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Regulating effect of wooded channels on debris 
flows

Abstract  The channel forest is believed to possess the capabil-
ity to regulate debris flow; however, its sediment trapping effect 
remains unclear. This study investigates the influence of tree trunk 
volume fraction (the proportion of trunk cross-sectional area to 
the woodland area and ranging from 0.9 × 10−3 to 88.6 × 10−3) on 
the deposition patterns and impact force of debris flow through a 
series of physical experiments. Upon entering the wooded channel, 
the velocity of the debris flow declined while the flow depth raised, 
eventually reaching a state of equilibrium in the new resistance 
environment. Simultaneously, a significant volume of sediment 
was trapped within the wooded channel. The deposition height 
decreased gradually from upstream to downstream, leading to an 
increase in bed slope within the forested area. The peak impact 
force attenuation rate ranged from 15.8 to 79.0%, while the sedi-
ment retention rate varied from 3.0 to 31.7%. Notably, peak impact 
force attenuation rate showed the strongest correlation with the 
relative opening, whereas the sediment retention rate exhibited the 
strongest relationship with the initial resistance energy slope of 
forest. It was observed that viscous debris flows exhibited a slightly 
lower peak impact force attenuation rate than diluted debris flows, 
whereas the opposite was true for the sediment retention rate. The 
bed slope increment caused by sediment deposition in wooded 
channel ranged from 0.002 to 0.089 and demonstrated a propor-
tional relationship with the initial resistance energy slope of woods. 
Specifically, for viscous debris flows, the proportional coefficient 
was 2.3%, and for diluted debris flows, it was 3.4%. This study also 
introduces novel calculation methods for calculating the deposi-
tion slope and estimating potential sediment retained volume in 
wooded channels.

Keywords  Debris flow · Wooded channels · Sediment trapping · 
Deposition slope · Impact force

Notations
AF	� The attenuation rate of peak impact force
AS	� The sediment retention rate
B	� The channel width of channel bed
Cd	� The woods drag coefficient
Cf	� The bed drag coefficient
Cv	� The sediment concentration of debris flow
d	� The tree trunk diameter
dmax	� The maximum particle size in a debris flow
E(y)	� The expectation of the deposition position
F0	� The peak impact force on trunk located at array IV 

before the installation of model woods

F1	� The peak impact force on trunk located at array IV 
after the installation of model woods

Fr	� The Froude number
g	� The gravitational acceleration
h	� The depth of debris flow
h0	� The initial depth of debris flow
Hdep	� The sedimentation height
Hmax	� The maximum deposition height
k	� The proportional coefficient between ΔSbed and ΔSe
l	� The tree spacing
L	� The distance between the measured point and the 

downstream edge of wooded channel
Ldep,max	� The distance between the location of maximum 

deposition height and the downstream edge of wooded 
channel

Lwoods	� The horizontal length of woods
m0	� The total mass of sediment in a debris flow surge
m1	� The mass of trapped sediment
N	� The stand density of woods
Ro	� The relative opening, used to quantify the size of the 

tree spacing relative to the maximum particle size in a 
debris flow

Sbed	� The slope of channel bed
Sdep	� The deposition slope in wooded channel
Se	� The energy slope of debris flow
Sinit	� The initial slope of channel bed
v	� The velocity of debris flow
v0	� The initial velocity of debris flow
Vdep	� The volume of trapped sediment
y	� The longitudinal section coordinates taking the down-

stream edge of the woods model as the coordinate 
origin and taking Lwoods as the unit length and the 
upstream horizontal direction to be positive direction

Z	� The collection of regulation indicators (AF, AS, ΔSbed)
ΔSe	� The resistance energy slope of woods
ΔSbed	� The bed slope increment caused by deposition in 

wooded channel
�(y)	� The variance of the deposition position
�	� The pi
� 	� The density of debris flow
�	� The tree trunks volume fraction

Introduction
Forests on both channels and slopes play a vital role in mitigating 
debris flows (Cui and Lin 2013; Stokes et al. 2014). The canopy and 
root systems in slope vegetation effectively reduce debris recharge 
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into channels, thus inhibiting debris flow occurrences. Several 
models have been developed to simulate and evaluate this process 
(Bathurst et al. 2010; Kim et al. 2013; Schwarz et al. 2013, 2015; Ng 
et al. 2016). Furthermore, a range of slope ecological engineering 
measures has been devised to enhance soil and water conservation 
and intercept sediment. These measures include contour tillage, 
the transformation of sloping fields into terraces, contour hedge-
rows, and the planting of trees and grass (Cui and Lin 2013; He et al. 
2017). In contrast to the flow interception and sediment reduction 
effects of forests on slopes (Imaizumi et al. 2008; Liu et al. 2023), the 
impact of forests within channels remains relatively unexplored. 
Some bioengineering measures, such as botanical check dams, 
wooden sills, and vegetation filter zones with wooden sills, were 
tentatively employed in channels to enhance ecological restora-
tion and strengthen disaster mitigation efforts (Rey and Burylo 
2014; Rey et al. 2019). Some debris flow channels contain forests 
(Zhou et al. 2023; Cui et al. 2024). The diameter at breast height of 
these trees is greater than 10 cm, and their height exceeds 8 m (see 
Table 1). The tree height is significantly greater than the flow depth 
of the debris flows. Existing field observations indicate that the flow 
depth of debris flows does not exceed 6 m, and in most cases, it 
is less than 4 m (Phillips and Davies 1991; Du et al. 2023). Forests 
require sufficient time to mature and exert their regulatory effects 
on debris flows; therefore, they primarily influence low-frequency 
debris flows rather than high-frequency ones. Field cases have con-
firmed that forests can regulate the energy of debris flows and trap 
sediment (Ishikawa et al. 2003; Malik et al. 2013; Michelini et al. 2017; 
Cui et al. 2023a). However, comprehensive physical model tests to 
fully understand the regulatory influence of wooded channels on 
debris flows are lacking.

