International Journal of Sediment Research xxx (XxXXX) XXX

International Journal of Sediment Research

journal homepage: www.elsevier.com/locate/ijsrc

Contents lists available at ScienceDirect

Original Research

Experimental investigation of the effects of shrub filter strips on
debris flow trapping and interception

Songtang He > <! Wenle Chen ¢, Daojie Wang * ", Xiaoging Chen *® ",
Yuchao Qi ¢, Peng Zhao ™€, Yong Li ", Yongming Lin ¢, Ali Akbar Jamali

2 Key Laboratory of Mountain Hazards and Earth Surface Processes, Chinese Academy of Sciences, Chengdu 610041, China

b Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu 610041, China

€ University of Chinese Academy of Sciences, Beijing 100049, China

d pipe China Southwest Pipeline Company, Chengdu 610095, China

€ Key Laboratory for Forest Ecosystem Process and Management, College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, 350002, China
f Department of GIS-RS and Watershed Management, Maybod Branch, Islamic Azad University, Maybod, Yazd, Iran

ARTICLE INFO

ABSTRACT

Article history:

Received 24 November 2021
Received in revised form

2 September 2022

Accepted 14 September 2022
Available online xxx

Keywords:

Ecological engineering

Mountain hazards mitigation and
prevention

Shrub filter strips

Debris flow

Sediment trapping

Ecological engineering plays an increasingly significant role in mountain hazard control, but the effect of
species selection and arrangement (e.g., row spacing and stem spacing) on debris flow suppression is still
unclear. To further understand the interception efficiency of shrub arrangement parameters on debris
flow and explore the difference with slow hydraulic erosion, sixteen sets of small-scale flume experi-
ments with different stem and row spacings were done to study the effects of shrubs on debris flow
severity, flow rate, velocity, and particle size. The results suggest that, for a dilute debris flow, sediment
interception effectiveness (27.4%—60.9%) decreases gradually as stem spacing increases. Moreover, as row
spacing increases, flow velocity reduction (34.4%—44.9%) and flow reduction (18.5%—47.4%) gradually
decrease; and the bulk density reduction (0.5%—5.3%) and sediment interception increase initially and
then decrease. In contrast, for a viscous debris flow, the flow reduction, flow velocity reduction, and
sedimentation interception decrease gradually as the stem spacing increases. As row spacing increases,
the flow velocity reduction, flow reduction, and sediment interception all increase initially and then
decrease. A formula for the flow velocity of dilute debris flow after the filter strip was derived based on
the energy conservation law and Bernoulli's equation, confirming that debris flow movement is closely
related to the degree of vegetation cover. This research strengthens the current understanding of the
effectiveness of vegetation in debris flow disaster prevention and control and can guide practical
applications.
© 2022 Published by Elsevier B.V. on behalf of International Research and Training Centre on Erosion and
Sedimentation/the World Association for Sedimentation and Erosion Research.

1. Introduction

influenced by the properties of the fluid (components of the par-
ticles, viscosity or level of dilution), the underlying surface condi-

The debris flow process generally includes initiation, transport,
and deposition, among which transport is an important link
(Pudasaini & Mergili, 2019). Further, the transport capacity is
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tion (roughness, slope, distance, and topography; He et al., 2018; Li
et al., 2015), and the characteristics of intercepting structures
(ecological and geotechnical engineering; Lan et al, 2020;
Michelini et al., 2016). Considerable research on sediment transport
capacity refers to the fluid characteristics of debris flow (Liu et al.,
2020; Yin et al, 2021) and surface condition (Gregoretti &
Fontana, 2008) as well as civil engineering features (Sun et al,,
2018, 2021). Especially, such geotechnical engineering projects
are limited by their design requirements and high costs, which
makes them difficult to apply over large areas. The implementation
also is challenging in areas with complex or steep terrain, and the
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success of the project cannot be guaranteed. In scenic locations
(such as Jiuzhaigou World Natural and Cultural Heritage National
Park, China (Hu et al., 2019)), the landscape is fragile and sensitive,
and construction can have a significant effect on the environment
(Nilsson et al., 2005). In addition, common engineering materials
such as steel rebar and concrete are incompatible with the envi-
ronment, and they can reduce the aesthetic value of areas with
natural beauty (Bischetti et al., 2012).

In contrast, there are several advantages of ecological engi-
neering measures, such as self-repairing, long-lasting, low energy
consumption, low material consumption, and environmentally
compatible (Evette et al., 2009; Stokes et al., 2014). Thus, ecological
engineering techniques address the apparent contradiction be-
tween preventative engineering methods and environmental pro-
tection, and they can even improve mountainous environments
while controlling disasters (He et al., 2017). Consequently, the use
of vegetation to prevent and mitigate debris-flow disasters is
attracting increasing attention (Vargas-Luna et al,, 2016; Wang
et al,, 2018).

Vegetation can act as a physical barrier, altering the sediment
flow at the soil surface (Lee et al., 2000; Martinez-Raya et al., 2006).
At present, a few researchers have evaluated the influence of stem
basal cover, plant communities, slope gradient, and discharge on
overland flow to predict transport capacity through experiments
and physics-based modeling (Mergili et al., 2020; Mu et al., 2019;
Tisserant et al., 2020). Most of the studies have concentrated on
general soil and water conservation. However, debris flow is one of
the tensive gravitational erosion hazards with high speed and en-
ergy (Cui et al., 2019a; Pudasaini, 2012; Pudasaini & Krautblatter,
2021). It is unclear whether the water-interception principle can
be applied to vegetation arrangements for the prevention of debris
flow. Therefore, it is worth investigating how specific vegetation
arrangements (e.g., stem/row spacing and direction) can regulate
debris flows. In particular, whether the interception and retarding
effect of vegetation on moving debris flows is related to the type
and traits of vegetation or to the arrangement (Isselin-Nondedeu &
Bédécarrats, 2007) requires further analysis.

