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Debris flow disaster mitigation

Eco-geotechnical measures are increasingly recognized as holistic approaches to disaster mitigation. While the
mechanisms underlying disaster mitigation for individual measures (ecological or geotechnical) are relatively
well understood, the synergistic benefits and optimal layout of combined models remain unclear. This study
proposes an eco-geotechnical model that integrates a segmented vegetation arrangement with comb-toothed
dams for debris flow interception. Through field investigations and flume experiment, we delineated the
optimal row and stem spacing of segmented vegetation. Additionally, we examined various combination models
comprising vegetation filter strips and comb-toothed dams to elucidate their respective benefits and underlying
mechanisms in debris flow interception. Results show that optimal interception occurs with tree filter strips at a
stem spacing of 6 cm and row spacing of 8 cm and with shrub filter strips at a stem spacing of 3 cm and a row
spacing of 4 cm. Moreover, equations were developed for flow velocity reduction and sediment interception,
incorporating vegetation layout parameters (e.g., plant spacing, row spacing, number of rows), vegetation
morphological parameters (e.g., diameter), and gully bed slope and roughness. Our comparative analysis un-
derscores the superiority of the shrub-grass (dam) model in intercepting dilute debris flows, while the tree-shrub
(dam) model excels in mitigating viscous debris flows by achieving notable reductions in flow rate, flow velocity,
and sediment interception. Importantly, these findings provide a quantitative basis for optimizing vegetation
layouts, advancing nature-based solutions and technologies for comprehensive disaster prevention and
mitigation.

1. Introduction resilience-based approaches that focus on preparing for, responding to,

and recovering from unexpected disasters. In this context, nature-based

As the influences of climate change and human activities intensify,
debris flows often pose severe threats to residential areas, road and
bridge infrastructure, river connectivity, and the ecological environ-
ment (Marchesini et al., 2024; Riaz et al., 2024). Additionally, a sub-
stantial influx of sediment from slopes flanking the main debris flow
channel has been observed, serving as a critical source material and
further exacerbating the magnitude and destructive impact of debris
flow events (Sarkar et al., 2024). Thus, it is particularly important to
increase ecosystem resilience and prevent erosion caused by debris flow
(Wu et al, 2023). Huang and Zhang (2022) suggest adopting
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disaster mitigation techniques, especially those pertaining to the role
vegetation in disaster prevention and mitigation, have received
increasing attention (Anderson and Renaud, 2021; Huai et al., 2021;
Kinol et al., 2023), such as modified brush layers and vegetated crib wall
(Rey et al., 2019). Nature-based (ecological) solutions are based on
natural elements but do not completely rely on nature; therefore, a
comprehensive strategy is required. e Ecological measures, like vege-
tation, and geotechnical measures, like check dams should be combined
and used to create a comprehensive disaster mitigation plan based on
nature; however, it is more effective than natural solutions (Cui and Lin,
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2013). The risks posed by natural disasters can be mitigated by utilizing
the cooperation between ecological and geotechnical measures (Cui
et al., 2021). Geotechnical measures mainly include “blocking, pre-
venting, and draining” measures, such as installing dams for sediment
storage, check dams, retaining walls, stock, and diversion troughs. These
measurements can effectively prevent and control mountain disasters
like debris flows. Ecological measures, such as the arrangement of
plants, rely on the mechanical and biological properties of vegetation to
regulate the conditions required for disaster formation. For example,
forests are strategically planted in water confluence areas, debris flow
formation areas, circulation areas, and valley slopes to aid the conser-
vation of water sources, soil, and streambeds, and protect dikes and
fluvial fans, respectively.

However, vegetation measures require time and favorable environ-
mental conditions for growth, while geotechnical measures face chal-
lenges such as construction difficulties, high costs, and limited-service
life. As a result, neither standalone ecological measures nor geotechnical
measures can effectively ensure the long-term effectiveness of debris
flow prevention and control. At present, the benefits of eco-geotechnical
disaster mitigation plans exceed those of plans based on a single measure
(ecological or geotechnical), and this phenomenon has been compre-
hensively documented (Cerrillo et al., 2016). For example, Borja et al.
(2018) quantified the effects of check dams and afforestation on sedi-
ment mobilization in severely eroded gullies in the Andean Mountains
and found that the former measure was highly effective in gullies with
active erosion, reducing sediment export by 70 %, whereas the latter had
a positive effect on wasteland stabilization and restoration and was
effective in reducing sediment transport. Scholars have explained the
mechanisms by which such measures contribute to disaster mitigation
based on the observed benefits of cooperative eco-geotechnical mea-
sures. Among ecological measures, vegetation can improve rainfall
interception and reduce surface erosion (Vannoppen et al., 2017;
Wabhren et al., 2012). Biological processes such as plant transpiration
regulate soil physicochemical properties (e.g., pore structure and water
content), thus providing additional soil cohesion (Arnone et al., 2016;
Chirico et al., 2013), reinforcing loose soil, reducing the source supply of
debris flows and underground runoff, and enhancing slope stability (Ng
etal., 2017; Stokes et al., 2014; Wang et al., 2020). In addition, trees can
also function as rigid structures (Jin et al., 2021) that can withstand the
impact of debris flows and rocks and reduce kinetic energy. Tree piles
can act as a fence (Guthrie et al., 2010) that inhibits the movement of
debris flows, thereby slowing down the mobility of debris (Cui et al.,
2023a). Moreover, the spacing between trees can divert debris flows,
further inhibiting their movement from material and energy perspec-
tives (Booth et al., 2020). Regarding geotechnical measures, Zou and
Chen (2015) investigated the operating status of slot-check dam sys-
tems, analyzed and established an evaluation model for intercepting
debris flows via windows in slot-check dam systems and proposed a
method that allows for analyzing the regulation and self-dredging
characteristics of slot-check dams. Their results showed that the
arrangement of the slot-check dam system influenced the interception
efficacy, with a decreasing trend from upstream to downstream,
whereas the influence of the channel slope was relatively small. Based
on the properties of substance conservation and, using a comb-toothed
dam as the research subject, Sun et al. (2020) investigated the func-
tions of open-check dams in regulating debris flow sediment and
movement, particularly discharge process regulation; their work
revealed the relationship between regulation and blocking performance.
Practical applications of structural innovations in permeable check dams
were also undertaken.