Physical model tests evaluating the impact of baffle arrays and 
slit dams on debris flow regulation have been extensively studied 
(Ng et al. 2014; Piton and Recking 2016; Silva et al. 2016; Goodwin 
and Choi 2020; Wang et al. 2020). The spacing and distribution of 
tree trunks or baffles significantly influence the development of 
bow shock waves and the movement of debris flows (Liang et al. 
2023). In addition, large particles can also form an arch structure, 
obstructing these openings and influencing the passage of subse-
quent debris flows (Shima et al. 2016; Zhang et al. 2021). Hence, the 
relative opening degree, defined as the ratio of gap width to the 
maximum particle diameter, significantly influences debris flow 
regulation (Zhou et al. 2019a) and serves as a crucial parameter in 
engineering design (Piton and Recking 2016; Sun et al. 2018; Piton 
et al. 2022). A comparable process may occur in forest environ-
ments, making the consideration of relative openings pertinent in 
this study. However, the stand density of baffle arrays in channel 

far exceeds that of natural forests (Table 2), and the number of 
rows (the distribution area) of baffle arrays is significantly smaller 
compared to channel forests (Ishihara et al. 2011; Ng et al. 2014; 
Põldveer et al. 2020; Kim et al. 2023; Wu et al. 2023). For baffle arrays, 
low array density is considered to have limited regulatory effects 
(Goodwin et al. 2021). In contrast, the trees in debris flow channels 
often have more rows and occupy part or all of the channel, sug-
gesting that even at low stand densities, forests may still possess 
considerable regulatory capacity.

The impact of river vegetation on reducing flow velocity and 
retaining sediment has been extensively documented (Nepf 2012; 
Vargas-Luna et al. 2018; Lightbody et al. 2019; Li et al. 2020; Kho-
shkonesh et al. 2022). This phenomenon is primarily governed by 
factors such as stem volume fraction (Shan et al. 2020; Liu et al. 
2021; Wang et al. 2023). Vegetation resistance plays a crucial role in 
influencing flow velocity and turbulence (Tanino and Nepf 2008; 
Tinoco and Coco 2016; Yang and Nepf 2018; Shan et al. 2020). Flow 
velocity serves as a vital indicator for debris flow mitigation (Chen 
et al. 2015; Piton and Recking 2016), while turbulent kinetic energy 
is believed to significantly impact sediment transport and deposi-
tion processes (Yang and Nepf 2019; Liu et al. 2022). Debris flows 
typically surge down steep slope channels, exhibiting material 
composition, flow processes, and movement characteristics that 
differ from river flows (Zanuttigh and Lamberti 2007; Kean et al. 
2013; Borga et al. 2014; Pudasaini and Mergili 2019; Guo et al. 2020; 
Huebl and Kaitna 2021). Due to limited research and measurement 
methods regarding debris flow turbulence (Enos 1977; Jan and Shen 
1997; Trujillo-Vela et al. 2022), forest resistance emerges as a crucial 
parameter in studies on the regulation of debris flow by forests.

In this study, we aim to investigate the influence of tree trunk 
volume fraction, relative opening degree, and forest resistance 
characteristics (quantified by the initial resistance energy slope of 
the woods) on debris flow impact force attenuation and sediment 
retention. Through physical model experiments, our research takes 
a preliminary step toward understanding the mitigation potential 
of wooded channels against debris flows. Additionally, these find-
ings provide valuable insights for the application of nature-based 
solutions in debris flow mitigation strategies.

Material and methods

Experimental setup
The experiments were conducted at the Dongchuan Debris Flow 
Observation and Research Station, Chinese Academy of Sciences, 
Yunnan, China. The test device consisted a hopper, a flume, and 
model woods (Fig. 1).

Table 1   Diameter at breast height (DBH) and height of trees in debris flow channels

Note: *The heights are the estimation value based on DBH (Bi et al. 2012)

Location Dominant species DBH (m) Tree height* (m) References

Southern Fukushima and Hiro-
shima, Japan

Cryptomeria japonica, Pinus 
densiflora

0.10–0.48 8.0–35.3 Ishikawa et al. 
2003

Belluno and Bolzano, Italy Picea abies, Pinus sylvestris 0.10–0.92 8.0–52 Michelini et al. 2017

Jiuzhaigou Valley, China Pinus tabuliformis 0.12–0.58 9.6–40.4 Cui et al. 2024
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The hopper was used to temporarily store the debris flow 
material and guide debris flow material into the flume. The flume 
was constructed with acrylic material and had a rectangular 

cross-section, measuring 5.0 m in length, 0.4 m in width, and 
0.4 m in height. It was divided into three sections: the incoming 
flow section, the model woods section, and the tailing section. In 

Table 2   Comparison of geometric parameters of forests and baffles (including field and experimental data)

Note: *To quantify the proportion of trunks (baffles) cross-sectional area to the woodlands area

Subjects Material type Cross-section 
shape

Diameter or 
edge length 
(mm)

Spacing (mm) Trunk volume 
fraction* 
(× 10−3)

References

Field forests Wood Circle 10–404 1387–18594 0.02–13.9 Wu et al. (2023)

Field forests Wood Circle 112–325 20230–7098 1.5–7.0 Põldveer et al. 
(2020)

Field forests Wood Circle 99–491 1634–9050 0.9–12.5 Ishihara et al. (2011)

Laboratory baffles 
in channel

Stainless steel Circle 30, 219 75 × 200, 
281 × 1500

47.1–89.4 Kim et al. (2023)

Laboratory baffles 
in channel

Steel Triangle, rectangle 50 50 × (150, 300) 36.1–166.7 Wang et al. (2017)

Laboratory baffles 
in channel

Aluminum Rectangle 20 67 × (70–270) 22.1–85.3 Choi et al. (2015c)

Laboratory baffles 
in channel

Aluminum Rectangle 20 × 20, 20 × 37 (66, 100) × (70, 120) 33.3–105.7 Ng et al. (2015)

Laboratory baffles 
in board

Iron Circle, rectangle, 
arc-shape

50 50 × (100–160) 59.3–250 Wang et al. (2020)