To date, field research has shown that tree trunks and branches
can significantly intercept and block debris flows, whereas shrubs
can reduce debris flow velocity and reduce the expanse of debris
flow movement by increasing the surface roughness in addition to
blocking debris flow (Guthrie et al., 2009; Malik et al., 2013; May,
2002). To detect the specific influence of vegetation on sediment
interception and trapping, Burylo et al. (2012) made the first
attempt to explore and analyze vegetation's ability to trap sediment
in laboratory conditions, selecting six traits related to the plant
species, leaves, and stem morphology. The results show that the
canopy density, leaf size, and plant shape are relevant traits for
evaluating and predicting the species' efficiency for sediment
trapping. Subsequent studies have shown that other factors appear
to affect sediment trapping by vegetation including the type of
vegetation (trees, shrubs, and grasses) (Cui et al., 2019b); plant
roundness index (Erktan et al., 2013; Richet et al., 2017); length,
width, and slope of the vegetation filter strip (Gian et al., 2021; Léa
et al.,, 2018).

The type of vegetation, and its height and density can signifi-
cantly affect vegetation filter strip performance. The use of plants as
a building material transforms the plant's multifunctionality within
engineering structures to meet the rising demand for more envi-
ronmentally friendly approaches to structure design (Gian et al,,
2021). In conclusion, to effectively achieve sediment interception
while being economical, when designing a vegetation filter strip for
debris flow, the layout parameters that affect the density of vege-
tation, such as the row and stem spacing of plants, should be
defined (Ishikawa et al., 2003). The Pudasaini and Fischer (2020)

mechanical model for phase separation offers a solution to physi-
cally separating particles from fluid in a debris mixture. However,
the effects of vegetation arrangements on the debris flow velocity,
flow rate, and particle sorting have rarely been studied, and are
often judged based on experience (Dalton et al., 1996).

The objectives of the current study are (1) to investigate the
effects of shrubs on debris flow interception, including the effects
on flow velocity, flow rate, grain size, and sediment interception;
and (2) to identify the shrub layout mechanism that best explains
the interception capacity through the comparison of stem and row
spacing variations. Sixteen sets of flume experiments, which
contained 7 rows with stem spacings of 3, 4, 5, and 6 cm, and row
spacings of 4, 6, 8, 10, and 12 cm. The experiments examined the
effects of different arrangement parameters on the flow velocity,
flow rate, particle size, and sediment interception for dilute and
viscous debris flows. Shrubs play a key role in the interception of
debris flows and understanding the layout features can be used to
optimize vegetation arrangements for practical applications while
reducing material inputs to achieve green and economic objec-
tives. It is expected that the current study will provide a theo-
retical basis for the development of practical measures to prevent
debris flows.

2. Materials and methods
2.1. Experimental configuration

The flume experiments were designed to simulate and explore
the interception mechanism of a typical debris flow area in a
Jiangjiagou Gully (gully slope of 0°—13°) (He et al., 2018). De-
scriptions and functions of the main components of the apparatus
are as follows.

1) The experiments were done using a flume 4 m long, 0.4 m wide,
and 0.4 m deep with a slope of 10° (Fig. 1). Upstream from the
flume was a funnel-shaped material pool with a volume of
0.25 m°, which held the reconstructed debris flow sieved to
match the bulk density of actual debris flows in the Jiangjiagou
Gully (Table 1), which is a typical debris flow area in China (Lin,
2019). The bottom of the inner-funnel-shaped pool had a 30°
slope to give the reconstructed debris flows a certain level of
momentum and speed (the average velocity of viscous and
dilute debris flows are 1.12 and 1.48 m/s, respectively), enabling
them to reach the ‘debris flow gully’ at the bottom. Once the
reconstructed debris mixture was released, the material pool
acted as the source region for the simulated debris flow. The
tailing pool also had a volume of 0.25 m?, and it was used to
collect the outflow. In addition, to ensure that the movement of
the debris flow was driven by gravity instead of pressure caused
by fluid in the tank, a buffer area was set 2.5 m along the flume
from the gate of the material pool; this distance is sufficient to
eliminate the effect of fluid pressure (Wang et al., 2017a). A
measuring ruler was placed along the direction of flowing water
on the side of the flume, and a grid was placed on the glass
retaining wall to record the height and morphology of sediment
deposition in the shrubs (Fig. 1). The actual shrub planting was
based on empirical stem spacings of 1.5, 2, 2.5, and 3 m, and row
spacings of 2, 3, 4, 5, and 6 m. According to the size of the flume,
the vegetation model is scaled according to a 50:1 ratio. The
baffles consisted of seven rows, and the corresponding stem
spacings of the experimental shrub material were 3, 4, 5, or
6 cm; the row spacings were 4, 6, 8, 10, or 12 cm.

