. In this study, the
energy mitigation and trap ratio for different barrier types were obtained, with variations
in heights and slit ratios. The slit ratio r is calculated as r =) b /B, where B is the
channel width and b is the slit width (Fig. 5). The simulations in Group C, Group E,
Group G, and Group | (Table 2) were carried out in order to determine the effects of the
height and slit ratio on barrier performance.

3.3 Barrier performance criteria
A quantitative analysis of debris flow should evaluate hazard parameters such as
flow velocity, thickness, and impact pressure for subsequent risk assessment. Many
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previous researches studied the trapping effect of the barrier (Armanini and Larchers
2001, Lim et al. 2008, Campisano et al. 2014, Choi et al. 2016). The trap effect was
evaluated through the trap ratio M, which can be defined as the ratio of the deposited
sediment volume (V) to the initial packed sediment volume (Vinitial):

14

M = X 100(%) (13)
initial
Table 2 Simulation conditions
Simulation Number | Grain size Volumetric Initial velocity Volume Height Slit
group of cases (mm) concentration (m/s) (m3) (mm) ratio
0.4, 0.6,
A 6 0.8, 1.0, 0.14 1.0 0.001 90 0.2
1.2,15
0.14, 0.26,
0.32,
B 8 0.6 0.37, 0.43, 15 0.001 90 0.2
0.48, 0.54,
0.59
10, 30, ooé
0.14, 0.26, 50, o
C 90 0.6 043 15 0.001 90, 130, 0.3,
150 0.4,
0.5
0,05, 1.0,
D 5 0.6 0.14 1.5, 2.0 0.001 90 0.2
10,30, | 2
=0 0.2,
E 120 0.6 0.14 0,1.0,15 0.001 : 0.3,
90, 130,
150 | 9%
0.5
0.0005,
0.001,
F 4 0.6 0.14 0 0.0015, 90 0.2
0.002
10, 30 0,
0.001, 5’0 ' 0.2,
G 90 0.6 0.14 0 0.0015, ; 0.3,
90, 130,
0.002 150 0.4,
0.5
10, 30, 0,
50, 0.2,
I 40 0.6 0.14 0 0.001 70, 90, 0.3,
110, 130, | 0.4,
150 0.5
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Moreover, debris flow behaviour considering various energy losses has been
analysed (Voellmy 1955, Pariseau 1980, Perla et al. 1980; McLellan and Kaiser 1984,
McEwen and Malin 1989, Kim 2017). Using the energy reduction ratio as a
performance criterion can provide more realistic information on the debris flow
destructiveness. The kinetic energy of the debris flow E on an imaginary plane located
downstream is used, which is calculated as follows:

. . . 7 2
E=ZEAt=21Mv2At=21M( v ) At (14)
2 2 wetted
where v is the flow velocity (v = V/Ayetted), Awertea iS the wetted area of the imaginary
plane, V is the volume flux through the plane, and M is the mass flux through the
plane.
The energy mitigation effect is calculated using the initial total energy E;pitiqar,» Which
is the sum of the potential and kinetic energy. Then initial debris energy Ej,itia1, and
energy reduction ratio (U) can be expressed by Eqgs. (15) and (16), respectively.

1
Einitiat = Mgh + S MViniiar® (15)

U = Enitial=F o 100(9%) (16)

initial

4 Results and discussion

Numerical simulations were performed in order to evaluate the effects of various
parameters on barrier performance. The simulation parameters are as follows: four
initial condition parameters (grain size, volumetric concentration, debris initial velocity,
and debris initial volume) and two barrier design parameters (barrier height and barrier
slit ratio). Barrier performance was evaluated by means of two criteria: the energy
reduction ratio and trap ratio (Egs. (13) and (16)).

4.1 Effects of initial condition parameters

Fig. 5 plots the simulated results of Group A, which considers the influence of grain
size. A positive relationship was observed between the barrier performance and grain
size variation, and these findings were consistent with the empirical relationship. As the
grain size increases, the grain lifting velocity (Eq. (9)) increases, while the settling
velocity (Eg. (10)) decreases, which enhances the quantity of trapped grain at the
barrier. This leads to a reduction in debris density in the downstream region, and
consequently decreases the flow energy. These results indicate that the barrier design
should take into account the soil grain size or distribution in the region where debris
flow occurs.