Laboratory forests 
in board

Aluminum Circle 20 175 × 152, 
350 × 303

2.9–11.8 Liang et al. (2023)

Laboratory forests 
in board

Steel Circle 6 100 × 87 3.3 Bettella et al. (2018)

Fig. 1   Experimental setup. a Schematic diagram; b Photograph
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the incoming flow section spanned approximately 3 m, which was 
used to stabilize the flow pattern of the debris flow. The model 
woods section is approximately 1 m; acrylic cylinders with a height 
of about 20 cm and a diameter of 1, 2, 3, 4, and 5 cm were used to 
simulate tree trunks; the acrylic cylinders were arranged according 
to four arrays (arrays I–IV) to simulate the forest with different 
stand density. Field observation data confirm that the flow depth 
of debris flows is significantly less than the height of the channel 
forest (Table 1; Phillips and Davies 1991; Du et al. 2023). Therefore, 
in our experiments, we controlled the flow depth of the debris 
flows to ensure that the tree trunk models were not submerged. 
The height of model trunks is approximately twice the peak flow 
depth in this study because the studies by Choi et al. (2014) and Ng 
et al. (2015) found that the increase in flow depth caused by baffles 
was mostly less than twice the original flow depth. Our physical 
models are primarily used to simulate evenly distributed cultivated 
forests. The tailing section, guiding the debris flow to the tailings 
collection vessel, is also about 1 m in length. The slope of the flume 
bed (Sinit) was set at 0.15, which falls within the reasonable range 
(Rickenmann 1999).

Experimental arrangement and measured variables

Table 3 presents the experimental arrangement and test conditions. 
During the tests, the morphological characteristics of channel 
before and after the debris flow surge were recorded by a 3D laser 
scanner (Trimble. X7, 6.40 ± 0.07 pts/cm2) (Fig. 1), and the collected 
point cloud data was utilized to generate digital elevation models 

(DEMs). The volume and distribution of trapped sediments were 
then determined by comparing repeat DEMs (DEMs collected at the 
same location over different time periods) (Brasington et al. 2012; 
Yang et al. 2021a, b). The regulating process was recorded by a video 
camera positioned at the top of the flume (ZED 2i, 1920 × 1080 pix-
els, 30 fps) (Fig. 1), and a video camera positioned at the upstream 
of model woods (GoPro Hero7 Black, 1920 × 1080 pixels, 120 fps) 
(Fig. 1), as well as another video camera placed on the right side of 
the flume (SONY FDR-AX60, 4096 × 2160 pixels, 50 fps).

The flow process and depth of the debris flow at approximately 
1 m upstream of the model woods were recorded using a video 
camera (GoPro Hero7 Black, 1920 × 1080 pixels, 120 fps) and an 
ultrasonic distance sensor (CONTROLWAY mic + , accuracy 0.1 mm, 
sampling frequency 100 Hz) positioned on the top of the flume, 
respectively (Fig. 1). The assessment of flow velocity is based on flow 
depth, debris flow volume, and the assumption of a fixed Manning’s 
roughness coefficient (see Appendix for details). This method offers 
a rough overall evaluation of the flow velocity. For precise meas-
urements of flow velocity, the solution provided by Choi and Liang 
(2024) can be referenced. The impact force of the debris flow on 
the model trunk at the downstream side of model woods (array IV 
in Fig. 1) was recorded by a shear force sensor (JUL-3D46, capacity 
10 kg, accuracy 0.01 N, sampling frequency 100 Hz) mounted on the 
base plate, and the measured model trunk is fixed to the probe of 
the shear force sensor. The entire impact force measurement system 
essentially meets the design standards proposed by Goodwin and 
Choi (2021).

Table 3   Experimental arrangement and test conditions

Note: *For model woods with trunk diameters of 1 and 2 cm, we tested the impact force at the location of array IV; †we consider these experi-
ments as blank control groups because only one trunk model used to measure impact force is installed in the flume

Case Cv Model woods

d (cm) l (cm) N (m−2) � (× 10−3) Array

D1_L8_C0.5*, D1_L8_C0.3* 0.5, 0.3 1 8 180.4 14.2 I

D1_L16_C0.5*, D1_L16_C0.3* 1 16 45.1 3.5 II

D1_L32_C0.5*, D1_L32_C0.3* 1 32 11.3 0.9 III

D1_L-_C0.5*†, D1_L-_C0.3*† 1 - - - IV

D2_L8_C0.5*, D2_L8_C0.3* 2 8 180.4 56.7 I

D2_L16_C0.5*, D2_L16_C0.3 20* 2 16 45.1 14.2 II

D2_L32_C0.5*, D2_L32_C0.3* 2 32 11.3 3.5 III

D2_L-_C0.5*†, D2_ L-_C0.3*† 2 - - - IV

D3_L16_C0.5, D3_L16_C0.3 3 16 45.1 31.9 II

D3_L32_C0.5, D3_L32_C0.3 3 32 11.3 8.0 III

D4_L16_C0.5, D4_L16_C0.3 4 16 45.1 56.7 II

D4_L32_C0.5, D4_L32_C0.3 4 32 11.3 14.2 III

D5_L16_C0.5, D5_L16_C0.3 5 16 45.1 88.6 II

D5_L32_C0.5, D5_L32_C0.3 5 32 11.3 22.1 III
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The main parameters used in this article are defined and cal-
culated as follows:

(1) The tree trunk volume fraction
The tree trunk volume fraction ( � ), also known as solid volume 

fraction (Tanino and Nepf 2008; Liu et al. 2021), is used to quantify 
the proportion of trunk cross-sectional area to the woodland area:

where N is the stand density (m−2), � is the pi (-), and d is the tree 
trunk diameter (m). The � of field forests mainly ranges between 
0.02 × 10−3 and 14 × 10−3 (Ishihara et al. 2011; Põldveer et al. 2020; 
Wu et al. 2023). Except for four blank control groups (D1,2_L-), 
14 cases in this study (D1_AL8, D1,2_L16, D1,2,3,4_L32) are con-
sistent with field conditions (0.9 × 10−3–14.2 × 10−3). Additionally, 
10 cases (D2_L8, D3,4,5_L16, D5_L32) exhibit overly dense stems 
(22.1 × 10−3–56.7 × 10−3), which can be used to discuss the regulation 
effects of artificially dense forests or cylindrical baffles on debris 
flows.