Although these studies have improved the optimization of mitigation
parameters for ecological and geotechnical measures, research on
cooperation between these fields is lacking, and these two measures are
still relatively independent. To improve cooperation, Cui and Lin (2013)
proposed several integrated plant-geotechnical measures such as
terraced fields and contour farming. They found that shortening the
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slope length and reducing the slope angle through construction or
landscape changes increased the time and volume of seepage, thereby
reducing soil erosion. Therefore, leveraging the green nature of
ecological measures and the immediate effectiveness of geotechnical
measures should be fully considered to address the transitional period
issue. During this period, the protective strength of geotechnical mea-
sures gradually decreases over time, whereas the protective efficiency of
ecological measures continues to increase over extended periods. There
is a consensus that a combination of ecological and geotechnical engi-
neering can be used to comprehensively control debris flows. However,
cooperative eco-geotechnical disaster mitigation models for preventing
and controlling debris flows at different scales and frequencies remain
rare, and the mechanisms by which these fields cooperate to mitigate
disasters remain unclear (Xu et al., 2024). In particular, the mechanism
underlying the effects of changes in vegetation row spacing on debris
flow interception remains uncertain (He et al., 2023). Therefore, the
arrangement of vegetation filter strips must be investigated to optimize
debris flow sediment interception in eco-geotechnical measures (i.e., to
identify optimal stem and row spacing). This information can provide a
reasonable basis for the inclusion of ecological engineering in eco-
geotechnical projects. Moreover, cooperation within eco-geotechnical
projects with optimal debris-flow control must be explored, as the
resulting knowledge will provide a technical basis for establishing eco-
geotechnical projects.

Based on the aforementioned issues, to clearly understand the prin-
ciples and benefits of eco-geotechnical measures in disaster mitigation,
this study investigated the integration of ecological engineering and
geotechnical engineering to support sediment interception. It estab-
lished a segmented arrangement model that combines comb-toothed
dams and vegetation, and identified key indicators affecting the miti-
gation benefits of the optimal eco-geotechnical engineering configura-
tion by varying vegetation row and stem spacing in conjunction with
comb-toothed dams. Furthermore, the mechanism of disaster mitiga-
tion owing to the optimal eco-geotechnical configuration was revealed,
and the optimal eco-geotechnical configuration for debris flow inter-
ception was identified. The study addresses an existing knowledge gap
related to the optimal eco-geotechnical configuration for debris-flow
interception and provides a scientific basis and technical support
needed to ensure scientific and efficient management of debris flow
disasters.

2. Materials and Methods
2.1. Experimental design concept

Field phenomenon showed that vegetation can effectively control the
debris flow movement, significantly reducing the movement of debris
flows, especially in terms of energy reduction and material interception
of large particles (Fig. 1); shrubs can act as interceptors in small-scale
debris flows. In slightly larger-scale debris flows, shrubs can increase
surface roughness (Fig. 2), which reduces the movement of debris flows.
Most importantly, in addition to immediate interception, vegetation
substantially changes the local microclimate and enhances system
resilience.

Nature-based solutions should be based on natural resources and not
restricted to natural measures. The cooperative use of vegetation and
geotechnical engineering can address the limitations associated with a
single disaster control measure. This study conducted flume experiments
to investigate the benefits of using vegetation and geotechnical mea-
sures in different spatial combinations for preventing and controlling
debris flows. The study observed the effects (flow velocity reduction,
flow rate reduction, bulk density, etc.) of changes in tree and shrub row
and stem spacing on debris flow prevention and determined the optimal
stem and row spacing. Additionally, combinations with comb-toothed
dams were evaluated to explore the mechanism underlying the coop-
erative disaster mitigation model. Finally, the control efficacy of the
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Fig. 1. Examples of the interception ability of trees in preventing debris flows. “a”

shows the filtering effect of trees on debris flow, and the coarse particle size is left

behind; “b”, “c”, and “d” shows the state of vegetation submerged by debris flow to different degrees, indicating the interception effect of vegetation.

Fig. 2. Examples of the interception abilities of shrubs and grasses in preventing debris flows. “a” and “b” show the blocking effect of branches and stem of shrub on
large rocks in debris flow; “c” and “d” demonstrate the dampening effect of herbs on debris flows by increasing surface roughness.

combined methodology was compared with that of a single measure.
Therefore, according to the design concept, the experimental pro-
cedure in this study mainly included three steps. (1) A standalone tree-
intercepting debris flow experiment was conducted, and the levels of
interception under different row and stem spacings were compared to
determine the optimal row and stem spacings. (2) A standalone shrub-
intercepting debris flow experiment was conducted, and the intercep-
tion benefits under different row and stem spacings were compared to

determine the optimal row and stem spacings. (3) The optimal tree and
shrub row and stem spacings obtained in (1) and (2) were combined
with comb-toothed dams and arranged in segments in a simulated gully
to explore the cooperative disaster mitigation benefits of these ap-
proaches (Fig. 3). The arrangement of the comb-toothed dams was based
on Sun et al. (2020).
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Fig. 3. Experimental design diagram of the cooperative model integrating
segmented vegetation types and pile-forest dams.

Table 1
Morphological characteristics of Leucaena leucocephala.

Tree species Quantity Plant Crown Diameter at
(plants) height (m) width (m) breast height (m)
Leucaena 10.23 +
leucocephala 67 1.956 4.8 x 5.6 0.15 + 0.876

2.2. Vegetation parameter survey and scale description

The Jiangjiagou area, which is a typical debris-flow outbreak region
(http://nsl.imde.ac.cn/en/), was selected as the study area. The
composition and movement characteristics of dilute and viscous debris
flows have been investigated through in-situ observations and modelling
experiments (Song et al, 2021, 2023). In the present study,
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eco-geotechnical measures were applied to varying degrees to represent
typical applications. The morphological characteristics of the trees,
shrubs, and grasses were investigated using quadrat surveys. The di-
mensions of the quadrats were 20 x 20 m. The diameter at breast height,
plant height, and crown width of the pioneer tree species Leucaena
leucocephala were measured, as shown in Table 1. The spacing between
trees was 5-10 m.

The survey revealed that the aboveground parts of L. leucocephala in
the quadrats could be divided into two sections. The first section
included an upright trunk under a canopy. This section of the trunk was
relatively straight, with a uniform diameter from top to bottom and
without any branches. Measurements revealed that the length of the
unbranched trunk section under the canopy was approximately 4-6 m
(Fig. 4), and the second section included the canopy with numerous
branches. Based on the measurements shown in Table 1 and the length
scale of the test (1:50), the height of the tree models used in the test was
20 cm, and the diameter at breast height was 0.6 cm (Fig. 5).

The shrubs in the Jiangjiagou watershed are dominated by Coriaria
sinica, which grows in tributaries and has useful soil and water conser-
vation properties. C. sinica is also a pioneer species in terms of vegetation
recovery following collapses and landslides, and is effective in sup-
pressing gravity erosion in debris flow areas. C. sinica is tolerant of low-
nutrient environments and has a strong adaptability, rapid growth, and
high erosion resistance. As an ideal plant for the bioengineering-based
control of debris flows, C. sinica has been extensively planted in dry
and hot valleys. The shrub survey was conducted in quadrats measuring
5 m x 5 m (Fig. 6). Surface morphological characteristics such as the
base diameter, number of base branches, plant height, and crown width
were recorded. The survey results are summarized in Table 2.