The simulation results of Group B and Group C (Figs. 6 and 10) show an increase in
the trapping and energy reduction ratio as the sediment concentration increases. The
absolute kinetic energy value demonstrates an overall negative relationship with the
sediment concentration (Fig. 7), indicating that when the concentration increases, the
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energy reduction due to the sediment trap is larger than the energy reduction from the
debris mass growth in the downstream region.

The trap effect of the barrier in Group D is plotted in Fig. 8. With an increase in the
initial debris velocity, the trap ratio tends to decrease, which may be related to the
Shield parameter 6; in the lifting velocity ;s (Ed. (9)). Before the velocity exceeds a
certain value, the Shield parameter is lower than the critical Shield parameter value
8. in many parts near the barrier. This leads to the lifting velocity becoming zero, and
as a result, a large amount of sediment is deposited, regardless of the velocity. Once
the initial debris velocity exceeds a threshold value, it can be expected that the Shield
parameter increases and the trap effect decreases. However, the energy reduction
exhibits no clear initial velocity effect, which is consistent with the outcome of the open-
type barrier in Group E (Fig. 11). The standard deviation of the energy reduction ratios
according to the slit ratio (0.2, 0.3, 0.4, and 0.5) are 0.59%, 1.46%, 1.17%, and 3.88%,
respectively, indicating that these are not significantly affected by the initial velocity. On
the other hand, for the closed-type barrier, a higher initial velocity results in a smaller
effect of the height on energy mitigation.

Fig. 9 illustrates the results for Group F, which provides relationships between the
initial debris volume and mitigation effects. For the trap effect, a larger initial volume
results in a greater trap effect, but there is a limit. These phenomena can also be
observed in Group G, which considers the various barrier designs (Fig. 12). It is
expected that as the volume increases, the barrier design effect on the trapping
diminishes. In both Group F and Group G, the energy reduction values exhibited a
maximum difference of 2%, which indicates that the barrier energy reduction is not
significantly affected by the volume.

. ,
—e—Trap ratio
90 - |—*—Energy reduction ratio

162

160

Trap ratio (%)
8

40
{58

Energy reduction ratio (%)

156

154

. . . . 52
04 06 08 1 1.2 14 16
Grain size (mm)

Fig. 1 Barrier performance with change in grain size (Group A)
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4.2 Effects of barrier design parameters
The results of Group H demonstrate the mitigation effects of 40 different barrier
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designs with a constant initial condition. All of the trap and energy reduction
performances exhibit similar trends for changes in barrier design. Both criteria increase
when the height increases, and the slit ratio decreases, but with a difference in the
influence magnitude. Fig. 13 provides the results for changes in barrier areas that are
grouped into designs with the same height or slit ratio. From the figures (Fig.10-13), it
can be seen that both criteria are affected more by the slit ratio change than the height
change. In the case of energy reduction, if the height is more than 10 mm, it decreases
sharply and exhibits a similar value, regardless of the slit ratio.

Based on these results, it is considered that it is more effective to narrow the slit
interval than to make the barrier unnecessarily high in order to increase the mitigation
effect. Furthermore, the results of the parametric study indicated that the lower part of
the barrier plays a greater role in reducing the flow energy than the upper part, thereby
suggesting that the lower barrier area must be relatively large enough in order to
increase the barrier performance.
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Fig. 13 Barrier performance with change in barrier design (Group H)

5. Conclusions

The effects of various parameters on debris flow mitigation for a slit-type barrier were
explored by means of the numerical code FLOW-3D after validating the numerical
model utilizing laboratory-scale experimental results. The calculated debris flow velocity
was analyzed using simulation, and the results exhibited the same tendency as the
experimental results of Choi et al. (2016). A scaled-down numerical model with the
same material and boundary conditions as those of Choi et al. (2016) was used for the
parametric study. Two parameter types influencing the slit-type barrier design were
considered in this study: initial condition and barrier geometry. The performance of the
slit-type barrier was evaluated using two indicators: trap ratio and energy reduction
ratio.
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The initial condition parameters influencing the debris flow characteristics exhibited
significantly correlated results with the barrier trapping effect. Grain size, sediment
concentration, and initial debris volume were positively correlated with the trap ratio,
while the trapped debris volume decreased with an increase in the initial debris velocity.
Furthermore, the energy mitigation effect was found to be somewhat significant in
relation to the site-specific soil characteristics. When the grain size and sediment
concentration increase under the same conditions, the barrier energy mitigation effect
increases. However, other initial debris flow conditions, such as velocity and volume,
exhibited no significant effect on energy reduction. Simulations were performed with
different barrier designs and the results indicated that the trap ratio and energy
reduction effects are more influenced by the slit ratio change than the height change.