(2) The relative opening
The relative opening (Ro), a parameter usually used in the study 

of baffle array and slit dam (Ng et al. 2014; Piton and Recking 2016; 
Goodwin and Choi 2020; Wang et al. 2020), is used to quantify the 
size of the tree spacing relative to the maximum particle size in a 
debris flow:

where l is the tree spacing (m), d is the tree trunk diameter 
(m), and dmax is the maximum particle size in a debris flow (m), 
dmax = 20 mm. Ro ranges from 3.0 to 15.5 in this study.

(3) The initial resistance energy slope of woods
The initial resistance energy slope of woods (ΔSe) is used to 

quantify the ratio of wood resistance and gravity to debris flow 
when it just enters the woods. It also has the physical meaning of 
energy slope (Liu et al. 2021):

where Cd is the woods drag coefficient (-), we assumed Cd = 1 in the 
study (Ishikawa et al. 2003). ρ is the density of debris flow (kg/m3), 
v0 is the initial velocity of debris flow (m/s), h0 is the initial depth 
of debris flow (m), d is the tree trunk diameter (m), N is the num-
ber of trunks per square meter (m−2), ϕ is the tree trunks volume 
fraction, Se is the energy slope of debris flow (-), Cf is the bed drag 
coefficient (-), v is the velocity of debris flow (m/s), and h is the 
depth of debris flow (m).

(4) The attenuation rate of peak impact force (AF), which char-
acterizes the influence of channel woods as a whole on the debris 
flow impact force at its downstream end:

where F0 and F1 are the peak impact force on trunk located at 
array IV before and after the installation of model woods, respec-
tively (N). Because the variation in debris flow impact force can 

(1)� = N�d
2∕4

(2)Ro = (l − d)∕dmax

(3)ΔSe =
0.5Cd��
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(5)AF = 1 − F1∕F0

comprehensively reflect changes in flow depth, flow velocity, and 
material composition of debris flow (Kwan et al. 2024), AF effec-
tively represents the overall regulation effect of channel forests on 
debris flows.

(5) The sediment retention rate (AS) is one of the most widely 
used indicators to evaluate the effect of regulating debris flow (Sun 
et al. 2018; Li et al. 2019), which is often used to characterize the 
ratio of sediment trapped by engineering measures to total sedi-
ment in debris flow:

where m0 is the total mass of sediment in a debris flow surge(kg), 
and m1 is the mass of trapped sediment (kg).

(6) The bed slope increment (ΔSbed) caused by deposition in 
wooded channel:

where Sinit and Sdep are the initial slope and deposition slope in 
wooded channel, respectively (-), Hmax is the maximum deposi-
tion height (m), and Ldep, max is the distance between the location of 
maximum deposition height and the downstream edge of wooded 
channel (m).

(7) The longitudinal section coordinates (y):

where y represents the longitudinal section coordinates taking the 
downstream edge of the woods model as the coordinate origin and 
taking Lwoods as the unit length and the upstream horizontal direc-
tion to be positive direction, where L is the distance between the 
measured point and the downstream edge of wooded channel (m); 
Lwoods is the horizontal length of woods (m).

Materials and applicability

The granular material used in the tests was obtained from the 
debris flow deposition fan of Jiangjia Gully. Granular material with 
diameters larger than 20 mm was removed (Cui et al. 2015; Li et al. 
2019). The particle size in debris flows significantly impacts jam-
ming and deposition (Piton and Recking 2016; Gong et al. 2023) 
as well as impact force (Ng et al. 2021). In the experiments, efforts 
were made to control the composition and movement processes of 
the debris flows to minimize the influence of their inherent differ-
ences on the results. Figure 2 shows the particle size distribution 
of the granular material in the debris flow. The measured particle 
density ( �s) was 2680 kg/m3. Some dimensionless parameters were 
controlled in the study, as the experimental design was based on 
general conditions of field cases. The sediment concentration (Cv) 
values of the debris flow were 0.5 and 0.3. When Cv = 0.5, the flow is 
classified as a debris flow or viscous debris flow. When Cv = 0.3, the 
flow is referred to as a debris flood or diluted debris flow (Iverson 
1997; Kang et al. 2004; Church and Jakob 2020). For the convenience 
of expression, this paper uses viscous debris flow and diluted debris 
flow to refer to the flow with Cv = 0.5 and 0.3, respectively. The total 
volume of a debris flow surge, along with the mass of water and 
sediment, is detailed in Fig. 2.

In addition, the Froude number (Fr) of the debris flows was 
considered because debris flows are gravitational processes with 

(6)AS = m1∕m0

(7)ΔSbed = Sdep − Sinit = Hmax∕Ldep, max

(8)y = L∕Lwoods
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open channel flow characteristics (Pudasaini and Kröner 2008; 
Iverson 2015) and are considered to be closely related to deposi-
tion, impact force, and runup height (Choi et al. 2015a; Ng et al. 
2019; Zhou et al. 2019b). The Fr values were measured at approxi-
mately 1 m upstream of the model woods (Fig. 1 and Appendix). 
The peak Fr values were 4.7 and 4.5 for debris flows with Cv = 0.5 
and 0.3 (Fig. 3), respectively, which are consistent with the Fr values 
of multiple field cases (Choi et al. 2015b; Wang et al. 2022; Du et al. 
2023). The maximum flow depths upstream of the model woods 
were 6.8 ± 0.7 cm and 9.4 ± 1.4 cm for debris flows with Cv = 0.5 and 
0.3 (Fig. 3), respectively.

