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ABSTRACT 

To mitigate debris flow disasters, most of the previous research has focused, mostly through 
experimental methods, on placing different rigid barriers as structural prevention against 
debris flow to dissipate its energy. However, there has been less research on simulating the 
debris flow resistance on the tree trunk patches. In the present work, analytical and numerical 
simulation of the peak impact pressure of debris flow on a vertical rigid wall has been 
analysed under the protection of a patch of tree trunks. Along the debris flow path, tree trunks 
with identical diameters have been arranged in linear and rectilinear configurations. The 
mathematical analysis employs the Reynolds Transport Theorem, while the numerical 
simulations use the Reynolds-Averaged-Navier-Stokes equations. The numerical simulation 
results have depicted that the rectilinear configuration of tree trunks in a given spot area is 
more effective than other configurations and increasing the density of tree trunks within a 
given spot area is 50% more protective than the increase in the number of rows of the tree 
trunks. Additionally, this study estimates a new dynamic coefficient (α) as a function of the 
Froude number and devises a new expression for the drag force coefficient for different tree 
trunk configurations. 

Keywords: Debris flow, rigid barriers, tree trunks, reynolds transport theorem, reynolds-
averaged-navier-stokes. 

 

1. INTRODUCTION   

Based on the National Research Council (NRC) (Areas (1982)), the mudfloods, mudflows, 
and debris flows have been classified as hyper-concentrated sediment flows. Based on the 
dominant shear stress from these three components, Julien and Leon (2000) offered a 
classification of hyper-concentrated sediment flows in debris flow in which dispersive stress 
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is dominant. Debris flow is the solid-liquid two-phase flow that consists of slurry or water 
containing silt, clay and sand (Thouret et al. (2020)). Since the kinetic energy of debris flow 
is very high, its interaction with engineering structures along their paths can be devastating 
(Armanini (1997)). Extreme impact force causes serious damage that can even end in societal 
disasters. Therefore, the determination of the debris flow impact force on any obstacle along 
their path should be taken as a priority (Yazid et al. (2017) and Mahnamfar et al. (2020)). 
There are several ways to carry out and calculate the debris flow impact forces. These can be 
categorized as analytic formulas, experimental studies at fields or flumes, or numerical 
analyses based on previous studies. Previously, several studies of debris flow impact forces 
have been conducted based on field measurements ( e.g., Leonardi and Pirulli (2020) and 
Yan et al. (2023)) and scaled experiments (e.g., Scheidl et al. (2012); Cui et al. (2015);  
Armanini et al. (2019) and Song et al. (2021)). Debris flow impact forces have been defined 
as the combination of slurry and grain impact loading  (Lei et al. (2018)). Moreover, slurry 
impact pressure studies can be classified into two groups: hydrostatic models and 
hydrodynamic models (Lichtenhahn (1973); Zanchetta et al. (2004)).  

In order to mitigate the disasters, most of the previous researchers have focused on placing 
different dams as rigid barriers which were taken as structural prevention against debris flow 
disasters to trap the soiled materials. Also, the construction of a concrete baffle array is an 
alternative way to minimize the destructive effect of debris flow. In this kind of structure, the 
height, type and distance between each baffle play an essential role in mitigation purposes. 
In general, scientists prefer to perform numerical simulation or fieldwork to determine the 
performance of baffle structures (Ng et al. (2015);  Bi et al. (2018); Wang et al. (2020); Yang 
et al. (2021); Deng et al. (2022);  Kim and Yune (2022) and Kim et al. (2023)). Numerous 
studies have studied baffles constructed at slopes where granular flows were accelerated 
(Choi et al. (2015)) and at deposition zone where granular flows were decelerated (Wang et 
al. (2020)). 