Based on the results of the field survey and a test scale of 1:50, the
height of the shrub models was 4.5 cm, and the number of basal
branches was six (Table 2).

The herbaceous vegetation distributed in the Jiangjiagou Watershed
was dominated by Heteropogon contortus (Fig. 7), and the size of the
quadrat was set to 5 m x 5 m. Surface morphological characteristics
such as plant height, base diameter, and crown width were surveyed.
The results are summarized in Table 3.

This survey showed that H. contortus is tolerant to drought and low-
nutrient environments, grows rapidly, and can rapidly grow and
reproduce in nutrient-poor debris flow valleys. H. contortus has a

Fig. 4. Quadrat survey of Leucaena leucocephala (a and b) and aboveground part of Leucaena leucocephala (c and d).
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Fig. 5. Tree models used in the flume experiment, and a single tree parameter:
height is 20 cm, and the diameter is 0.6 cm.

clustered morphology. The stalks of the plants are upright and sparse at
the top and dense at the bottom, and the diameter of the base is
approximately 0.45 m; thus, the sediment interception range is wide. In
addition, the stalks of H. contortus are rigid and have a strong resistance,
and the root system of H. contortus is thoroughly developed; thus,
H. contortus has a strong sediment interception ability. Based on the
results of the field investigation at a scale of 1:50, the height of the
herbaceous plant model was 3 cm.

2.3. Flume experiment procedures

2.3.1. Tree filter strip test

In the tree filter strip experiment, the stem and row spacing of the
tree strips were modified to investigate their ability to filter debris. The
stem spacing was set to 6, 8, 10, and 12 cm in the test, at a scale of 50:1,
the corresponding actual stem spacings were 3, 4, 5, and 6 m, respec-
tively. The row spacings in the test were set to 8, 10, 12, 14, and 16 cm,
and at a scale of 50:1, the corresponding actual row spacings were 4, 5,
6, 7, and 8 m. The number of tree rows in each group was 7; according to
previous studies (Zhao et al., 2016), the staggered arrangement of plants
in a zigzag pattern more strongly improved water and sand retention
than a parallel arrangement, so the vegetation in this study was arranged
in a zigzag pattern (Fig. 8). When studying the effect of stem spacing on
the regulation of debris flows, only stem spacing was changed, whereas
row spacing remained unchanged at 16 cm. When studying the effect of
row spacing on the regulation of debris flows, only row spacing changed,
whereas the stem spacing remained unchanged at 6 cm. Eighteen groups
of tree filter strip tests were established, including 16 groups of tree filter
strip tests with different arrangement parameters and two groups of
control tests. The test settings for the 16 groups with different
arrangement parameters are listed in Table 4. The three filter strips were
arranged downstream beginning at 2.5 m from the top of the flume
(Fig. 8). The range was determined by the length of the filter strip, which
varied with row spacing.

2.3.2. Shrub filter strip test
In the shrub filter strip experiment, the stem and row spacing were
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Table 2
Morphological characteristic parameters of Coriaria sinica.
Tree Quantity Plant Crown Base Number of
species (plants) height width diameter basal
(m) (m) (cm) branches
.. 2.23 +
C. sinica 25 0.652 21 x 22 15 6

Fig. 7. Shrub models used in the flume experiment.

Table 3
Morphological characteristics of Heteropogon contortus.

Species Quantity Plant height Crown width Base diameter
(plants) (m) (m) (m)
H. contortus 20 1.68 + 1.012 1.2x1.1 0.45

altered to investigate the regulatory effects of shrub filter strips on debris
flows. The stem spacing was set to 3, 4, 5, and 6 cm in the experiments;
at a scale of 50:1, the corresponding actual stem spacings were 1.5, 2,
2.5, and 3 m, respectively. The row spacings were set to 4, 6, 8, 10, and
12 cm, and at a scale of 50:1, the corresponding actual row spacings
were 2, 3, 4, 5, and 6 m, respectively. Each group consisted of shrub rows
in each group was 7. Similar to the tree filter strip, shrub vegetation was
staggered in a zigzag pattern. When studying the effect of stem spacing
on the regulation of debris flows, only stem spacing was changed,
whereas row spacing remained unchanged at 12 cm. When studying the
effect of row spacing on the regulation of debris flows, only row spacing
changed, whereas stem spacing remained unchanged at 3 cm. Sixteen
groups were established for the shrub filter strip test (Table 5). Shrub
filter strips were also arranged 2.5 m downstream of the top of the flume
(Fig. 9). The arrangement range was determined by the length of the
filter strips, which varied with row spacing.

2.3.3. Eco-geotechnical cooperative sediment interception experimental
protocol
The optimal row and stem spacing for trees and shrubs were obtained

Fig. 6. Quadrat survey of Coriaria sinica within the scope of 5 m x 5 m, and measure and record the base diameter, number of base branches, plant height, and

crown width.
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Fig. 8. Layout of the tree filter strips in the flume experiment. Cameras are
used to record the process of debris flow movement; mud level gauges are used
to record the tracks of debris flow when it goes through different measures.

(see Sections 2.1 and 2.2), and the disaster mitigation benefits under
different models were further studied by comparing different combi-
nations of trees, shrubs, and dams. It is worthy of being pointed out there
are two design principles: one is the spacing can allow vegetation to
grow in an unrestricted space; the other is vegetation can effectively
control debris flow movement. Meanwhile, debris flow, passed through
the dams to vegetation filter strip, are weaken. According to the field
investigation, the spacing range finally was determined. The ecological
model included seven different combinations, namely tree-shrub-grass,
tree-shrub, tree-grass, shrub-grass, tree, shrub, and grass; seven combi-
nations of comb-toothed dams were also utilized, namely dam-tree-
shrub-grass, dam-tree-shrub, dam-tree-grass, dam-shrub-grass, dam-
tree, dam-shrub, and dam-grass. According to existing knowledge on
energy reduction and material interception, the impact force of debris
flows subjected to upstream control measures is greater than that of
debris flows subjected to downstream control measures. Therefore, up-
stream measures should have a greater stiffness than downstream
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measures to withstand the impact of debris flows, thus reducing debris
flow intensity. Therefore, the comb-toothed dam was arranged 1.5 m
from the top of the flume, and vegetation filter strips were arranged 2 m
from the top of the flume, with a fixed length of 1.5 m (Fig. 10).

2.4. Experimental setup and equipment

We conducted experiments at the Dongchuan Debris Flow Observa-
tion and Research Station (DDFORS) of the Chinese Academy of Sci-
ences. As shown in Fig. 11, the test equipment included a hopper (0.6 m
x 0.6 m x 0.7 m), a generalized flume (4 m x 0.4 m x 0.4 m, longi-
tudinal gradient: 0-15°), a comb-toothed dam (width: 0.4 m, height: 0.2
m, comb tooth spacing: 2.5 cm, comb tooth width: 2 cm), tree models
(height: 20 cm, diameter at breast height: 0.5 cm), shrub models (height:
5 cm, base diameter: 0.3 cm, basal branches: 6), herb models (height: 3
cm), black plastic bottom plates, and buckets for collecting tailings. The
ratio of the tree, shrub, herb, and comb-toothed dam models was 1:50.