Pore water pressure plays a crucial role in debris flow move-
ment. However, in small-scale model tests, debris flows can easily 

degrade into flow controlled by viscous forces (Iverson 2015). To 
better simulate the debris flow process, the following measures 
were taken: (a) We simulated debris flow with the smaller pos-
sible sediment volume concentration, in which the impact of 
pore water pressure is smaller even in the field prototype. (b) We 
selected debris flow deposits from Jiangjia Gully which are rich 
in fine particles as our experimental material since an increase 
in fine particle content helps slow the diffusion of pore water 
pressure (Yang et al. 2021a, b). (c) We maximized the flow depth to 
the extent possible within our capabilities (around 10 cm). These 
efforts effectively reduce the pore pressure diffusion number 
(Choi et al. 2024). It is also important to note that the tree trunk 
models used in this study were made of acrylic, and the scaling 

Fig. 2   Composition of debris flow

Fig. 3   The kinematic characteristics of debris flow surges. a Cv = 0.5; b Cv = 0.3
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effects of the tree trunk material were not strictly considered. 
Therefore, the impact forces measured in the experiments can 
only be used to evaluate the impact force attenuation rate (AF) 
and should be used cautiously for calibrating parameters related 
to the calculation of debris flow impact forces on tree trunks, 
such as the dynamic pressure coefficient (Kim et al. 2023).

Results and analysis

The regulating mechanism of woods on debris flow
In Fig. 4a, the debris flow process through the wooded channel 
is illustrated using D1_L8_C0.5 as an example, while Fig. 4b pro-
vides a schematic diagram of this process. Figure 4 a-1 displays the 
initial state of the debris flow head and the wooded channel. In 
Fig. 4 a-2, the flow characteristics are depicted as the debris flow 
enters the wooded channel: the debris flow head decelerates upon 
impact, leading to an increase in flow depth. Additionally, some 
fluid fragments and leaps forward. As more debris flows enter the 
wooded area, the flow depth within the wooded channel continues 
to rise, causing an increase in debris flow depth upstream and near 
the wooded area, as indicated by the red elevation line in Fig. 4 
a-3. Meanwhile, the wooded area, along with the low-velocity fluid 
within it, collectively obstructs the upstream flow. This obstruc-
tion results in an enhanced energy dissipation process, which is 
evidenced by the increased fragmentation of the fluid, as shown in 
Fig. 4 a-3. Eventually, the flow velocity, flow depth, and resistance 

(including both the channel bed and the woods) of the debris flow 
reach a harmonious equilibrium as they pass through the subse-
quent woods. After the main part of the debris flow passes through, 
a backwater pool forms upstream of the wooded channel due to 
trapped sediment inside the wooded area, as illustrated in Fig. 4 
a-4 and b-4.

The passage of debris flow through wooded area can be concep-
tualized as a complex interplay between the energy slope (Eq. 4) of 
the debris flow and the slope of the channel bed, as illustrated in 
Fig. 4c. Initially, prior to entering the woods, the energy slope of 
the debris flow closely aligned with the slope of the channel bed, 
indicating a harmonious state. However, upon entering the wooded 
channel, the resistance offered by the trees caused a rapid increase 
in the energy slope of the debris flow, creating a mismatch with 
the channel bed slope. Consequently, the debris flow decelerated, 
leading to an increase in flow depth and a subsequent decrease 
in the energy slope, as defined in Eq. 4. Conversely, the slowing 
down of debris flows facilitated the formation of deposition, as 
depicted in Fig. 5. The deepest point of deposition was located at 
the upstream edge of the wooded model and gradually decreased 
in depth downstream (Fig. 5a). Consequently, the trapped sediment 
raised the slope of the channel bed within the wooded area. As a 
result of these combined factors, the energy slope of the debris flow 
realigned with the slope of the channel bed, leading to the stabili-
zation of the debris flow as it progressed through the subsequent 
wooded channel, as illustrated in Fig. 4c.

Fig. 4   The regulation mechanism of woods on debris flow. a The process of debris flow through the wooded channel (D1_L8_C0.5). b The 
schematic diagram of this process. c The mechanism of this process
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The regulating effect of woods on debris flow dynamics and 
sediment

The study utilized the attenuation rate of peak impact force (AF) 
(Eq. 5) and sediment retention rate (AS) (Eq. 7) to gauge the regu-
latory impact of wooded areas on debris flow dynamics and sedi-
ment, respectively. Experimental findings demonstrated a range 
in AF from 15.8 to 79.0%. In viscous debris flows, AF exhibited a 
mean of 45.7% with a standard deviation of 22.1%, while for diluted 
debris flows, the mean was 49.5% with a standard deviation of 

21.4% (Fig. 6d). Pearson’s correlation coefficient (r) values were 
analyzed to assess the relationships of AF with tree trunks vol-
ume fraction ( � ), relative opening (Ro), and the initial resistance 
energy slope (ΔSe), leading to differentiated correlation levels for 
viscous and diluted debris flows (Table 4). Specifically, for viscous 
debris flows, AF showed a highly negative correlation with Ro and a 
strong positive correlation with ΔSe and � . In contrast, for diluted 
debris flows, AF was highly negatively correlated with Ro, highly 
positively correlated with ΔSe, and strongly positively correlated 
with � (Fig. 6a, b, and c).

Fig. 5   The trapped sediment (D1_L8_C0.5). a The distribution of trapped sediment. b Top view. c View from downstream. d View from 
upstream

Fig. 6   The effects of� , Ro, and ΔSe on AF and AS. a, b, c The correlation between AF and ( � , Ro, and ΔSe). d The distribution of AF. e, f, g The 
correlation between AS and ( � , Ro, and ΔSe). h The correlation between AF and AS. i The distribution of AS. (Note, � : the tree trunks volume frac-
tion; Ro: the relative opening; ΔSe: the initial resistance energy slope of woods; AF: the attenuation rate of peak impact force; AS: the sediment 
retention rate)
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Additionally, the sediment retention rate (AS) ranged from 3.0 
to 31.7%. In viscous debris flows, AS demonstrated a mean of 14.3% 
with a standard deviation of 7.1% (Fig. 6i). AS exhibited a high 
positive correlation with ΔSe, a high negative correlation with Ro, 
and a strong positive correlation with � . For diluted debris flows, 
the mean AS was 11.1% with a standard deviation of 7.5%, and it 
correlated highly with ΔSe, � , and Ro (Fig. 6e, f, and g).