Similar to baffle array structure, a patch of trees can also contribute to reduce debris flow 
mobility and reducing the triggering capacity of the debris flow. The presence of the tree 
trunks increases the debris flow resistances, prevents debris flow from moving, supports the 
deposition of debris, and most importantly, reduces the maximum impact forces on structures 
(Fidej et al. (2015) and Bettella et al. (2018)). In addition, interest has recently been 
increasing in the study of tree trunks or vegetation in debris flow disasters to dissipate debris 
flow energy on their paths. The effect of trees on debris-flow deposits has been studied 
extensively in the past few years. Researchers have been studying how tree trunks (in cases 
of rigid vegetation) affect the flow patterns in rivers, streams, coastal dunes and floodplains 
(Mashud et al. (2011); Vargas‐Luna et al. (2015); Türker et al. (2019) and Kumar et al. 
(2021)), but few studies investigated the effect of a patch of trees as a preventive 
measurement against debris flow disaster. The rigid vegetation or tree trunks exert drag forces 
against debris flow that can greatly reduce debris flow velocities near the bed (Liu et al. 
(2021)) and also can reduce suspended sediment transport and sediment erosion (Vargas‐
Luna et al. (2015) and  Kang et al. (2022)). The majority of experimental and theoretical 
studies of cylinder arrays (representing vegetation canopies or tree trunk solid fraction) have 
been addressed for water flow. These researches have consistently shown the effect of canopy 
density on the drag coefficient and water flow velocity (Tanino et al. (2008); Etminan et al. 
(2017); D’Ippolito et al. (2019); Chang et al. (2020); Mancheño et al. (2021) and Sohrabi et 
al. (2023)). Tree trunaks increase flow resistance by exerting drag forces, as a result, the mean 
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debris flow velocity and bed shear stress were reduced so that the water levels become high.  
Additionally, the tree trunk forces the flow to move around, which changes the flow field 
around tree trunks (Nepf (2012) and Liu et al. (2016)). There is still an incomplete 
understanding of the morphologies of debris flow behavior, and fewer studies have addressed 
patches of tree structures and their interactions within debris flow material along with their 
travel distances. 

The experimental analyses by considering the assumptions about the material concentration, 
particle size distribution and rheological parameters alone can be inaccurate in measuring the 
impact force of debris flows. A variety of factors might cause inaccuracies, including 
environmental conditions, human error during experiments, variations in the frequency of 
debris flows, and discrepancies in devices and testing methods. Therefore, making accurate 
numerical analysis and an analytic method can be effective ways to obtain accurate debris 
flow impact force. In the present work, an analytical investigation and a numerical evaluation 
were conducted to compare the behaviour of debris flow, its impact force and distribution 
when it encounters a rigid wall by comparing results from several previous large-scale and 
small-scale laboratory experiments. The theoretical analysis was evaluated by the Reynolds 
Transport Theorem (RTT) that passes through the selected control volume by representing 
the amount of conservation of mass, momentum and energy. The simulation results were 
analysed by FLOW-3D, a three-dimensional finite element model that provides valuable 
insight into several physical flow processes. The Renormalized Group (RNG) based on k-
epsilon model was used as a turbulence model. This model is the most precise, highly suitable 
and robust model for accurately simulating mass flow dynamics. To offer better coverage, it 
expands the capabilities of the standard k-epsilon model. Basically, the Navier-Stokes 
equations which describe the motion of fluids in three-dimensional space were solved and 
this gives the ability to measure the peak impact pressures on the rigid wall. The purpose of 
this study is to determine the maximum impact pressure of debris flow over a rigid vertical 
wall, right after passing through different configurations of patches of tree trunks. For the 
development of effective measures, two different configurations were simulated. In one of 
the simulations the number of rows of tree trunks increased towards upstream, whereas, in 
the second configuration, the density of tree trunks increased within a predefined area. 

 

2. METHODOLOGY  

Debris flow is a function of Froude number (Fr), which is the ratio between the inertial and 
gravitational forces and was given as follows:  F୰ଶ = ୳మ୥ ୌୡ୭ୱ஘  =  ஡୳మ஡୥ୌ ୡ୭ୱ஘ = ୍୬ୣ୰୲୧ୟ୪ ୤୭୰ୡୣୋ୰ୟ୴୧୲ୟ୲୧୭୬ୟ୪ ୤୭୰ୡୣ (1) 

where u is debris flow velocity (m/s), g is the gravitational acceleration 9.81 (m/s2), H is the 
vertical flow depth (m), θ is the flume bed inclination and H cosθ is denoted as h which is 
depicted in Fig. 1. 