2) During the investigation into the effects of stem spacing on the
characteristics of debris flow runoff, row spacing was fixed at
12 cm. Similarly, during the investigation into the effects of row

Please cite this article as: He, S et al., Experimental investigation of the effects of shrub filter strips on debris flow trapping and interception,
International Journal of Sediment Research, https://doi.org/10.1016/j.ijsrc.2022.09.005




S. He et al. / International Journal of Sediment Research xxx (xxXxx) xxx 3

o

| e £
o i.:

239

I? 4

I
s el |
I\ﬂ123l5i759ﬁ]1ZZHSB?B‘DE)H)l557!@1231557!%}12345676@1

Measuring ruler and vegetation model |

Funnel-shaped material pool |

Fig. 1. Layout of the experimental device.

spacing on the characteristics of debris flow runoff, the stem
spacing was fixed at 3 cm. Finally, 16 tests were done to study the
effects of a shrub filter strip on the runoff characteristics of viscous
and dilute debris flows (bulk densities of 2.0 and 1.5 gfcm?,
respectively). The parameters for the tests are listed in Table 1.
Although, small-scale flume tests often are constrained by the
principles of geometric similarity, material similarity, and dy-
namic similarity (Choi et al., 2014; Ng et al., 2015; Zhou et al,,
2019), the current study focused on the regulation and mecha-
nism of debris flow by the shrub filter strip flume, which is not an
equivalent scaling test study of a specific debris flow event, so
material similarity (solid-phase material from the real Jiangjiagou
debris flow in the field) was taken as the starting point, the dy-
namic similarity condition of debris flow then was considered,
and the flume model was designed according to the gravity
similarity criterion. Geometric similarity is achieved by control-
ling the length scale, 4 = 50. Moreover, dynamically similar
conditions often depend on the dimensionless Froude number, Fr,
which characterizes the ratio of inertial force to the gravity for a
flowing material. The Fr for small-scale flume tests is required to
be consistent with that of natural debris flows. The Froude
number is expressed by Fr = r where v represents the

\/gh cos 0

velocity before the baffles (m/s), g is the gravitational acceleration
(m/s®), h is the flow depth (m), and ¢ is the channel slope (°).
According to the literature (Heller, 2011; Lobovsky et al., 2014),
the Fr of natural debris flows are mostly less than 5.0. In the ex-
periments, the Fr values of incoming debris flows in the flume
(Fig. 2) are basically in the range of 2.5 < Fr < 3.2, which are within
the Fr range of field debris flow events (Hiibl et al., 2009; Kwan
et al.,, 2015; Mcardell et al., 2007), implying that the conditions
of the experimental study can be considered as representative of
natural debris flows. It is worth pointing out that under natural
conditions in the transverse direction, the flow depth, riverbed,
and velocity are different at the sidewalls and in the center.

However, in the current study, more attention is paid to the full
interception benefit, therefore, although it is different from nat-
ural conditions, and the current study focuses on the average
level.

2.2. Instrumentation

Two digital cameras (Canon LEGRIA; denoted as cameras #1 and
#2) with a resolution of 1,440 x 1,080 pixels and frame rate of 50
frames per second (fps) were used to measure the velocities of the
debris flows before and after the shrub filter strips, respectively. In
addition, two laser sensors (Leuze, ODSI; denoted as lasers #I and
#1I) with a resolution of 1 mm were installed at the same positions as
cameras #1 and #2. These devices were used to measure the
evolving flow depths before and after the shrub filter strips,
respectively. The third camera (denoted as camera #3) was posi-
tioned on one side of the flume to record the entire debris flow
process. The fourth camera (denoted as camera #4) was installed in
front of the flume channel to record the time taken for the debris
flows to move from the top to the bottom of the flume as shown in
Fig. 2.

2.3. Experimental materials

The reconstructed debris flow materials consisted of debris flow
deposits from the Jiangjiagou Gully that passed through a 2 cm sieve
(Fig. 3), and then were mixed with water to form viscous and dilute
debris flows with bulk densities of 2.0 and 1.5 g/cm?, respectively.
The shrub models were made from plastic with six branches with a
height of 5 cm and a stem diameter of 0.3 cm (Fig. 4). Each shrub
model was fixed into holes in a plank. The current study focused on
the mechanical properties and morphological parameters, in which
one of the most important mechanical properties for structural
analysis of bending is the modulus of elasticity (Al-Zube et al., 2018).
The elastic modulus of the Coriaria sinica simulated in this paper is
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Table 1

Parameters for the shrub filter strip tests.
Test No. 1 2 3 4 5 6 7 8
Stem spacing (cm) 3 3 4 4 5 5 6 6
Row spacing (cm) 12 12 12 12 12 12 12 12
Row number 7 7 7 7 7 7 7 7

Bulk density (t/m?) 1.5 2.0 1.5 20 1.5 2.0 1.5 2.0
Length of shrub filter 0.72 0.72 0.72 072 0.72 0.72 072 0.72
strip (m)

Test No. 10 11 12 13 14 15 16

Stem spacing (cm)
Row spacing (cm)

Row number 7 7 7 7 7 7 7 7
Bulk density (t/m?) 1.5 2.0 1.5 20 1.5 2.0 1.5 2.0
Length of shrub 024 024 036 036 048 048 06 0.6

filter strip (m)

Tank

Debris flow (tank)
'q, L . .

Camera

Shrub filter strip

Fig. 2. Layout of a shrub filter strip during an experimental simulation test. The
components of the experiment include material pool (tank), flume, tail pool, shrub
filter strip, debris flow material, and measuring apparatus (laser sensors and cameras).

between 10 and 20 GPa, and alternative plastics within this elastic
modulus were selected.

2.4. Data acquisition and processing

Before starting the experiment, all cameras were turned on;
then, the configured debris flow was poured into the tank and
stirred slightly, and the gate was quickly opened to the set height

(i.e., gate opening of 4 cm) so that the test debris flow would flow
out. The gate opening height was the same for each test. When the
debris flow in the flume stopped flowing, the cameras were turned
off, and the samples were collected (Fig. 5).

Data were collected and used to calculate three properties of the
debris flow.