Overall, AF exhibited the strongest correlation with Ro and 
AS exhibited the strongest correlation with ΔSe. Moreover, it 
was noted that AF values were slightly smaller in viscous debris 
flows than in diluted debris flows (Fig. 6d), while AS values were 
slightly larger in viscous debris flows than in diluted debris flows 
(Fig. 6i).

The volume and distribution of trapped sediment

Figure  7 displays the longitudinal distribution of sediment 
trapped by the woods model along the channel. The shaded sec-
tion of the figure represents the wooded channel. In the case of 
viscous debris flows (Fig. 7a), the maximum deposition height 
was primarily concentrated upstream of the wooded channel. 
Notably, the biggest sediment trapping effect was observed in 
D1_L8_C0.5 and D2_L8_C0.5, corresponding to the two scenarios 
with the highest stand density (Table 3). Conversely, for diluted 
debris flows, the maximum deposition height was predominantly 
situated in the upstream section of the wooded model. Here, the 
most significant sediment trapping effect was evident in D2_L8_
C0.3 and D5_L16_C0.3, aligning with the two conditions boasting 
the highest tree trunk volume fraction (Table 3). In summary, 

the impact of trunk diameter on the deposition of diluted debris 
flows exceeded that of viscous debris flows.

To precisely quantify the location of maximum deposition 
height and the degree of deposition dispersion shown in Fig. 7, 
we calculated the expectation (E(y)) and variance ( �(y)) of the 
deposition position using Eqs. 9 and 10, respectively.

E(y) ranged from 0.78 to 1.21. In the case of viscous debris flows, 
the mean and standard deviation of E(y) were 1.01 and 0.04, respec-
tively (Fig. 8d). E(y) exhibited a moderate correlation with � , a weak 
correlation with Ro, and negligible correlation with ΔSe. Conversely, 
for diluted debris flows, the mean and standard deviation of E(y) 
were 0.94 and 0.12, respectively. E(y) displayed strong correlations 
with ΔSe, moderate correlations with Ro and � (Fig. 8a, b, and c). 
Moreover, �(y) ranged from 0.36 to 0.60. For viscous debris flows, 
the mean and standard deviation of �(y) were 0.54 and 0.05, respec-
tively (Fig. 8i). �(y) showed a high correlation with ΔSe and Ro and 
strong correlations with � . In the case of diluted debris flows, the 
mean and standard deviation of �(y) were 0.49 and 0.08, respec-
tively. �(y) exhibited high correlations with ΔSe, Ro, and � (Fig. 8e, 
f, and g). Overall, E(y) for viscous debris flows was greater than that 
for diluted debris flows, and �(y) for viscous debris flows was also 
larger than that for diluted debris flows.

Figure 9 illustrates the influence of tree trunks volume fraction 
( � ), relative opening (Ro), and the initial resistance energy slope 
(ΔSe) on the volume (Vdep), the maximum height (Hmax), and the 
slope increment (ΔSbed) of the deposition. Vdep ranged from 2.2 to 
23.4 L, Hmax from 0.5 to 7.2 cm, and ΔSbed from 0.002 to 0.089. In the 
case of viscous debris flows, Vdep had a mean of 10.5 L with a stand-
ard deviation of 5.2 L, Hmax had a mean of 2.6 cm with a standard 
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Table 4   The correlation levels based on Pearson’s r 

|Pearson’s r| 0.0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–
1.0

Correlation 
levels

Negligible Weak Moderate Strong High

Fig. 7   The distribution of trapped sediment along channel. a Cv = 0.5; b Cv = 0.3
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deviation of 1.65 cm, and ΔSbed had a mean of 0.022 with a standard 
deviation of 0.019. Conversely, for diluted debris flows, Vdep aver-
aged 8.3 L with a standard deviation of 5.6 L, Hmax averaged 2.8 cm 
with a standard deviation of 2.3 cm, and ΔSbed averaged 0.034 with 
a standard deviation of 0.029 (Fig. 9d, i, and o).

Additionally, for viscous debris flows, Vdep, Hmax, and ΔSbed 
exhibited high correlations with ΔSe and Ro, and a strong positive 
correlation with � . In contrast, for diluted debris flows, Vdep, Hmax, 
and ΔSbed displayed high correlations with ΔSe, Ro, and � (Fig. 9a, 

b, c, e, f, g, j, k, and l). Overall, Vdep for viscous debris flows exceeded 
that of diluted debris flows, while Hmax and ΔSbed for viscous debris 
flows were smaller compared to those of diluted debris flows. This 
disparity could be attributed to differences in deposition distribu-
tion, as depicted in Fig. 7.

The bed slope increment (ΔSbed) caused by deposition in 
wooded channel, a dimensionless parameter, exhibited a highly 
linear correlation between Vdep and Hmax, as evident in Fig. 9m and 
n. Hence, ΔSbed proved to be of significant research and application 

Fig. 8   The effects of� , Ro, and ΔSe on E(y) and σ(y). a, b, c The correlation between E(y) and ( � , Ro, and ΔSe). d The distribution of E(y). e, f, g 
The correlation between σ(y) and ( � , Ro, and ΔSe). h The correlation between E(y) and σ(y). i The distribution of σ(y). (Note, � : the tree trunks 
volume fraction; Ro: the relative opening; ΔSe: the initial resistance energy slope of woods; E(y) and ( �(y)): the expectation and variance of the 
deposition position)