Depending on the Fr (greater or less than one) the magnitude and the behaviour of debris 
flow changes. In this research, the numerical analysis is based on the experimental study 
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performed by Cui et al. (2015) where the debris flow was examined under supercritical flow 
conditions. Hence the Fr is always greater than 1.  

The debris flow generally generates high kinetic energy named the hydrodynamic impact 
force. This was initially studied by Hungr et al. (1984) and later by Armanini (1997), showing 
that the hydrodynamic impact force is proportional to both debris flow velocity and debris 
flow density (ρ). Hence the debris flow maximum impact pressure (Pdmax) equation was 
given as follows: Pୢ୫ୟ୶ = αρ uଶ  (2) 

In which ρ is (kg/m3), and α is the empirical proportionality coefficient for hydrodynamic 
models that can be experimentally identified according to the type of debris flow. For 
instance,  α =2.0 was suggested by Watanabe (1981) for laminar and fine aggregate debris 
flows, whereas values between 2.0 and 4.0 were measured by Egli (2005) for debris flows 
which mainly involve coarse aggregate. Values between 3 and 5 were found from field 
investigations of 70 debris flow tests in China (Zhang (1993)).  

Hübl et al. (2009) used dimensional analysis and proposed a method for estimating debris 
flow Pdmax against protecting structure expressed as:   ୔ౚౣ౗౮஡୳మ = a F୰ୠ  (3) 

Where the parameters of (a) and (b) are empirical factors and their values are between 4.9 to 
5.62 and  -1.66 to -1.29,  respectively (Hübl et al. (2009)). 

 

2.1. Momentum Conservation Law 

2.1.1. Reynolds Transport Theorem 

Based on the definitions given by Takahashi (1979); Chu et al. (1995) and Mangeney et al. 
(2010), a change in the momentum of the debris flow initiates the impact impulse pressure 
on a rigid wall. The total forces per unit width that act on the control volume on the sloping 
bed in the x direction is: 𝐹்௫ = ׬ ቂ𝜌̅𝑔 ℎത 𝑠𝑖𝑛 𝜃 − 𝑘𝜌̅𝑔 hത ௗ(௛)ௗ௫ − 𝜌̅𝑔 hത tan 𝜑ቃ௅ା௅ೣ௅ೣ dx (4) 

Where 𝜑 represents the friction angle of the material,  𝜌̅ represents depth-averaged debris 
flow density , ℎത represents the average depth along the x-direction that can be written as ℎത =𝑧௧௢௣ − 𝑧௕௘ௗ , L represents the control volume length and Lx is the length of the flume 
upstream to the control volume. The angle of inclination of the bed slope was represented by 
θ. The first term is gravitational force which represents body force due to gravity that acts on 
the control volume, the second and third terms represent external force components 𝜎௫௫  and 𝜏௭௬ through the control volume Fig. 1. (See details in Appendix A.) 
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Solving Reynolds Transport Theorem to obtain the momentum flux model that is appropriate 
to define incoming momentum flux which flushes to downslope was given as: 𝜌̅𝑢௜௡ଶ  ℎ௜௡ + 𝜌̅𝑔 ℎത𝐿 𝑠𝑖𝑛 𝜃 − 𝑘𝜌̅𝑔 hത𝐿 ௗ(௛)ௗ௫ − 𝜌̅𝑔 hത𝐿 tan 𝜑 =  𝜌̅𝑢௢௨௧ଶ  ℎ௢௨௧   (5) 

Where 𝜌̅𝑢௜௡ଶ  ℎ௜௡, (𝑀ሶ in), and 𝜌̅𝑢௢௨௧ଶ  ℎ௢௨௧, (𝑀ሶ out) are debris incoming and outgoing momentum 
flux per unit width, respectively, which ℎ௜௡ = 𝐻௜௡𝑐𝑜𝑠𝜃 and ℎ௢௨௧ = 𝐻௢௨௧𝑐𝑜𝑠𝜃,  𝜌̅𝑔 ℎത𝐿 𝑠𝑖𝑛 𝜃, 
is the gravitational force (Fg) component per unit width, 𝑘𝜌̅𝑔 ℎ𝐿 ୢ(୦)ୢ୶ , is the longitudinal 
pressure force (Fp) per unit width due to longitudinal variations in depth h, and 𝜌̅𝑔 ℎത L tan 𝜑, 
is the basal friction force (Fbs)  per unit width as illustrated in Fig. 1.  