Mud level gauge

(Laser sensors) Camera
Mud level gauge
(Laser sensors) Camera P

Shrub filter strips

Camera

Ay .

Camera

Fig. 9. Layout of shrub filter strips in the flume experiment. Cameras are used
to record the process of debris flow movement; mud level gauges are used to
record the tracks of debris flow when it goes through different measures.

Table 4
Layout parameters of the tree filter strips used in the flume experiment.
No. 1 2 3 4 5 6 7 8
Stem spacing (cm) 6 6 8 8 10 10 12 12
Row spacing (cm) 16 16 16 16 16 16 16 16
Number of rows 7 7 7 7 7 7 7 7
Bulk density (t/m%) 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
Planting density (plants/m?) 0.042 0.042 0.031 0.031 0.025 0.025 0.021 0.021
Tree filter length (m) 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96
No. 9 10 11 12 13 14 15 16
Stem spacing (cm) 6 6 6 6 6 6 6 6
Row spacing (cm) 8 8 10 10 12 12 14 14
Number of rows 7 7 7 7 7 7 7 7
Bulk density (t/m%) 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
Planting density (plants/m?) 0.083 0.083 0.067 0.067 0.056 0.056 0.048 0.048
Tree filter length (m) 0.48 0.48 0.6 0.6 0.72 0.72 0.84 0.84
Table 5
Layout parameters of shrub filter strips in the flume experiment.
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
Number of rows 7 7 7 7 7 7 7 7
Bulk density (t/m%) 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
Planting density (plants/m?) 0.111 0.111 0.083 0.083 0.067 0.067 0.056 0.056
shrub filter length (m) 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72
No. 9 10 11 12 13 14 15 16
Stem spacing (cm) 3 3 3 3 3 3 3 3
Row spacing (cm) 4 4 6 6 8 8 10 10
Number of rows 7 7 7 7 7 7 7 7
Bulk density (t/m%) 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
Planting density (plants/m?) 0.333 0.333 0.222 0.222 0.167 0.167 0.133 0.133
Shrub filter length (m) 0.24 0.24 0.36 0.36 0.48 0.48 0.6 0.6
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Fig. 10. Layout of eco-geotechnical engineering in the flume experiment. The
order of placement of measures are Comb-tooted dam, trees, shrubs, and grass.
Cameras are used to record the process of debris flow movement; mud level
gauges are used to record the tracks of debris flow when it goes through
different measures.

During the test, Sony HDR-CX610E cameras were set up on the front,
side, and top of the flume to record the entire test process, and a mud-
level gauge was set up downstream of the flume to record changes in
the mud level resulting from the debris flow.

We maintained geometric similarity with a contraction ratio of n =
50 (where n represents the ratio of the actual geometric size to the
experimental size), ensuring consistency in length scale. To characterize
the balance between inertial and gravitational forces in the flowing
materials, we employed the dimensionless Froude number (Fr), thereby
establishing dynamically similar conditions to real-world debris flows.
According to previous studies (Heller, 2011; Lobovsky et al., 2014), the
Fr values of natural debris flows are generally below 5.0. In this study,
the incoming debris flow exhibited Fr values ranging from 2.5 to 3.2,
which falls within the typical range observed in field events (Kwan et al.,
2015; Mcardell et al., 2007). This suggests that the experimental con-
ditions are representative of natural debris flow dynamics.2.5 Data
acquisition and calculation at the end of each group of tests, the relevant
data were measured, and some data were obtained through a later
interpretation of the test videos.

2.5. Data acquisition and calculation

At the end of each group of tests, the relevant data were measured,
and some data were obtained through a later interpretation of the test
videos. The measured parameters and methods used in this experiment
are detailed in the following sections.

Ecological Engineering 216 (2025) 107621

2.5.1. Bulk density and volume of debris flow tailings

The experimental material is the reconstructed debris flow, consisting
of debris flow deposits from the Jiangjiagou Gully that passed through a 2
cm sieve, and then were mixed with water to form viscous and dilute
debris flows with bulk densities of 2.0 and 1.5 g/cm3 (Tables 4, 5, & 6),
respectively. It is worthy of being pointed out viscous debris flows are
characterized by a high clay content, with solid materials comprising
40-60 %—and in some cases up to 80 %—resulting in a bulk density
exceeding 1.8 g/cm®. In contrast, dilute debris flows consist primarily of
water with only a small proportion of clay, where solid materials make up
10-40 %. These flows exhibit significant dispersion and have a lower bulk
density, ranging from 1.5 to 1.8 g/ecm® (Pudasaini and Mergili, 2019;
Tjalling et al., 2015). At the end of the experiment, the debris flow tailings
in the collection bucket were weighed and expressed as mj, and the bucket
mass was recorded as my. A steel ruler was used to measure the mud depth
(H) of the debris flow in the bucket, and the volume (V) of the debris flow
in the bucket was calculated based on the relationship between the mud
depth and volume of liquid in the bucket. Then, the specific weight of the
debris flow tailings was calculated as follows:

mp; —my
p=—y @
2.5.2. Mud depth H of the debris flow

The mud depths (H) before and after the filter strips were directly
measured using a laser mud-level gauge installed above the flume.

2.5.3. Debris flow velocity

A camera was used to capture images of the debris-flow process, and
through subsequent video interpretation, the travel distance (s) of a
buoy over time (t) was obtained using the conventional buoy measure-
ment method. The debris-flow velocity (v) was obtained using Eq. (3.2).

s
V= l_t# (2

2.5.4. Flow rate Q

Based on the interpreted debris flow velocity (v) and mud depth (h)
measured by the mud-level gauge, the flow rate was calculated by Eq.
(3.3).

Q=04 xvxh# 3
where 0.4 is the width of the flume (m).