Fig. 9   The effects of� , Ro, and ΔSe on Vdep, Hmax, and ΔSbed. a, b, c The correlation between Vdep and ( � , Ro, and ΔSe). d The distribution of Vdep. 
e, f, g The correlation between Hmax and ( � , Ro, and ΔSe), h, m, n The correlation between Vdep, Hmax, and ΔSbed. i The distribution of Hmax. j, 
h, l The correlation between ΔSbed and ( � , Ro, and ΔSe). o The distribution of ΔSbed. (Note, � : the tree trunks volume fraction; Ro: the relative 
opening; ΔSe: the initial resistance energy slope of woods; Vdep, Hmax, and ΔSbed: the volume, maximum height, and slope increment of the 
deposition)
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value. Notably, ΔSbed was directly proportional to ΔSe, as illustrated 
in Fig. 10, and both parameters shared similar physical interpreta-
tions, signifying slope. Their ratios could effectively characterize 
the conversion efficiency of initial resistance energy slope of woods 
to deposition slope. Figure 10 demonstrates that ΔSbed accounts for 
approximately 2.3% and 3.4% of ΔSe for viscous and diluted debris 
flows, respectively.

Discussion

The � of natural woods and its regulation capacity on debris flow
This paper investigates the role of channel woods in regulating 
debris flow movement and sediment retention through physi-
cal model experiments. The results reveal that increasing both 
stand density and breast diameter of trees effectively reduces 
the peak impact force of debris flow while enhancing sediment 
trapping capacity. However, it is important to note that natural 
woods undergo a natural thinning process, meaning that as trees 
grow and their breast diameter increases, stand density gradually 
decreases (Reineke 1933; Pretzsch and Biber 2005). Drawing from 
field data across China (Wu et al. 2023), Europe (Põldveer et al. 
2020), and Japan (Ishihara et al. 2011) indicate that the maximum 
value of � in natural forests hovers around 14 × 10−3 (Fig. 11).

For conditions where � < 14 × 10−3, the maximum values of 
AF and AS were approximately 61.0% and 14.8%, respectively, 
with a maximum ΔSbed of about 0.039. This suggests that natural 
forests within channels possess inherent capabilities to regulate 
debris flow (Ishikawa et al. 2003; Malik et al. 2013; Michelini et al. 

2017). When � values are intentionally increased through meas-
ures such as adding pile arrays in forests (Ng et al. 2014; Wang 
et al. 2020), the regulatory capacity of forests to control debris 
flows is further enhanced (Fig. 11). However, when the number 
of rows of trees or baffle arrays is too small, their regulatory 
effects on debris flows will be significantly reduced (Fig. 11, Kim 
et al. 2023). It is also important to exercise caution in projects 
where both trees and artificial piles coexist, as excessive local 
deposition thickness may lead to tree mortality (Ishikawa et al. 
2003; Michelini et al. 2017).

Deposition slope in wooded channel

The deposition slope stands as a pivotal factor in characterizing 
the landform resulting from debris flow channels (Chen et al. 
2016; Piton and Recking 2016). Additionally, it finds widespread 
application in determining the storage capacity of engineering 
mitigation projects such as check dams (Huang et al. 2021). Estab-
lishing a clear connection between the deposition slope and the 
parameters of channel woods holds significant implications for 
the effective utilization of nature-based solutions in debris flow 
channels (Cui and Lin 2013; Rey and Burylo 2014; Rey et al. 2019). 
Notably, ΔSbed demonstrated a direct proportionality to ΔSe, as 
demonstrated in Fig. 9. This relationship underscores the crucial 
interplay between these variables in the context of debris flow 
regulation:

(11)ΔSbed = kΔSe

Fig. 10   The proportional relationship between the wooded channel bed deposition slope increment (ΔSbed) and the initial resistance energy 
slope of woods (ΔSe)
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where k is proportional coefficient. By integrating Eqs. 3, 7, and 11, 
we derive the formula for the deposition slope in a wooded chan-
nel (Sdep).

(12)Sdep = Sinit +
k

2g
Cd

(
4�

�d

)
�2
0

where Sinit is 15% in the study; k is approximately 2.3% and 3.4% 
for viscous debris flows and diluted debris flows, respectively. We 
assumed Cd = 1 in the study (Ishikawa et al. 2003); g is 9.8 m/s2 in 
the study. The value of d and � is shown in Table 3; � is approxi-
mately 3.14; v0 is shown in a dataset (Wang et al. 2024).

Fig. 11   The tree trunks volume fraction ( � ) of natural woods and its regulation capacity on debris flow. (Note, Z: regulation function indexes, 
such as the attenuation rate of peak impact force (AF), the sediment retention rate (AS), and deposition slope increment (ΔSdep); QMD: quad-
ratic mean diameter of woods. The yellow dots show the relationship between � and QMD in natural forests. The black dots represent the 
variation of Z with �.)

Fig. 12   a Comparison of the calculated and measured values of deposition slope (Sdep) in a wooded channel. b A schematic longitudinal pro-
file of debris flow deposits influenced by channel forests
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As illustrated in Fig. 12a, Eq. 12 effectively calculates the deposition 
slope, validating the rationality of its structure. Notably, the param-
eter k holds significant importance, remaining largely unaffected by 
tree stand density and breast diameter. It is predominantly influenced 
by debris flow characteristics, such as density. It is also crucial to note 
that due to the absence of relevant observational studies, Eq. 12 has 
not been validated with field data. Therefore, verifying the applicabil-
ity of Eq. 12 in real-world scenarios and determining the calculation 
method for k should be addressed in future research efforts.

The deposition slope (Sdep) in the wooded channel is useful 
for assessing the potential sediment trapping capacity of channel 
forests. In a simplified rectangular cross-section channel (Fig. 12b), 
the potential sediment retained volume (Vdep,pot) by channel forests 
can be approximately evaluated using the following equation:

where Lwoods represents the length of the channel forests, B denotes 
the width of the channel, and Sdep0 is the deposition slope of the 
debris flow upstream of the forests. The value of Sdep0 can be ref-
erenced from studies on the deposition slope upstream of check 
dams (Chen et al. 2016; Piton and Recking 2016). It is important to 
note that Eq. 13 assumes the maximum deposition height occurs 
at the upper edge of the forests. In reality, the maximum deposi-
tion depth does not always occur at the upper edge of the forests 
(Fig. 7). Therefore, Eq. 13 may require appropriate adjustments for 
practical application.