1) Bulk density in the tail pool. Viscous debris flow refers to a
debris flow containing a large amount of clay soil, and solid
material accounting for 40%—60%, even up to 80%, yielding a
bulk density >1.8 g/cm>. Dilute debris flow refers to a debris
flow which water is the main component, and clay soil content
is small. Solid material accounts for 10%—40% with great
dispersion, presenting a bulk density of 1.5—1.8 g/cm>. For more
descriptions on the dense and dilute debris flows, as well as
viscous debris flows, their mechanical properties, and dynam-
ical consequences, refer to Pudasaini & Krautblatter (2019). In
the current study, the particle size distribution of original ma-
terials was available, therefore, the density was simply used to
classify viscous or dilute debris flows. After each experiment,
the debris in the tail pool was collected, and the weight (m) and
volume (v) were measured. This was used to calculate the bulk
density, p, according to the equation: p = 7.

2) Flow depth. The flow depth h was measured using the laser
Sensors.

3) Velocity. Cameras #1 and #2 were positioned above the baffles to
obtain the surface velocity of the debris flow before and after the
shrub filter strip. This measurement was achieved by recording
the distance s (m) traveled by a reference material (e.g., a table
tennis ball) in a given time t (s). Thus, the velocity v (m/s) can be
calculated using the equation: v = 3.

3. Results

3.1. Bulk density reduction

Table 2 shows the effects of the shrub filter strip on the bulk
densities of the dilute and viscous debris flows. As the stem spacing
and row spacing changed, the bulk density reduction for viscous
debris flow varied between 0.5% and 3.5%, and 0.5% and 5.3%,
respectively.

For the dilute debris flow, as the stem spacing increased, the
bulk density of the debris outflow gradually increased, and the bulk
density reduction gradually decreased (Table 2). The bulk density
reduction was 8% when the stem spacing was the largest (6 cm),
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Fig. 3. Particle size distribution of original materials from the Jiangjiagou Gully.
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Fig. 4. Shrub model.

Fig. 5. Process of the flume experiments (a) before, (b) during, and (c) after the debris flow. In these processes, the characteristics of the pre- and behind-shrub filter of the debris
flow were recorded, the outflow material was weighed, and the volume and particle fraction were analyzed.

and it was increased to 17.9% when the stem spacing was the
smallest (3 cm). Thus, the shrub filter strip produced a relatively
good bulk density reduction effect on the dilute debris flow when
the stem spacing was small. As the row spacing increased, the bulk

density of the debris outflow first decreased and then increased,
and the bulk density reduction first increased and then decreased.
The greatest bulk density reduction rate (27.6%) was achieved at a
row spacing of 8 cm. A comprehensive comparison shows that the

Table 2
Bulk density reduction with different stem and row spacings.
Stem spacing (cm) Bulk density reduction (%) Row spacing Bulk density reduction (%)
Dilute debris flow Viscous debris flow (em) Dilute debris flow Viscous debris
(p =15 g/em?) (p = 2.0 g/cm?) (p = 1.5 g/cm?) flow (p = 2.0 g/cm?)
3 179 0.5 4 20.7 2.1
4 16.4 0.5 6 22.5 1.5
5 14.5 35 8 27.6 1.5
6 8.0 0.7 10 19.2 53
12 179 0.5
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shrub filter strip produced a better bulk density reduction effect
when the debris flow was dilute and had a negligible impact on the
viscous debris flow.

3.2. Flow rate regulation

Figures 6 and 7 show the changes in the volumetric flow rates
with different stem and row spacings, when the debris flow passed
through the shrub filter strip. As the stem spacing increased, the peak
flow of both the dilute and viscous debris flows gradually increased
once they passed through the filter strip, and the flow reduction rates
gradually decreased (Fig. 6). Thus, when the stem spacing was
smallest (3 cm), the flow reduction effect was the greatest for both
the dilute and viscous debris flows. The flow reduction for the dilute
and viscous debris flows were 26.3% and 42.7%, respectively. As the
row spacing increased, the peak flow rate of the dilute debris flow
gradually increased once it passed through the filter strip, and the
flow reduction gradually decreased. In contrast, the peak flow rate of
the viscous debris flows first decreased, then increased, and the flow
reduction first increased and then decreased. The flow reduction for
the viscous debris flow was greatest, reaching 47.4%, when the row
spacing was 10 cm (Fig. 7).

3.3. Characteristics of the flow velocity

Figures 8 and 9 show the changes in the debris flow velocity
caused by changes in the stem and row spacings, respectively. As
the stem spacing increased (Fig. 8), the flow velocities of both the
dilute and viscous debris flows increased after they passed through
the filter strip, and the flow velocity reduction gradually decreased.
Thus, when the stem spacing was smallest (3 cm), the flow velocity
reduction was greatest (25.5% and 29.5% for dilute and viscous
debris flows, respectively). In addition, when the stem spacing was
largest (6 cm), the flow velocity reduction was smallest (18% and
15.7% for dilute and viscous debris flows, respectively). As the row
spacing increased (Fig. 9), the flow velocity of the dilute debris flow
also gradually increased after the filter strip, and the flow velocity
reduction gradually decreased. Thus, when the row spacing was
smallest (4 cm), the flow velocity reduction was greatest (44.9%).
However, the flow velocity of the viscous debris flows first
decreased, then increased after the filter strip, and the flow velocity
reduction first increased, then decreased. Thus, the flow velocity
reduction was greatest (34.3%) when the row spacing was 10 cm.
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Fig. 6. Peak flow rate (PFR) and flow reduction (FR) for different stem spacings. DDF,
dilute debris flow; and VDF, viscous debris flow.
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Fig. 7. Peak flow rate (PFR) and flow reduction (FR) for different row spacings.