If debris flow hazard parameters can be predicted for site-specific soil and rainfall
conditions in a mountainous region, a safe and efficient debris flow barrier can be
designed, incorporating the parametric results from this study. Furthermore, it is
observed that the effect of the variation in slit ratio is greater than the effect of varying
the barrier height, and that the large area of the lower barrier can enhance performance.

In this study, both the simulation and experiment consider a hydraulically controlled
deposition scenario that uses sand with a smaller grain size than that of silt. In the case
of actual debris flow, however, relatively large objects, such as driftwood and boulders,
flow down together, and may clog the dispersed fine materials. Moreover, the trapping
mechanism of finer materials such as clay may differ from that of sand, owing to the
tendency of the particles to clump and form flocculated aggregates depending on the
nature of the ions (Das 2016). Therefore, further studies are necessary in order to
consider such limitations.

Acknowledgments

This work was supported by the National Research Foundation of Korea(NRF) grant
funded by the Korea government (2018R1A4A1025765) and the Technology
Advancement Research Program (TARP) (18CTAP-C143742-01) by Ministry of Land,
Infrastructure and Transport of Korean government.

References

Albaba A, Lambert S, Nicot F, Chareyre B (2015) Modeling the impact of granular flow
against an obstacle. In Recent advances in modeling landslides and debris flows (pp.
95-105). Springer International Publishing

Armanini A, Larcher M (2001) Rational criterion for designing opening of slit-check dam.
Journal of Hydraulic Engineering 127(2):94-104

Bathurst JC, Burton A, Ward TJ (1997) Debris flow run-out and landslide sediment
delivery model tests. Journal of Hydraulic Engineering, 123(5): 410-419

Berti M, Simoni A (2007) Prediction of debris flow inundation areas using empirical
mobility relationships. Geomorphology, 90(1): 144-161

Busnelli MM, Stelling GS, Larcher M (2001) Numerical morphological modeling of
open-check dams. Journal of Hydraulic Engineering 127(2):105-114

Campisano A, Cutore P, Modica C (2014) Improving the evaluation of slit-check dam



The 2018 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM18)
Songdo Convensia, Incheon, Korea, August 27 - 31, 2018

trapping efficiency by using a 1d unsteady flow numerical model. Journal of Hydraulic
Engineering 140(7):04014,024

Catella M, Paris E, Solari L (2005) Case study: efficiency of slit-check dams in the
mountain region of versilia basin. Journal of Hydraulic Engineering 131(3):145-152

Choi SK, Lee JM, Kwon TH (2017) Effect of slit-type barrier on characteristics of water-
dominant debris flows: small-scale physical modeling. Landslides pp 1-12

Das BM, Sivakugan N. (2016). Fundamentals of geotechnical engineering. Cengage
Learning.

Dey S (2014) Fluvial hydrodynamics. Berlin: Springer.

Fujita M, Sawada T, Mizuyama T, Kinoshita A (2000) Movement of sediment removed
from a sabo dam and its impact on river environment. Proceedings of Hydraulic
Engineering 44:1215-1220

Haas T, Braat L, Leuven JR, Lokhorst IR, Kleinhans MG (2015) Effects of debris flow
composition on runout, depositional mechanisms, and deposit morphology in
laboratory experiments. Journal of Geophysical Research: Earth Surface, 120(9),
1949-1972

Hirt CW, Nichols BD (1981) Volume of fluid (vof) method for the dynamics of free
boundaries. Journal of computational physics 39(1):201-225

Hirt CW, Nichols BD (1988) Flow-3D User’s Manual. Flow Science Inc.

Hubl J, Strauss A, Holub M, Suda J (2005) Structural mitigation measures.

Hungr O, Morgan GC, Kellerhals R (1984) Quantitative analysis of debris torrent
hazards for design of remedial measures. Canadian Geotechnical Journal, 21(4),
663-677

Hurlimann M, McArdell BW, Rickli C (2015) Field and laboratory analysis of the runout
characteristics of hillslope debris flows in Switzerland. Geomorphology, 232, 20-32

Ishikawa N, Shibuya H, Katsuki S, Mizuyama T (2014) Protective steel structures
against wooden debris hazards. In Proc., 6th Int. Conf. on Protection of Structures
against Hazards Conf, 1-14

Jakob M, Hungr O, Jakob DM (2005) Debris flow hazards and related phenomena, vol
739. Springer