2.5.5. Amount of sediment retention mg and sediment retention rate P
At the end of the test, the debris flow tailings were collected, air-
dried, and weighed to obtain the weight of the sediment being flushed

_Camer;

L 1)\

Fig. 11. Experimental layout and measuring instrument installation diagram. a: comb-toothed dam, b: trees, c: shrubs, d: grasses.
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Table 6
Parameters of eco-geotechnical engineering test.
No. 1 2 3 4 5 6 7 8
Pattern Tree-shrub- Tree-shrub- Tree-shrub-grass-  Tree-shrub-grass-  Tree- Tree- Tree-shrub-dam Tree-shrub-dam
grass grass dam dam shrub shrub
Bulk‘ 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
density
No. 9 10 11 12 13 14 15 16
Shrub- Shrub-

Pattern Tree-grass Tree-grass Tree-grass-dam Tree-grass-dam grrauss grr;ss Shrub-grass-dam Shrub-grass-dam
Bulk' 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
density
No. 17 18 19 20 21 22 23 24

Pattern Tree Tree Tree-dam Tree-dam Shrub Shrub Shrub-dam Shrub dam
Bulk 15 2.0 15 2.0 15 2.0 15 2.0
density
No. 25 26 27 28 29 30 31 32

None of measures (control None of measures (control

Pattern Grass Grass Grass-dam Grass-dam Dam Dam

group) group)
BUlk. 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0
density
No. 1 2 3 4 5 6 7 8

Pattern Tree-shrub- Tree-shrub- Tree-shrub-grass-  Tree-shrub-grass- Tree- Tree- Tree-shrub-dam Tree-shrub-dam

grass grass dam dam shrub shrub

100% |

80%

60%

40%

20%

Cumulative percentage of content

0% | | | |
100 10 1 0.1 0.01
Particle size (mm)

0.001

Fig. 12. Grading curve of original materials obtained by Malvern (United
Kingdom) MS2000 laser particle size analyzer (He et al., 2023).

out, my,. The weight of the sediment flowing into the tank is mg; thus, the
sand retention amount was calculated as follows:

Mg = Mg — msu# (4)
The sand retention rate was determined as follows:

_ M

P, =1 # %)

si

2.5.6. Particle size characteristics of flushed debris flow sediments

A vibrating sieve and laser particle size analyzer were used to
conduct a particle size test, and a particle size grading curve was plotted
to obtain the particle size characteristics of the debris flow samples. The
vibrating sieve was mainly used to test the particle size distribution of
the particles larger than 0.25 mm in the sample. The sieves were 20, 10,
5, 2,1, 0.5, and 0.25 mm in size; the shaking time was set to approxi-
mately 10 min, and weighing was performed after the shaking stopped.
The particles that were smaller than 0.25 mm and remained in the sieve
tray were measured using a Malvern (United Kingdom) MS2000 laser
particle size analyzer (Fig. 12).

2.6. Derivation of flow velocity reduction formulas for the tree and shrub
filter strips

The flow velocity reduction formula for a shrub filter strip was first

Fig. 13. Process by which a tree filter strip blocks a debris flow. The stem
spacing is Dy, the row spacing is D), the number of rows is N, and the length of
the filter strip is L = (n-1)* D,. The width of the gully channel is B. Due to the
staggered planting of trees in the filter strip, the number of trees in each row is
[B/ D,] (rounded) or [B/ D,] + 1, and the slope of the gully bed is 6.

derived by He et al. (2023), and this formula was utilized for a tree filter
strip in the present study. Based on the test data obtained, the flow ve-
locity reduction formula for a tree filter strip that considered influencing
factors such as vegetation surface morphological characteristics, vege-
tation filter strip arrangement parameters (stem spacing, row spacing,
and number of rows), and debris properties (specific weight, flow ve-
locity, and mud depth) was established.

Fig. 13 shows a schematic diagram of the process by which a tree
filter strip blocks a debris flow. The 0-0 horizontal plane was used as the
datum. The upstream cross-section a-a and downstream cross section b-b
of the three filter strips were taken. 1) Before the filter strip, the flow
velocity is vq, the elevation is z4, the mud depth is h,, the specific weight
is y4, and the pressure is pg; 2) after the filter strip, the flow velocity is v,
the elevation is zp, the mud depth is hp, the specific weight is y;, and the
pressure is pp.

The debris flow is assumed to be a constant fluid; that is, time is used
as the standard and the flow parameters (velocity, pressure, density,
etc.) at spatial points do not vary with time. The vertical and lateral
distributions of the flow velocity were not considered, and h¢ represents
the head or energy loss of the debris flow. Based on the Bernoulli
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equation, the following equations were obtained:

2L x (VB* + Q)
= /v ing———~ -\~ ¥ (6)
Vb \/ v, +2g8 {Lsme 40Bg #
L=(N-1)Dy# 7
>
4Cp > A
1 8nlg bk
= =< 8
A a-f R T /2 # (€))
M
f B 1:21 Tvi# (9)
YTOAL
A (B—md)h
R7§72h(m+1)+B—md# (10)
B
m= {D—X] + 14 a1
B N
M=N [D—J +§# 12)
N is an even number, and B/Dy is not an integer.
B N
M_N<{D—x]—1>+§# 13)
N is an even number, and B/Dy is an integer.
B N+1
M=N [D—J +T# a4
N is an odd number, and B/D,is not an integer.
B N+1
M7N<[D—J—1>+?# 15)

N is an odd number, andB/Dyis not an integer.

where: v, is the flow velocity before the filter strip, vy is the flow
velocity after the filter strip, Dy is the stem spacing, Dy is the row
spacing, N is the number of rows, L is the length of the filter strip, B is the
width of the valley, 6 is the slope of the gully bed, A is the friction co-
efficient, v is the average flow velocity (v = (v, + vp)/2), Q is the flow
rate, f is the submerged volume ratio of the tree filter strip in the debris
flow, ng is the Manning roughness coefficient of the nonfiltered zone (i.
e., the original gully bed roughness), R is the hydraulic radius, Cp is the
flow resistance coefficient around the vegetation, which is generally
related to the shape of the vegetation and the Reynolds number of the
debris flow R, A; is the projected area of a row of trees on the cross-
section orthogonal to the flow direction, y is the wetted perimeter, A
is the flow area, Ty; is the submerged volume of each tree in the debris
flow and is related to the plant species and surface morphological
characteristics, M is the total number of plants in the filter strip, m is the
number of trees in each row, d is the diameter of the trunks of the trees,
and h is the depth to which the trees were submerged in mud.

3. Results
3.1. Optimal tree-shrub arrangement parameters

Fig. 14 and Fig. 15 show the effects of different stem and row spacing
combinations for trees and shrubs on debris flow reduction. For different
stem and row spacing combinations of trees, the sediment interception
rate, flow-velocity reduction rate, flow-rate reduction rate, and bulk-
density reduction rate of dilute debris flow were 12.20-26.20 %,
6.70-26.20 %, 0.49-15.04 %, 2.30-7.20 %, respectively. The sediment
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interception rate, flow-velocity reduction rate, flow-rate reduction rate,
and bulk-density reduction rate of viscous debris flow were
39.70-62.20 %, 11.30-39.90 %, 4.59-34.18 %, and 0.10-3.20 %,
respectively. Comparisons revealed that a stem spacing of 6 cm and row
spacing of 8 cm facilitated the greatest reductions.