This study primarily focuses on (1) the macroscopic regu-
lation mechanisms of debris flow by channel forests as a whole 
(Fig. 4c), and (2) the statistical relationships between the macro-
scopic characteristics of channel forests and debris flow regulation 
indices. Future research should enhance the exploration of specific 
physical processes occurring within channel forests, such as the 
development and interaction of bow shock waves (Cui et al. 2023b; 
Liang et al. 2023), and the evolutionary characteristics of flow and 
impact forces along the channel (Choi et al. 2015c; Ng et al. 2015; 
Kim et al. 2023). Moreover, in the experiments, efforts were made 
to control the composition and movement processes of debris flows 
to minimize the impact of inherent differences in debris flows on 
the experimental results. Therefore, the influence of the intrinsic 
characteristics of debris flows on the regulation effects has not 
been fully considered. The intrinsic characteristics of debris flows 
(e.g., sediment particle size) significantly impact jamming and 
deposition (Piton and Recking 2016; Zhou et al. 2019b; Gong et al. 
2023), as well as impact forces (Ng et al. 2021). Designing dedicated 
experiments to quantify and analyze the influence of the intrinsic 
characteristics of debris flow is also crucial for future research. In 
constructing the forest model, it is important to enhance the simi-
larity between the model materials and the prototype trees while 
also considering the randomness of tree distribution and diameter 
at breast height, as well as the location of the trees. The trees in 
the upstream, midstream, and downstream sections of the channel 
may differ significantly in their regulatory effects on debris flows 
(Cuomo et al. 2017; Cuomo 2020; Sun et al. 2024).

(13)Vdep, pot =
1

2
⋅

(
Sdep − Sinit

)(
Sdep − Sdep0

)
Sinit − Sdep0

⋅ L2
woods

⋅ B

Conclusions
The regulation effects of channel woods on debris flow movement 
and deposition were examined through physical model experi-
ments. Based on the obtained results, the following conclusions 
can be drawn.

(1)	 Upon entry into channel woods, debris flow experienced a 
reduction in velocity and an increase in depth, eventually 
adapting to the new resistance environment and a substan-
tial volume of sediment was trapped in the wooded channel. 
Deposition depth decreased progressively from upstream to 
downstream in wooded channels, thereby elevating the slope 
of the wooded channel bed.

(2)	 Both the attenuation rate of peak impact force in the down-
stream end of woods (AF) and the sediment retention rate (AS) 
exhibited negative correlations with the relative opening (Ro), 
positive correlations with the initial resistance energy slope of 
woods (ΔSe) and tree trunk volume fraction ( � ). Specifically, 
AF demonstrated the strongest correlation with Ro, whereas 
AS was most strongly correlated with ΔSe. Viscous debris flows 
exhibited slightly lower AF than diluted debris flows, with the 
reverse being true for AS. In the experiments, the AF ranged 
from 15.8 to 79.0%, while the AS fell between 3.0 and 31.7%.

(3)	 The bed slope increment(ΔSbed) caused by deposition in 
wooded channel showed negative correlations with Ro and 
positive correlations with ΔSe and � , with the strongest cor-
relation observed with ΔSe. ΔSbed was directly proportional 
to ΔSe, accounting for approximately 2.3% and 3.4% of ΔSe for 
viscous and diluted debris flows, respectively. Additionally, a 
novel method for calculating deposition slope and potential 
sediment retained volume in wooded channels was intro-
duced.
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Appendix
We cited the previous researches and the calculation method of 
Froude number (Fr) (Domnik and Pudasaini 2012; Choi et al. 2015b; 
Ng et al. 2019):

where h0 is the flow depth of the debris flow (m) with detailed 
monitoring methods provided in “Experimental arrangement and 
measured variables”; v0 is the flow velocity of the debris flow (m/s), 
and its assessment method described below; g is the gravitational 
acceleration, g = 9.8 m/s2; � is the slope angle of channel flume (°), 
� = 8.5°.

The improved Manning formula is used to calculate the velocity 
of debris flow surges (Rickenmann 1999; Hu et al. 2013; Tian et al. 
2014). We assume that the debris flow in the flume approximately 
adheres to Manning’s equation, thereby providing a straightforward 
method for assessing flow velocity.

According to the Manning formula:

where n is Manning’s roughness coefficient; R is the hydraulic 
radius (m); Sbed is the slope of flume bed (-), Sbed = 0.15 in this study.

The parameter R can be calculated:

where A0 is the cross-sectional area of flow (m2); L0 is the wetted 
perimeter (m); b0 is the width of channel bed.

The parameter Manning’s roughness coefficient (n) can be eval-
uated through the following methods.

The volume (Vd) and discharge (Qd) of a debris-flow surge have 
the following relationship:

According to Equations  17 and 18, we can obtain following 
equation:

Because the sampling frequency of h0 was 100 Hz, Δt = 0.01 s. For 
debris flow with Cv = 0.5, when n = 0.0138 is taken, Vd = 94.0 ± 12.9 L, 
a value in close proximity to the true Vd of 94.0 L. For debris flow 
with Cv = 0.3, when n = 0.0144 is taken, Vd = 156.9 ± 23.2 L, a value 
in close proximity to the true Vd of 156.7 L. Therefore, Manning’s 
roughness coefficient is approximately 0.0138 and 0.0144 for debris 
flow with Cv = 0.5 and 0.3, respectively. By substituting Manning’s 
roughness coefficient into Equation 15, the flow velocity can be 
evaluated. Subsequently, the Froude number can be assessed using 
Equation 14.

(14)Fr =
�0√

gh0cos�

(15)�0 =
1

n
R2∕3S

1∕2

bed

(16)R =
A0

L0
=

b0h0
b0 + 2h0

(17)∫ Qddt = Vd
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1
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