 
Fig 1 - Sketch of the flume geometry and the total forces that act on the control volume 

attributed to the tree trunk patches arrangement at an inclined bed with the angle of (θ).  

 

3. MODEL PROGRESS  

3.1. Drag Force 

Nowadays, referring to the more specific reference of the field of rigid vegetation, rigid tree 
trunks have often been demonstrated by circular cylinders made of various materials either 
in experimental or simulation models. Due to the influence of the tree trunks against debris 
flow, the drag forces were exerted and can be expressed as ∑ 𝐹஽ே௜ୀଵ  where N is the number 
of the tree trunks per unit plan area. 

Formally, the depth integration of drag force for a single vertical cylinder with diameter d, 
from 𝑧௕௘ௗ to 𝑧௧௢௣ can be expressed as follows: 𝐹஽ = ׬ ଵଶ 𝐶஽ 𝜌̅𝑢ଶ𝑑 cos 𝜃 𝑑𝑧௭௧௢௣௭௕௘ௗ  (6) 
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In which CD is the drag coefficient and d being the tree trunk diameter.  

By inserting Eq.6 into Eq.5, the momentum conservation equation applied along flow 
direction given in Fig.1 can be rewritten as: 

𝜌̅𝑢௜௡ଶ ℎ௜௡  + 𝜌̅𝑔 ℎത 𝐿𝑠𝑖𝑛 𝜃 − 𝑘𝜌̅𝑔 hത𝐿 ୢ(୦)ௗ௫ − 𝜌̅𝑔 hത𝐿 tan 𝜑 − ଵଶ 𝑁𝐶஽ 𝜌̅hത𝑢ଶ  =  𝜌̅𝑢௢௨௧ଶ ℎ௢௨௧    (7) 

 

3.2. Tree Trunk Patches Methods 

Several research studies have been conducted on the interaction between flow and rigid 
vegetation in the past (e.g., Liu et al. (2016) and D’Ippolito et al. (2021)), but a few studies 
have been done on the effect of drag exerted from various vegetation densities on debris flow 
(e.g., Liu et al. (2021)). Here, the tree trunk simulation analyses are based on two different 
scenarios. In one of the simulations, the density of tree trunks (λ) increased within a 
predefined area (Fig. 2), and in the second configuration, the vegetated length parameters (∅) 
(the number of rows of tree trunks) increased towards upstream (Fig. 3). 

A geometric similarity ratio value of 1:50 was defined between the tree trunk diameter and 
the simulation model diameter. The cylinder with a 1 cm diameter and 14 cm height was 
simulated on the flume (Cost (1979)). Tree trunk density without canopy was presented by 
gradually increasing the number of individual rigid tree trunk elements in the measuring 
plane area, in two different linear and rectilinear arrays (A1, A2, A3, A4, A5 and A6), Fig. 
2. In this group model two significant parameters, λ and solid volume fraction (ψ), have been 
examined. Referring to emergent rigid vegetation for cylindrical elements with a constant 
diameter (d) of past experimental studies (Valyrakis et al. (2021); Wilson et al. (2003) and 
Nepf (1999)), by concentrating on the concept of λ and based on the frontal area of the 
individual rigid elements per unit volume, the λ can be obtained as the ratio of the projected 
rigid tree trunks plan area to the total volume: λ = ୢ୦ୱ౟మ୦ = ୱୢ౟మ (8) 

Where si represents the distance between adjacent individual tree trunk elements. The ψ is 
the ratio of the areal coverage of the tree trunk elements to the portion of measuring area 
covered by tree trunk elements previously defined by Türker et al. (2006), and expressed as: ψ = N ஠ୢమସ∆ଡ଼ ∆୞   (9) 