3.4. Sediment interception

As shown in Fig. 10, the amount and fraction of sediment
interception decreased gradually as the stem spacing increased for
both dilute and viscous debris flows. Thus, when the stem spacing
was smallest (3 cm), the sediment interception rates were greatest
(60.9% and 60% for dilute and viscous debris flows, respectively). In
addition, when the stem spacing was largest (6 cm), the sediment
interception was lowest (27.4% and 39% for dilute and viscous
debris flows, respectively). As shown in Fig. 11, the amount and
fraction of sediment interception first increased, and then
decreased, as the row spacing increased for both dilute and viscous
debris flows. The sediment interception was greatest at a row
spacing of 6 cm (70.7%) for the dilute debris flow, and 10 cm (66.3%)
for the viscous debris flow.

3.5. Relations between velocity and outflow volume reduction

Table 3 lists the flow velocity reduction and sediment inter-
ception fraction for dilute and viscous debris flows with different
stem and row spacings. The fitting characteristics between the two
values are shown in Fig. 12. The interception of the dilute debris

flow exhibited a parabolic relation, where the sediment
1.50
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Fig. 8. Flow velocity (FV) and flow velocity reduction (FVR) for different stem spacings
after the debris flow passed through the filter strip.
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interception fraction first increased and then decreased, as the flow
velocity reduction increased. This trend occurs because of the
water—stone separation effect. Initially, there are more large par-
ticles in the dilute debris flow, and the interception effect is
obvious. The material flow velocity and flow reduction exhibit a
corresponding relations. As the flow path lengthens, large particles
are gradually intercepted and deposited, so the flow velocity
reduction at this point is primarily reflected by the mud and water
flow velocity, and there are relatively few large particles. Therefore,
the flow velocity reduction continues to increase, but the inter-
ception of large particles decreases, so the sediment interception
fraction drops. For viscous debris flows, there is no water—stone
separation, so the reduction in the material flow velocity can be
approximated as corresponding to the interception of sediment.
Therefore, the two factors exhibited a linear relation.

4. Discussion

4.1. Differences between dilute and viscous debris flows

The experimental results show that changes in the stem and
row spacings of the shrub filter strip can have a significant effect on
the interception efficiency for both dilute and viscous debris flows.
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Fig. 10. Sediment interception amount (SIA) and sediment interception fraction (SIF)
for different stem spacings.

Figure 13 shows the movement of dilute debris flows with different
row spacings (the same stem spacing) conditions. The overall
interception effect was significant. In particular, most of the coarse
particles remained above and inside the filter strip, representing a
significant separation of water and stone (coarse particles). Over
time, the slurry continued to slow along the slope. Clearly, the
interception reduced the motion and velocity of the dilute debris
flows. Moreover, the separation effect was more significant when
the spacing was greater. These data can be utilized to validate the
mechanical phase separation model for debris mixtures consisting
of solid particles and viscous fluid by Pudasaini and Fischer (2020)
describing how solid particles and fluid can be separated during a
debris flow.

In contrast, the water—coarse particle separation was not
observed for the viscous debris flows shown in Fig. 14. Instead, the
shrub filter strip was gradually covered by the debris flow and
wave-like depositions were observed.

In the unsubmerged state, the density reduction of the out-
flowing dilute debris flow is because the plant spacing has a good
water-stone separation effect, and the coarse particles are inter-
cepted in the vegetation zone. While the viscous debris flow always
performed the overall sediment movement, its density is reduced
for two reasons: on the one hand, when the viscous debris flow
gradually stops and deposits in the vegetation zone, the fluid flows
out by seepage; on the other hand, the vegetation intercepts most
of the viscous debris flows. A small amount of the viscous mixture
flows out, and the density of this part does not change much, but it
is diluted by the subsequent flowing water, resulting in density
reduction.

As indicated by the experimental observations and a compari-
son of the particle size distribution before/after the filter strip,
changes in the stem spacing had a greater effect on the average
particle size of the outflowing sediment than changes in the row
spacing. However, there were also differences between the dilute
and viscous debris flows. For the dilute debris flow (Fig. 15a), as the
stem spacing increased, the proportion of coarse particles in the
sediment increased and the proportion of fine particles decreased.
This was caused by the significant separation of water and stone,
and the weak mutual adhesion between particles, which amplified
the changes in the filtering effect caused by the stem spacing.
However, as the row spacing increased (Fig. 15b), there was no
evident change in the average particle size of the outflowing
sediment. Comprehensive analysis showed that, for dilute debris
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Fig. 11. Sediment interception amount (SIA) and sediment interception fraction (SIF)
for different row spacings.
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Table 3
Flow velocity reduction (FVR) and sediment interception fraction (SIF) of shrub filter
strip.

Stem Row Viscous Dilute
spacing Dx (m)  spacing Dy (m)  (p = 2.0 g/cm?) (p =1.5g/cm?)
FVR SIF FVR SIF

0.03 0.04 0.201 0.513 0.449 0.615
0.03 0.06 0.267 0.52 0.404 0.707
0.03 0.08 0.322 0.634 0373 0.687
0.03 0.1 0.342 0.663 0.308 0.652
0.03 0.12 0.295 0.6 0.254 0.609
0.04 0.12 0.248 0.57 0.205 0.53
0.05 0.12 0.244 0.5 0.193 0.415
0.06 0.12 0.157 0.39 0.18 0.274

flows, the stem spacing regulated the interception of coarse parti-
cles and the passing of fine particles by the shrub filter strip.