For different stem and row spacing combinations of shrubs, the
sediment interception rate, flow-velocity reduction rate, flow-rate
reduction rate, and bulk-density reduction rate of dilute debris flow
were 27.40-70.70 %, 18.00-44.90 %, 18.52-46.83 %, and 8.00-27.60
%, respectively. The sediment interception rate, flow-velocity reduction
rate, flow-rate reduction rate, and bulk-density reduction rate of dilute
debris flow of viscous debris flow were 39.00-66.30 %, 15.70-34.20 %,
23.29-47.35 %, and 0.50-5.30 %, respectively. Comparisons revealed
that the combination of a stem spacing of 3 cm and row spacing of 4 cm
facilitated the greatest reductions. The optimal stem and row spacing of
trees and shrubs were used as vegetation arrangement parameters for
subsequent eco-geotechnical cooperative disaster mitigation tests, and
the debris flow-interception rate captured using vegetation and comb-
toothed dams was further investigated.

3.2. Reduction effects on dilute debris flows

Fig. 16 shows the reduction intensities of different combined models
on the movement of dilute debris flows. Overall, the disaster mitigation
indicators of flow velocity reduction, flow rate reduction, and sediment
interception were most marked. However, the reduction in each indicator
varied among the combined models. Under the vegetation models, the
reduction rates on the debris flow velocity (referring to the difference in
flow velocity before and after the vegetation filter strip) from large to small
were as follows: shrub-grass (69.21 %), tree-shrub (61.52 %), grass (56.94
%), shrub (51.53 %), tree-grass (43.11 %), tree-shrub (38.52 %), and trees
(13.11 %). The addition of the comb-toothed dam did not alter the flow
velocity reduction observed for the vegetation models, but the reduction
rate following the addition of the comb-toothed dam increased to varying
degrees compared with that under the vegetation models, in the following
order: shrub-grass-dam (70.81 %), tree-shrub-dam (67.72 %), grass-dam
(59.22 %), shrub-dam (53.76 %), tree-grass-dam (45.44 %), tree-shrub-
dam (41.51 %), and tree-dam (15.42 %).

The ranking of the vegetation models from highest to lowest in terms
of debris flow rate reduction was the same as that of the flow rate
reduction. Except for the tree model (with a reduction rate of only 8.13
%), the other combined models exhibited relatively high flow rate
reduction rates, with that of the shrub-grass model reaching 71.04 %.
When combined with a comb-toothed dam, the flow rate reduction rate
increased to varying degrees, with that of the shrub-grass-dam model
being the highest at 74.21 %, and that of the tree-dam model
approaching 10 %.

Among the vegetation models, sediment interception was highest for
the shrub-grass model (74.83 %) and lowest for the tree model (24.91
%). When combined with a comb-toothed dam, the interception rates
increased to varying degrees, with that of the shrub-grass-dam model
being the highest (77.64 %) and that of the tree-dam model being the
lowest (35.62 %). Although the sediment retention rates of the com-
bined models mostly followed the same ranking as that of the flow ve-
locity and flow rate reductions, the efficacy of the tree-shrub (dam)
model was superior to that of the tree-grass (dam) model.

Although both the vegetation and cooperative models (those that
combined vegetation and comb-toothed dams) had considerable effects
on the velocity, flow rate, and sediment interception, the reduction in
the specific weight of the dilute debris flow was not substantial. Among
the vegetation models, the shrub-grass model exhibited the strongest
reduction (26.33 %), whereas the tree model exhibited the weakest
reduction (4.14 %). The incorporation of comb-toothed dams led to
increased efficacies, with the reduction rate of the shrub-grass-dam
model increasing to 27.42 % and that of the tree-dam model
increasing to 8.58 %.
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Fig. 14. Reduction efficacies of different stem and row spacing combinations of trees on dilute debris flows. a: sediment interception, b: flow velocity interception, c:

flow rate reduction, and d: bulk density reduction.

3.3. Reduction effects on viscous debris flows

Fig. 17 shows the reduction rates of the different models with
different combinations of approaches for the movement of viscous
debris flows. Overall, the reduction rate of the vegetation-geotechnical
cooperative models on debris flows was greater than that of the vege-
tation models, and the reductions in flow velocity, flow rate, and sedi-
ment interception were marked; however, there were differences among
the models. Among the vegetation models, the tree-shrub model had the
greatest reduction on flow velocity (48.92 %), whereas the grass model
had the smallest reduction (8.71 %). However, after integrating the
comb-toothed dams, the reduction rate of the tree-shrub-dam model was
the highest (65.23 %) and the reduction rate of the grass dam was the
lowest (31.54 %). The reduction in flow velocity was significantly
greater in the eco-geotechnical measures, and the reduction intensity of
the grass-dam model increased by 2.62 times.

Among the vegetation models, the tree-shrub model had the greatest
reduction (64.82 %) on viscous debris flow rates, and the grass model
had the weakest reduction at 16.01 %. The effects of the combination
models in terms of reduction were as follows: tree-shrub > tree-shrub-
grass > tree-grass > tree > shrub > shrub-grass > grass. However,
after integrating the comb-toothed dams into the models, the flow rate
decreased by varying degrees. The tree-shrub-dam model had the
greatest flow rate reduction (81.82 %), and the disaster mitigation rate
increased by 26.23 % compared to that of the pure vegetation model.
The grass-dam model had the smallest reduction rate (37.03 %), and the
disaster mitigation rate increased by 131.29 %.

In the vegetation models, sediment interception was ranked as

10

follows (in descending order): tree-shrub > tree-shrub-grass > shrub >
shrub-grass > tree-grass > grass > trees. The maximum and minimum
interception rate were 68.83 and 28.87 %, respectively. After inte-
grating the comb-toothed dams, the maximum interception rate of the
tree-shrub-dam model reached 92.41 %, which comprised an increase of
34.26 %, and the tree-dam model had the lowest interception rate of
37.52 %.

4. Discussion

4.1. Validation of the formula for flow velocity reduction after traversing
the tree filter strip

The flow velocity reduction equation for the tree filter strip is as
follows:
Vi
P=1-2# 16)
Va
Substituting Egs. (6) into (16) gives the following.
The flow velocity reduction equation for a dilute debris flow is as
follows:

VAL x (vB? + Q)
4QBg

2
P=1- 1‘5078\/1 +29
V;

a

0.3699
+ #

{Lsin& —
Va
17)

The flow velocity reduction equation for a viscous debris flow is as
follows:
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Fig. 15. Reduction efficacies of different stem and row spacing combinations of shrubs on viscous debris flow movement. a: sediment interception, b: flow velocity
interception, c: flow rate reduction, and d: bulk density reduction.

N is an odd number, and B/Dj is not an integer.