Kim M, Lee S, Vasu N, Jeon J (2017) Effect of design parameters on energy mitigation
by a debris flow barrier, Multiphase Flow 2017, Tallin, June

Kwan, JSH, Koo RCH, Ng, CWW (2015) Landslide mobility analysis for design of
multiple debris-resisting barriers. Canadian Geotechnical Journal, 52(9), 1345-1359

Lim Y, Jeon G, Kim M, Yeom G, Lee J (2008) Capture effect of slit dam for debris flow
and woody debris with hydraulic model experiment-focusing on a and d type. In:
2008 Summer Conference of Korean Forest Society, Korean Forest Society, pp 343-
344

Lister D, Morgan G, VanDine D, Kerr J (1984) Debris torrents along howe sound, british
columbia. In: IVth International Symposium on Landslides, Toronto, vol 1, pp 649-
654

McEwen AS, Malin MC (1989) Dynamics of mount st. helens' 1980 pyroclastic flows,
rockslide-avalanche, lahars, and blast. Journal of Volcanology and Geothermal
Research 37(3-4):205-231

McLellan P, Kaiser P (1984) The rockslide pass rock avalanche, mackenzie mountains,
nwt. In: Canadian case histories Landslides, preprint volume for 37th Canadian



The 2018 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM18)
Songdo Convensia, Incheon, Korea, August 27 - 31, 2018

Geotecbnical Conference, Toronto: Canadian Geo technical Society: 135-140

Osti R, Egashira S (2008) Method to improve the mitigative effectiveness of a series of
check dams against debris flows. Hydrological processes, 22(26), 4986-4996

Pariseau W (1980) A simple mechanical model for rockslides and avalanches.
Engineering Geology 16(1-2):111-123

Perla R, Cheng T, McClung DM (1980) A two-parameter model of snow-avalanche
motion. Journal of Glaciology 26(94):197-207

Rickenmann D (1999) Empirical relationships for debris flows. Natural hazards, 19(1),
47-77

Scheidl C, Rickenmann D (2010) Empirical prediction of debris-flow mobility and
deposition on fans. Earth Surface Processes and Landforms, 35(2), 157-173

Sharpe, CF (1938) Landslides and related phenomena.

Shrestha BB, Nakagawa H, Kawaike K, Baba Y, Zhang H (2012) Driftwood deposition
from debris flows at slit-check dams and fans. Natural Hazards, 61(2): 577-602

Silva M, Costa S, Canelas RB, Pinheiro AN, Cardoso AH (2016) Experimental and
numerical study of slit-check dams. International Journal of Sustainable Development
and Planning, 11(2), 107-118

Soulsby RL, Whitehouse RJS (1997) Threshold of sediment motion in coastal
environments. In Pacific Coasts and Ports' 97: Proceedings of the 13th Australasian
Coastal and Ocean Engineering Conference and the 6th Australasian Port and
Harbour Conference; Volume 1 (p. 145). Centre for Advanced Engineering,
University of Canterbury.

Stiny J (1910) Die Muren

Takahashi T, Nakagawa H, Satofuka Y, Wang H (2001) Stochastic model of blocking
for a grid-type dam by large boulders in a debris flow. Annu J Hydraul Eng JSCE 45:
703-708 (in Japanese with English abstract)

Takahashi T (2014) Debris flow: mechanics, prediction and countermeasures. CRC
press

Voellmy A (1955) Uber die Zerstorungskraft von Lawinen. Schweiz. Bauzeitung, Jahrg.
73, S. 159-165, 212-217, 246-249, 280-285. English as: On the destructive force of
avalanches. 63p. Alta Avalanche Study Center, Transl, 2, 1964

Wei G, Brethour J, Grinzner M, Burnham J (2014) Sedimentation scour model. Flow
Science Report, 03-14

Wenbing H, Guogiang O (2006) Efficiency of slit dam prevention against non-viscous
debris flow. Wuhan University Journal of Natural Sciences, 11(4), 865-869

Whipple KX, Dunne T (1992) The influence of debris-flow rheology on fan morphology,
Owens Valley, California. Geological Society of America Bulletin, 104(7), 887-900

Winterwerp JC, Bakker WT, Mastbergen DR, van Rossum H (1992) Hyperconcentrated
sand-water mixture flows over erodible bed. Journal of Hydraulic Engineering,
118(11): 1508-1525

Zollinger, F (1985) Debris detention basins in the European Alps. In Proc. Int. Symp.
Erosion, debris flow and disaster prevention, Tsukuba, Japan, 1: 433-438