Where ∆𝑋 is the horizontal distance, ∆𝑍 is the vertical distance in measuring the plane area 
and N is the number of tree trunks in the measuring area. Two scenarios were proposed for 
determining the Pdmax applied by debris flow on vertical walls. The first scenario covers six 
different configurations in which linear and rectilinear patches of tree trunks were examined 
the tree trunk densities and ψ ranging from λ = 1.3 m−1, for the linear arrangement model A1, 
to λ = 44.4 m−1, and for the rectilinear arrangement defined as configuration A6, (Table 1). 
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Table 1 - Plan view of cylinder tree trunks arrangement in simulation model 

Model group A 

 ` Tree trunk 
arrangement 

Horizontal 
distance on 
measuring 

plane ∆𝑋 (cm) 

Vertical 
distance on 
measuring 

plane ∆𝑍 (cm) 

Tree trunk
distance 

si 
(cm) 

Solid 
volume 
fraction 
(ψ) % 

Tree 
trunk 

density 
λ (m-1) 

A1  Linear 10 8 10 1 1.3 

A2  Rectilinear 10 8 6 1.96 2.8 

A3  Linear 10 8 5 3.9 4 

A4  Rectilinear 10 8 3 7.8 11.1 

A5  Linear 10 8 2.5 15.7 16 

A6  Rectilinear 10 8 1.5 31.4 44.4 

Model group B 

  

Tree trunks 
spacing 

perpendicular 
to debris flow 

direction ∆𝑋 (cm) 

Tree trunks 
spacing 
parallel 

to debris flow 
direction ∆𝑍 (cm) 

Tree 
trunks 

diameter 
 
 

d (cm) 

Number 
of rows 

 
 𝑁௥ 

Vegetated 
length 

parameter  
 

 ∅ 

B1  Linear 4 5 1 1 0.04 

B2  Linear 4 5 1 3 0.12 

B3  Linear 4 5 1 5 0.2 

B4  Linear 4 5 1 8 0.31 

B5  Linear 4 5 1 12 0.47 

B6  Linear 4 5 1 17 0.67 

 

The second scenario has been examined with six different configurations in which the 
number of rows used for the tree trunks increased towards the upstream side of the flume. 
The first configuration is run with one row of tree trunks (B1) and then the number of rows 
increased to 3, 5, 8, 12 and 17 in the following configurations, Fig. 3. Spacing between each 
tree trunk was adjusted to ∆𝑋 =4 cm in the cross-flume and ∆𝑍 =5 cm along-flume directions.  

The dimensionless ∅ (Türker et al. (2019)) was obtained by the ratio of the volume of a single 
vegetation element in a unit area, to the total volume of the unit area. The dimensionless ∅ 
varied between 0.04 and 0.67 as shown in Table 1. The ∅, based on its definition, was 
calculated as given in Eq 10. 

∅ = 𝑁௥ ഏరௗమ௛∆௫ ∆௭ ௛ = 𝑁௥ గௗమ ସ ∆௫ ∆௭ (10) 

Where Nr is the row number of tree trunks and ℎ represents the height of the tree trunk. 
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Fig 2 - The top view of the six different linear and rectilinear patches of tree trunk 

arrangements for model group A (A1, A2, A3, A4, A5 and A6). 

 

 
Fig 3 - The top view of the six different linear patches of tree trunk arrangements for model 

group B (B1, B2, B3, B4, B5 and B6). 

 

4. MODEL SETUPS  

The simulation results were performed by FLOW-3D, a three-dimensional finite element 
model. Continuity and momentum equations together with the finite volume method were 
used to solve the RANS equations. 
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4.1. Particle Sizes Distribution  

According to data extracted from Cui et al.  (2015), the materials that were used as input data 
for the model contained 2.9% clay, 5.1% silt, 37% sand, and 55% gravel. The ρ is 2074 
(kg/m³) with a water concentration of 0.35 and a total volumetric concentration of 0.63. 
Consequently, the volumetric concentrations for clay, silt, sand, and gravel are 39.1 (kg/m³), 
68.7 (kg/m³), 498.8 (kg/m³), and 741.4 (kg/m³), respectively. The cumulative percent passing 
of grain size, represented in Fig. 4, was employed as input data for defining debris flow 
particle size. As shown in the graph, the maximum particle size is 20 mm. To achieve the 
same material contents of the different grain size diameters that align with experimental data, 
four different gravel contents of 6%, 5%, 29%, and 15%, with diameters of 16 mm, 12 mm, 
8 mm, and 3 mm were applied in the model respectively. Additionally, four different sand 
contents of 11%, 9%, 14%, and 3%, with diameters of 1.75 mm, 0.9 mm, 0.375 mm, and 
0.11 mm were assigned respectively. Furthermore, for the silt and clay contents, percentages 
of 5.1% and 2.9% with diameters of 0.04 mm and 0.002 mm were respectively applied in the 
model. 