In contrast, viscous flows were relatively adhesive, and they
moved as a whole, so the shrubs had an overall interception effect,
and there was no water—stone separation. Therefore, changes in
the stem or row spacing have a negligible effect on the particle size
distribution of the sediment outflow for the viscous debris flows
(Fig. 16). In this case, a large-scale debris flow would submerge the
shrub filter strip. However, the strip would increase the surface
roughness and friction of the slope, thereby reducing the kinetic
energy of the debris flow. In contrast, small-scale debris flows
would not submerge the filter strip, and the strong adhesion of the
flow ensures that overall interception occurs, and the flow remains
above or within the filter strip. Over time, the debris flow slurry
would gradually seep out, and there would be an obvious outflow of
“water—sediment.”

Although stem spacing had a dominant effect on debris flow
interception, the effect of row spacing should not be ignored. For
dilute debris flows, the flow velocity and flow rate reduction both
decreased gradually as the row spacing increased. That is, when the
row spacing was smaller, the shrub filter strip produced a greater
reduction in the debris flow velocity and flow rate, and the inter-
ception effect was greater. This is because decreasing the row spacing
increases the shrub coverage density in the flow direction, which
increases the barrier gradient, reduces the kinetic energy of the flow,
and produces the interception effect. For viscous debris flows, the
flow velocity and flow rate reduction first increased and then

decreased as the row spacing increased. That is, when the row spacing
was smaller, the flow velocity and flow reduction were smaller. This is
because viscous debris flows move as a whole, and they exhibit strong
adhesion with insignificant water—stone separation. Furthermore,
the shrubs are submerged in most cases, so small row spacings will
not have a noticeable drag reduction effect on viscous debris flows
over a brief period. However, as the row spacing increases, the buff-
ering effect of the shrub filter strip is amplified, and reductions in the
flow velocity and flow rate become more significant.

From the foregoing analysis, the density of the shrub filter strip
can be controlled by adjusting stem and row spacings. Regardless of
whether the debris flow is dilute or viscous, the optimal intercep-
tion effect is not determined by a single factor—either the stem or
row spacing—but by a combination of the two. In terms of the
amount of sediment intercepted, for dilute debris flows, sediment
interception rates of 70.7% can be achieved using stem and row
spacings of 3 and 6 cm, respectively (corresponding to actual
spacings of 1.5 and 3 m, respectively). For viscous debris flows,
sediment interception rates of 66.3% can be achieved using stem
and row spacings of 3 and 10 cm, respectively.

4.2. Effect of arrangement parameters on flow velocity

Shrubs are not generally submerged when they intercept dilute
debris flows, but they are submerged by viscous debris flows. Gu
et al. (2007) reported that, when they are not submerged, the
roughness of flexible plants decreases gradually as the water depth
increases; however, when they are submerged, the roughness in-
creases gradually if the water depth is low. Therefore, changes in
the submerged state may affect the roughness coefficient; however,
this is a complex process when the debris flow is viscous and is
outside the scope of this paper. The following is a discussion about
the relations between the arrangement parameters and flow ve-
locity of dilute debris flows.

As shown in Fig. 17, a filter strip with stem spacing, Dy, row
spacing, Dy, and N rows will have length L = (N — 1) x D,. If the
channel width is B, then, owing to the staggered planting of the
filter strips, the number of shrubs will be [B/D] (rounded) or
[B/Dy] + 1. Let the channel slope be 6. By using the 0—0 horizontal
plane as the reference plane, sections upstream (a—a) and down-
stream (b—b) from the shrub filter strip can be selected. Upstream
from the shrub filter strip the flow velocity is V,, the elevation is z,,

100.00
A Viscous debris flow y =-11.80x? + 8.39x - 0.78
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Dilute debris flow
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Fig. 12. Flow velocity reduction (FVR) fitted to the sediment interception fraction (SIF).
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Before

(d)

Fig. 13. Interception of dilute debris flows by different shrub filter strip arrangements with row spacings of (a) 4, (b)

the flow depth is h,, the specific weight is y,, and the pressure is p,.
Similarly, downstream from the shrub filter strip the flow velocity
is Vp, the elevation is zp, the flow depth is hy, the specific weight is
b, and the pressure is pp.

In dilute debris flows, shrubs mainly intercept gravel (coarse
particles), so the outflow consists of slurry and small particles.
Therefore, if the slurry before and after the filter strip is a con-
stant fluid (the components of the particles and viscosity were
not changed), then the flow parameters (specific weight, pressure,
density, etc.) will be invariant with time. Without considering the
vertical and horizontal distributions of the flow velocity, hf may
be used to represent the frictional head loss or frictional energy
loss of the debris flow. According to the law of conservation of
mechanical energy of a fluid, the Bernoulli equation must be
satisfied as the sum of kinetic energy, gravitational potential
energy, and pressure potential energy is a constant. This can be
expressed by

6, (c) 8, and (d) 10 cm and stem spacing of 3 cm.

Za+p;+2g +p;+22+h (1)
and

v Po Y
Az+hacosﬁ+ E_th056+v_b+E+hf (2)

where Az = z; — z;,. Equation (2) can be simplified to

22
PaYb —PbYa , Va = %

hy = Az + (hy — hy) cosf + + 3

and

Az =L x sinff = (N — 1) x Dy x sinf (4)

The frictional head loss or frictional energy loss, hf, can be
calculated using the Darcy—Weisbach formula:
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Fig. 14. Interception phenomenon of a viscous debris flow by a shrub filter strip.