2 WAL B? 2
P —1- 1.0287\/1 +V—2Q [Lsine ad X48'B Q7,0 v44# 18) 5 N
a g a M:N([H]fl)Jr%# @7
L= (N-1)D 19
( Do as N is an odd number, and B/D, is not an integer.
1 82y 4CHsN A, where P, is the flow velocity reduction rate, v, is the flow velocity

# (20) before the filter strip, v is the flow velocity after the filter strip, Dy is the

1

1-£) R3 AL stem spacing, Dy is the row spacing, N is the number of rows, L is the
length of the filter strip, B is the width of the valley, 6 is the slope of the
f: T, gully bed, 4 is the friction coefficient, v is the average flow velocity (v =
f, - i=1 4 (C2Y) Vq + V), Q is the flow rate, and f, is the submerged volume ratio of the
AL trees in the debris flow, ny is the Manning roughness coefficient of the
A (B—md)h nonfiltered zone (i.e., the original gully bed roughness), R is the hy-
R=—=—— (22) draulic radius, Cp is the flow resistance coefficient around the vegeta-

¥ 2h(m+1)+B-md

tion, which is generally related to the shape of the vegetation and the
B Reynolds number of the debris flow R,, A; is the projected cross-sectional
m= {5} +1# (23) area of a row of trees orthogonal to the flow direction, y is the wetted

x perimeter, A is the flow area, Ty; is the submerged volume of each tree in
the debris flow and is related to the plant species and surface morpho-

M=N {DE} + %I# @4 logical characteristics, M is the total number of plants in the filter strip,
* m is the number of trees in each row, d is the diameter of the trunks of
N is an even number, and B/D, is not an integer. the trees, and h is the submerged mud depth of the trees.
B N The flow velocity reduction Egs. (17) and (18) for dilute and viscous
M=N ( {[T} -1 ) + 5# (25) debris flows, respectively, were verified, and the results are as follows.
X The points in the scatterplot (Fig. 18) are distributed close to a
N is an even number, and B/D, is an integer. straight line (y = x), indicating that the calculated values obtained using
the flow velocity reduction Egs. (17) and (18) for the dilute and viscous
B N+1 . . .
M=N {D—J + ?# (26) debris flows, respectively, were equal to the values measured in the

experiment. This result demonstrates that utilizing these two equations
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Fig. 16. Reduction in the movement of dilute debris flows using different
combined models.
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Fig. 17. Reduction rates on the movement of viscous debris flows using
different combined models.

with the tree filter strips is an objective and reliable approach that can be
applied in future projects.

The flow velocity equation used after the tree filter strip considers
the vegetation arrangement (stem spacing, row spacing, number of
rows, and so on), morphological characteristics of the vegetation, slope
of the gully bed, debris flow characteristics (flow velocity and flow rate),
and other influencing factors. When the debris flow characteristics, gully
bed slope, and vegetation form are known, the flow velocity equation
after the tree filter strip can be used to calculate the flow velocity after

12
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the filter strip v, under different arrangements. Since the tree filter strip
has a limited reduction on the specific weight of debris flows for both
viscous and dilute debris flows, y, = yp; therefore, y, and y;, cancel each
other out in the formula, and the final formula for the flow velocity after
the tree filter strip does not include the term y, the specific weight of the
debris flow. However, even if the specific weight of the debris flow y is
not included, the effect of the specific weight of the debris flow on the
flow velocity after the tree filter strip, vp, remains. When debris flows
with different specific weights pass through the filter strip, the flow
velocity before the strip v4, mud depth h, and hydraulic radius R in the
strip may differ. As a result, the specific weight of the debris flow affects
the flow velocity after the strip vp. To assess the flow velocity before strip
Vg, further studies of the specific functional relationships between the
specific weight of the debris flow, the mud depth h, and the hydraulic
radius (R) are needed.

4.2. Comparison of the optimized eco-geotechnical measures (for dilute
and viscous flows)

The principles of eco-geotechnical cooperative disaster mitigation
aim for a low-input economy, a long-term mitigation efficacy, envi-
ronmental friendliness, and a convenient application. Cooperative
disaster mitigation is characterized by a division of labor in terms of
function and complementary approaches over time. Specifically, up-
stream geotechnical engineering (comb-toothed dams) is functionally
used to intercept boulders and glacial erratics and reduce the flow en-
ergy and destructive power of debris flows. By comparison, downstream
vegetation filter strips are used to intercept debris, gravel, and sand;
thus, sediment interception is accomplished using layers of filtration.
Temporally, the implementation of geotechnical engineering projects in
upstream areas provides immediate interception and protection as well
as time for the growth of vegetation downstream, thus creating an ad-
vantageous environment for plant growth. After 5-10 years, vegetation
grows and performs its functions such as intercepting debris flows,
retaining water in the root system, and fixing soil. These functions
improve the local microclimate and conditions for the initiation of
debris flows, intercept debris flows when they are initiated, and lessen
the pressure on geotechnical engineering for disaster mitigation. These
two measures complement each other and ultimately achieve effective
disaster mitigation.

This study focuses on the immediate interception rates of various
combinations of these two measures and their resulting effects on
disaster mitigation. According to the experimental results, the inter-
ception rates of the different models varied for different types of debris
flows (dilute and viscous). For dilute debris flows, the shrub-grass (dam)
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Fig. 18. Comparison of the calculated and measured values of the velocity
reduction rate.
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model had the strongest interception performance, and for viscous
debris flows, the tree-shrub (dam) model was the most effective
(Fig. 19). This difference mainly occurred due to variances in the energy
reduction and material interception of viscous and dilute debris flows by
the comb-toothed dam. As viscous debris flows have a high proportion of
solid matter and a high fluid cohesion, they often move as a whole.
Therefore, the comb-toothed dam had a pronounced interception rate
for debris flows. Moreover, when a viscous debris flow passed through a
dam gap, the internal drag force of the fluid hindered the movement of
the viscous debris flow due to its integrity. The material and kinetic
energy of the viscous debris flow passing through the first gradient of the
comb-toothed dam were reduced. When the debris flow reached the
vegetation, the stiffness of the trees allowed them to function similarly
to a comb-tooth dam. In addition, shrubs increased the roughness of the
surface, causing the tree-shrub (dam) model to have a higher perfor-
mance than the other cooperative models for intercepting viscous debris
flows. The proportion of solid matter in the dilute debris flows was
relatively low. In dilute debris flows, water and rocks move separately.
Therefore, comb-toothed dams mainly block coarse materials while
allowing fine materials to pass through. When the debris flow reached
the vegetation, the stem and row spacings of the shrubs were suitable for
intercepting solid materials. Even when the flow rate increased, the
increase in surface roughness substantially affected the movement of the
dilute debris flow. Although trees are stiff and can block large materials,
their spacing affects their interactions with these materials, and the
overall interception efficacy is weaker than that caused by roughness.
Therefore, the shrub-grass (dam) model was optimal for dilute debris
flows.