 
Fig 4 - Debris flow cumulative grain size distribution. 

 
4.2. The Geometry and Boundary Condition of Numerical Analysis 

In analysing debris flow impact force, crucial factors were selected with reference to previous 
studies. The simulated flume is 300 cm long and 20 cm wide with an inclination angle of 15° 
which was exhibited in Fig. 5. The 3 cm thick wall was placed at the end of the flume. The 
height of the wall is 25 cm, and its width is 12 cm. The debris material was flushed down by 
a gate with a 20x20 cm2 area, placed at 50 cm from the top of the flume as a flow inlet. To 
measure the debris flow impact pressure, 18 measurement points (historical probes) were 
applied and positioned on the wall at different vertical heights: 1.5 cm, 4.5 cm, 7.5 cm, 10.5 
cm, 13.5 cm, and 16.5 cm from the bottom of the rigid wall.  

A wall boundary type was assigned to Xmin, Ymin, Ymax and Zmin since there are no outflows 
in that particular region. On the other hand, outlet flow was applied at Xmax, and a symmetry 
boundary type was assigned at Zmax as illustrated in Fig. 5. 
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Fig 5 - Debris flow simulation model Geometry with various boundary condition types and 

18 measurement points (historical probes) on the rigid wall. 

 

As part of setting up the model, all material contents were applied in the fluid initialization, 
and material diameters were specified in the physics of the model as the sediments scour 
window. In the mass momentum source window, the debris flow geometry and properties 
were performed, including details such as the shape (a square with dimensions of 20 x 20 
cm²), flow direction (oriented along the z-axis), and rotation (a 180-degree rotation in the y-
direction). This configuration is evidenced in Fig. 5, which represents the flow geometry at 
the inlet flow. To achieve the same debris flow discharge in accordance with the experimental 
results, the flow rate was scheduled as 0.11 (m3/s) between the time (0 - 2), 0.05 (m3/s) 
between the time (2 – 2.5), 0.01 (m3/s) between the time (2.5 – 3.1), 0.005 (m3/s) between 
the time (3.1 – 4), 0.001 (m3/s) between the time (4 - 5), 0.0001 (m3/s) between the time (5 - 
8) and zero for time 8 (sec). The debris flow properties and input data used in the simulation 
model are listed in Table 2. 

The cartesian meshes were generated using the nested multi-block grid mesh in flow 3D to 
minimise the model memory usage and runtime. Several mesh tests were performed in the 
simulation model to ensure that the numerical solution remains consistent and does not 
significantly change with different grid settings. Due to dealing with elements of different 
sizes, both uniform and non-uniform Cartesian mesh sizes were defined in the geometry. A 
uniform Cartesian mesh cell size of 0.005 m was used as finite meshes for the entire area. To 
improve mesh size precision for the tree trunk area and rigid wall, two different non-uniform 
block meshes were employed as illustrated in the Fig. 6. 

In block (a), the cell counts 100 and 200 were applied in both the y and z directions for all 
group models A and B respectively. However, due to different configurations in the x 
direction for group models A and B, the cell counts of 200 were allocated to the B6 model, 
the longest tree truck rows, in the x direction which indicated the average mesh sizes of 0.002 
m. To provide uniform precision for all group models A and B, a ratio of 308 cell counts per 
meter was applied. Furthermore, in block (b), cell counts of 100 were assigned in the x, y, 
and z directions for all group models. The total number of real cells for all mesh blocks is 
11474000. In order to increase the efficacy of results in FLOW-3D, the size ratio between 
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the adjacent cells should be close to unity as much as possible and must not exceed 1.25. 
Moreover, aspect ratios of the cells should also approximate unity as much as possible, and 
not exceed 3.0 because cell aspect ratios exceeding 3.0 can cause pressure iteration problems. 
Furthermore, all degrees of freedom for cells at all the sides (x, y and z) and bottom were 
fixed as shown as mesh planes in Fig. 6.  