L V2

hi =4 2g (5)

where A is the friction coefficient along the flow path, L is the length
of the shrub filter strip, and V is the average flow velocity of the
section. The Darcy—Weisbach formula essentially calculates the
frictional head loss in a circular pipe, so d in Eq. (5) represents the
pipe diameter. To make this formula applicable to an actual debris
flow gully or flume model test, the diameter of a circular pipe with
the same hydraulic radius is used as the equivalent diameter d. of
the non-circular section, according to known fluid principles. The
circular section is given as
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Fig. 15. Effect of the shrub filter strips on the particle size distribution (PSD) in a dilute
debris flow. (a) PSD affected by stem spacing and (b) PSD affected by row spacing.

d=4Rircle (6)

where Rircle 1S the hydraulic radius of a circular section, and the
non-circular section is

4Rcjrcle =4R = de (7)

where R is the hydraulic radius of the debris flow channel. The
equivalent diameter is four times the hydraulic radius, and for a
rectangular section with length, a, and width, b, the equivalent
diameter is

ab 2ab

de:4R:4Xm:a_'_—b

(8)

Combining the flume model a in Eq. (8) is equivalent to the gully
or flume width B, and b is equivalent to the flow depth, h, in the
gully or flume. Thus,

Q

h:@ (9)

where Q is the volumetric flow rate. Substituting Eq. (9) into Eq. (8)
yields

20B
- _ 1
Then, replacing d in Eq. (5) with d. yields
W2Lx (VB2 +Q)
he = (11)

4QBg

The friction coefficient along the flow path A can be derived from
the Chezy formula or the Manning formula. That is,

v- e 12

c—1gve (13)
n
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2
2=5re (14)
Rs
and
A (B—mdhs
R " 2hsm+ 1)+ B—md (15)

where ] is the hydraulic gradient, C is the Chezy roughness coeffi-
cient, n is the Manning roughness coefficient, m is the number of
shrubs per row, d is the shrub trunk diameter, and hs is the sub-
merged depth of the shrubs. Subsequently,

VL x (VB2 + Q)

4QBg (16)

= |v2+2g|Lsinf—

=

e 6 I
+2%2%
2*a2%s

Fig. 17. Schematic representation of the movement characteristics of a dilute debris
flow in a shrub filter strip blockage.

From the formula deduced for the flow velocity after the strip
(i.e., Eq. (16)), the length of the vegetation strip, L, friction coeffi-
cient along the flow path, 4, volumetric flow rate, Q, and channel
width B are related. Moreover, the roughness coefficient in the
equation for the friction coefficient along the flow path is related to
the vegetation arrangement (such as the planting density, which is
determined by the stem and row spacings) and the submerged
vegetation volume (which is closely related to the shrub height,
canopy diameter, etc.). Therefore, arrangements with different
stem and row spacings can affect the movement of dilute debris
flows.

A relation between the arrangement parameters and changes in
the flow velocity was not derived for viscous debris flows. However,
analysis of the experimental data (Figs. 8 and 9) shows that changes
in the stem and row spacing affect the flow velocity to different
extents. This indicates that the flow velocity of viscous debris flows
after the vegetation filter strip is closely related to the vegetation
arrangement and submerged volume ratio. This should be inves-
tigated further and verified in future research.

4.3. Comparisons between the current study and others in the
literature

The blocking effect of vegetation on runoff and sediment
movement has been described in previous studies. There are many
vegetation-related factors including vegetation cover/density,
vegetation type and distribution; and plant stem density, diameter,
and arrangement that can affect flow regimes, flow hydraulic dy-
namics, and soil erosion (Hong et al., 2016; Jarvela, 2002; Mu et al.,
2019). Mu et al. (2019) show that the sediment transport capacity
decreases as the stem basal cover/density increases, and the rate of
decrease is considerably higher than other values reported in the
literature. Therefore, the current study focused on exploring the
effects of stem and row spacings on the movement characteristics
of debris flows, which is of great significance. A comparison of the
effects of vegetation arrangements on water and debris flow
movements shows that both can be affected by changes in the stem
and row spacings. However, the row spacing has a relatively small
effect on the debris flow, but a relatively large effect on the water
flow (Abu-Zreig et al., 2004; Zhang et al., 2018). The main reason for
this could be that the stem spacing directly affects the contact
between the debris flow fluid and the front of the vegetation,
thereby achieving effective deceleration and interception. In addi-
tion, the stem spacing reflects the width of the fluid movement
channel. Both dilute and viscous debris flows are solid—liquid two-
phase fluids, and they are much more viscous than water.
Furthermore, the presence of solid particles means the blocking
effect caused by changes in the stem spaces is more obvious than it
is for water.

It should also be considered that the relative soil loss caused by
general water erosion is related to the vegetation coverage (Vege-
tation coverage degree is usually defined as the percentage of the
vertical projection area of vegetation (including leaves, stems, and
branches) on the ground in the total statistical area, which is an
important parameter to describe the vegetation coverage). That is,
relative soil loss, SLr, is an exponential function of vegetation cover,
Cy, (Duran & Rodriguez Pleguezuelo, 2008; Gyssels et al., 2005).
This can be expressed as

SLr = e Pq%y (17)

where bq is a constant. In fact, the vegetation coverage is closely
related to row and stem spacing (Fu et al., 2020). Therefore, the
vegetation coverage in the final analysis is affected by the row and
stem spacings. By calculating the relation between the sediment
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interception amount and the vegetation coverage under different
row and stem spacings, as shown in Fig. 18 (where the debris flow
outflow volume corresponds to the soil loss caused by general
water erosion), it can be shown that a polynomial relation is
observed between the debris outflow volume and vegetation
coverage rather than an exponential relation. According to Fig. 18,
the relationship can be represented with a quadratic polynomial as
SLr = uCZ + tC, + k. Thus, the interception of debris flows by shrubs
is more complicated than that of water. The rule regulating shrub
arrangements for water cannot be equated to those for debris flows.
In principle, the greater the vegetation coverage, the greater the
debris interception. However, regardless of whether the debris flow
is dilute or viscous, when the flow is large enough to submerge the
shrubs, further increases in coverage no longer affect the debris
flow movement. Thus, the outflow volume increases as the shrub
coverage increases.