4.3. A comparison with other related cooperative models

Debris flow prevention and control are fundamental and ongoing
endeavors. Previous researchers have explored various measures,
evolving from simplistic interception methods in traditional geotech-
nical engineering to current strategies that incorporate both interception
and diversion measures. Specific measures have transitioned from solid
gravity dams to parameter optimization and performance studies of
permeable sediment trapping dams. The comb-toothed dam used in this
study is inspired by the research findings of Sun et al. (2020) and others
(Wang et al., 2020), reflecting the economic and practical aspects of
disaster reduction. However, relying solely on geotechnical measures
represents a passive approach to disaster reduction. The development of
the concept of nature-based solutions has increased the emphasis on
ecologically friendly, collaborative disaster-reduction methods, partic-
ularly eco-geotechnical collaborative measures. These measures not

Tree

Viscous_Flow reduction rate (%)
® Viscous_Sediment interception rate (%)

Tree-Grass
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only achieve immediate interception of debris flows (passive disaster
reduction), but also utilize vegetation to improve local site conditions
through soil and water conservation (active disaster reduction), thereby
achieving long-term effectiveness in debris flow prevention and control.

Although research on the collaborative disaster reduction mode and
mechanism of eco-geotechnical cooperation is still in its infancy, several
models have emerged. Ding et al. (2024) evaluated the collaborative
mechanism between roots and piles for slope protection, but this model
is applicable to the slope body rather than the valley-type debris flows,
as proposed in this study. To prevent and control debris flows in the
channel, Cui et al. (2023b) proposed an embedded collaborative model
of check dams and vegetation, similar to the collaborative model pro-
posed in this study (Fig. 20). This design focuses on interception and
diversion to provide timely and immediate disaster prevention, while
allowing space and time for vegetation to grow. As vegetation matures,
it reduces damage to geotechnical measures, thereby consolidating the
role of water retention and soil stabilization. However, Cui's model uses
only shrubs and herbaceous plants. Compared with the segmented trees-
shrubs-grasses model proposed in this study, its interception effect on
debris flows is relatively small, and it is not conducive to the formation
of ecological communities. Notably, this embedded cooperative model
mainly aims to reduce the scouring and erosion of the dam body by
perennial or hyper-concentration flow. Although researchers have also
established formulas for calculating flow velocity under the influence of
vegetation coverage, roughness, flow rate, and slope, the vegetation
coverage considered in these formulas is primarily herbaceous.

Lyu et al. (2022) further considered the vegetation coverage of trees-
shrubs-grasses and established an eco-geotechnical collaborative energy
dissipation calculation model. However, their consideration of vegeta-
tion coverage remains relatively general, lacking specific parameters for
the arrangement of vegetation rows and stem spacing, which limits

Fig. 20. An embedded collaborative model of check dams and vegetation.
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Fig. 19. Comparison of mitigation efficacies among all combination patterns.
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Geotechnical measures

Debris flow
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Fig. 21. A new cooperative model incorporating interception and drainage.

practical application. This study addresses that gap by establishing
precise row and stem spacing parameters for vegetation. However, the
derivation of the energy reduction relationship has not been covered.
Subsequent to this study, the effects of different combination modes
with different vegetation row and stem spacing on energy dissipation
will be explored. Indeed, the current research on eco-geotechnical
collaborative models and mechanisms must consider more disaster
scenarios and factors involved and conduct deeper investigations into
specific disaster mitigation benefits (sediment interception and energy
reduction).

4.4. Limitations and future prospects

Geotechnical and ecological engineering measures influence disaster
prevention to a certain extent; however, there are several problems with
these approaches. Geotechnical engineering measures require a large
amount of construction, are expensive, and have a considerable impact
on the environment. The primary engineering materials used, such as
steel and concrete, are incompatible with the natural environment. The
prevention and control abilities of ecological engineering measures are
limited, and a long period is required for vegetation to mature and in-
fluence soil and water conservation. Models that combine geotechnical
and ecological engineering measures provide more comprehensive
control. In this study, a whole-area segmented planting scheme was
used. Although this approach is beneficial for preventing the occurrence
of debris flows to a certain extent and has a better interception rate for
low-frequency and small-scale debris flows, it is prone to causing the
accumulation of debris flows in the future, posing greater potential
harm. Moreover, the site conditions and species of trees, shrubs, and
herbs used in segmented planting are prone to burial by large-scale
debris flows, thus reducing control and limiting the application range
of the proposed technology. Moreover, individually planted trees,
shrubs, and herbaceous strips are not conducive to the formation of
plant communities with a variety of vegetation types, leading to poor
ecological restoration and reducing the overall ability of the vegetation
to contribute to disaster prevention.

In future research, the design of eco-geotechnical measures should
further consider the extent to which vegetation filter strips contribute to
ecological restoration and the prevention of debris flows, as such mea-
sures can effectively block flows and reduce the potential for damage. To
address the shortcomings of existing technologies, future eco-
geotechnical measures should adhere to a cooperative engineering
structure that considers both the containment of debris flows and the
restoration of the ecological environment (Fig. 21). Furthermore, the
staggered arrangement of vegetation should be used to create an “S”-
shaped channel between structures. This newly proposed cooperative
model ensures the smooth outflow of some of the debris flow; addi-
tionally, this pattern prevents the emergence of new threats from
blockages formed by the siltation of the debris flow in the upstream and
middle sections because the block is complete and strong. When there is
a bend in a channel, debris flows can reach large heights, causing some
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of their kinetic energy of the debris flow to be converted into potential
energy. In such instances, some of the kinetic energy is converted into
internal energy and consumed because the incoming debris flow is
affected by the convex bank of the bend, which causes the flows to
collide. The concave and convex banks of bends in areas with vegetation
decelerate debris flows.

5. Conclusions

Ecological and geotechnical engineering are two important measures
for preventing debris flow disasters. Combining ecological and
geotechnical engineering to control debris flow disasters is an important
direction for multidisciplinary development in the field of debris flow
prevention and is a manifestation of the concept of nature-based solu-
tions for disaster prevention and control. In this study, vegetation filter
strips composed of trees, shrubs, and grasses were used as ecological
engineering measures and a comb-toothed dam was used as a geotech-
nical engineering measure. The effects of different arrangements (stem
spacing and row spacing) of vegetation filter strips on debris-flow
movement were investigated through field investigations and indoor
flume simulation tests, and the effects of different combinations of these
strips and comb-toothed dams on debris flow interception rates were
analyzed. An optimized eco-geotechnical model consisting of a vegeta-
tion filter strip and a comb-toothed dam was constructed. And the
sediment retention rate can reach up to 92 %, and energy reduction can
reach up to 42 %. The relationships among the debris flow velocity, flow
rate reduction, vegetation arrangement parameters (stem and row
spacing), morphological characteristics of vegetation, slope, and
roughness were determined to provide a scientific basis for analyzing the
interception and movement characteristics of the combined models.
This research represents a preliminary exploration of eco-geotechnical
measures that currently help impede the movement of low-frequency
and small-scale debris flows. Moreover, our study promotes the opti-
mization and construction of local ecological environments to an extent.
However, the prevention and control of high-frequency and large-scale
debris flows are complex, therefore, additional combination models
should be developed in future research.
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