4.4. Limitations and future work

Ecological engineering has an increasingly prominent role in
disaster prevention (He et al., 2017; Rey et al., 2019). So far, it has
been shown that vegetation can suppress debris flow disasters and
landslides and regulate the effects of rainfall redistribution, surface
runoff, soil erosion, and sediment transportation (Gonzalez-Ollauri
& Mickovski, 2017; Reichenbach et al., 2014). The current study
only considered the interception effect of shrubs on debris flows in
terms of the stem and row spacings. Although the current study
reflected the effects of changes in these spacings on interception,
there are many other vegetation-related factors that affect water
flow patterns, flow hydraulic dynamics, and soil erosion such as
cover/density; type and distribution of vegetation; and plant stem
density, diameter, and arrangement (Jarveld, 2002; Mu et al., 2019).
What's more, the current study uses Bernoulli and Darcy-type
equations to model debris flow interception and the associated
energy state, and finally derives an equation for velocity after the
shrub strip, including several parameters. This equation can
simplify the situation to develop some simple model equations,
which to some extent, represent the reality. However, it has not yet
been justified how those equations can represent very complex
debris flows and their interaction with shrubs. At present, there are
fully physics-based multi-phase debris flow models (Pudasaini,

2012; Pudasaini & Mergili, 2019) that can be easily applied to the
flow structure interaction simulation (Kafle et al., 2019; Kattel
et al., 2018). These full and advanced mechanical models can
also be used for the situation considered in the current study,
enhancing the description and interpretation of physical phe-
nomena. Therefore, subsequent studies should focus on the
comprehensive effects of these factors. Another important aspect
is to understand the erosion process and how the mass entrain-
ment affects the flow dynamics and flow mobility. This can be
achieved by applying the mechanical erosion model by Pudasaini
and Krautblatter (2021).

Furthermore, vegetation is a crucial factor when assessing the
possibility of mountain disasters, and it can regulate the condi-
tions that contribute to disaster formation through mechanical
and biological mechanisms (Rey & Labonne, 2015; Wang et al.,
2017b). However, the effectiveness of vegetation is closely
related to site conditions (Rey & Labonne, 2015; Wang et al.,
2017b). For example, the comprehensive effect of vegetation on
slopes is a balance between root reinforcement and increased
slipping due to weight (Schmaltz & Mergili, 2018), and this bal-
ance depends on the slope. Moreover, vegetation is likely to in-
crease the drag forces caused by wind and rainfall (Rengers et al.,
2016). On slopes with relatively large slope gradients, vegetation
will increase the instability of the soil. Even on steep slopes with
thin soil layers, roots can cause cracks in the slope, increasing the
probability of disasters under external disturbances. Therefore, in
areas with good vegetation, the factors that have a significant
effect on landslide and debris flow disasters (Xu et al., 2019), and
how the values of these factors may affect the frequency of such
events, have become key factors in landslide and debris flow
forecasting and risk assessment studies.

It is crucial to further explore the relations between vegetation,
environmental factors, and mountain disasters. Thus, further
studies should aim to combine micro-level mechanisms to estab-
lish zoning maps for regional/global mountain disasters and
dominant factors, evaluate the effectiveness of vegetation for
disaster management comprehensively and objectively, and ach-
ieve in-depth analyses of regional disasters with respect to vege-
tation from processes to macro-scale patterns. This information will
further clarify the positive and negative effects of vegetation in
disaster management.
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Fig. 18. Relation between the debris outflow volume and vegetation coverage.
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5. Conclusions

The distribution patterns (row and stem spacings) of shrubs
significantly affect the debris flow runoff reduction and sediment
characteristics. Sixteen flume experiments were done to investigate
the effect of shrubs within shrub filter strips on the movement of
debris flows. For dilute debris flows, as the stem spacing increased, the
bulk density reduction, flow reduction, flow velocity reduction,
sediment interception, and particle size regulation capabilities of the
shrub filter strip gradually decreased. As the row spacing increased,
the flow velocity reduction rate and flow reduction rate gradually
decreased. The bulk density reduction and sediment interception
both increased at first and then decreased, and the particle size
regulation remained approximately unchanged. For viscous debris
flows, as the stem spacing increased the flow reduction, flow velocity
reduction, and sediment interception effects gradually decreased, but
the bulk density reduction and particle size regulation showed no
noticeable changes. As the row spacing increased, the flow reduction,
flow velocity reduction, and sediment interception all increased at
first and then decreased, but the bulk density reduction and particle
size regulation showed no noticeable changes.

Ecological engineering has become an increasingly important
way of controlling landslides, debris flows, and other mountain
disasters. In the current study, the sediment interception effects of
different stem and row spacings for debris flows were explored.
Preventing mountain disasters based on different perspectives is an
extension of ecological engineering (such as root function and
rainfall interception), which can help to promote the improvement
and perfection of ecological engineering disaster controls. In the
future, more attention should be given to the effects of multiple
vegetation filter strips with different combinations of layout pa-
rameters. In addition, it would be desirable to measure the impact
force on vegetation to understand the energy dissipation process,
and numerical simulations could be used to explore more complex
patterns.
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