 
Fig 6 - Computational mesh grid in the control volume of the simulated model with two 

different adding mesh block (a) and (b): section a) 3D view, section b) side view and 
section c) top view. 

 

Table 2 - Debris flow simulation input variable 

Parameters Value 
Specific gravity (Gs)  2.65 
Flume inclination angle (degrees) 15 
Average grain diameter d50 (m) 0.0027 
Dynamic Viscosity (Pa s) 0.096 
Yield stress (Pa) 30.32 
Fluid viscosity (kg/m/s) 0.001 
Debris flow fluid density (kg/m3) 2074 
Friction angle (degrees) 32 
Water concentration  0.35 
Sediment volume concentration  0.63 
Total debris flow volume (m3) 0.23 

 

5. VALIDATION OF THE TOTAL IMPACT FORCES 

The debris flow simulation analysis validation conducted here was classified into different 
simulations, with and without sediment particle (clean water) distribution and was validated 
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using the experimental results of Cui et al.  (2015). Based on their experiment, the length of 
the flume is 300 cm, the width is 20 cm, and the inclination angle is 15°. Five impact 
measurement points (historical probes) S1 to S5 were located at the end of the flume. These 
points were placed on the wall at 1.5 cm, 4.5 cm, 7.5 cm, 10.5 cm, and 13.5 cm vertical depths 
from the bottom of the wall. In their experiments, the flow impact pressure processes can be 
considered into three stages. First, there is a strong impact at the head of the debris flow, 
followed by a steady impact along the body, and finally, there is a sliding flow at the tail. 
Due to the lower impact pressure in the debris flow tail, only the initial two steps were 
considered by them as the impact pressures. Consequently, the impact pressure measured at 
10.5 cm and 13.5 cm heights were excluded from their calculations. 

 
Fig 7 - Impact pressure determination for different measurement points (1.5 cm, 4.5 cm, 

and 7.5 cm above the flume bed) that placed at different height, (a) clean water, (b) debris 
flow and validation of experimental data based on simulation analysis for (c) Clean water 

and (d) Debris flow. 

 

Based on the simulation and experimental results, both clean water and debris flow impact 
pressures do not reach point S5 in terms of height. The velocity of the clean water is estimated 
at 4.9 (m/s), Fr is 5.2 and the Pdmax is 12.6 (kPa) Fig. 7 section (a). Using the input parameters 
provided in Table 2 for water with sediment particles, the determined results include a u of 
4.1 (m/s), a Fr of 3.8, and a Pdmax of 32.9 (kPa), as illustrated in Fig.7 section (b). The impact 
pressure process at the first measurement point S1 was sustained for about 6 seconds and 
other points were sustained for 3-4 seconds. Fig. 7 sections (c) and (d) show the comparison 
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between experimental data and simulation results in three different measurement point 
heights (1.5 cm, 4.5 cm, and 7.5 cm) from the flume bed. In clean water, the percentage error 
of the simulated analyses is less than 2% for the first and second heights, and below 5% for 
the third height compared to the experimental results. Seminary, in the debris flow the 
percentage error of the simulated analyses at each height is less than 2% of experimental 
results. As a result, the (MSE) is 0.09 for clean water and 0.13 for debris flow. Therefore, the 
findings are in good agreement with the experimental observations. 

The analytical results obtained from Eq.4 were validated by using experimental data from 
Cui et al.  (2015).  In their experiment, they conducted a total of 27 tests, with a Fr variation 
between 2.5 and 5.9. Subsequently, these results were compared with 155 tests of previous 
data with Fr between 0.5 and 10.8 by Hübl and Holzinger (2003);  Tiberghien et al. (2007) 
and Scheidl et al. (2012) and field experiment analyses by Costa (1984) and Zhang and Yuan 
(1985). In this study, subcritical flow data (Fr<1) have been removed from the calculation. 
The result of the regression hydrodynamic model derived by Cui et al. (2015) was expressed 
in Eq.11 and was given in Fig. 8: 

௉೏೘ೌೣఘ ௨మ = 5.3 𝐹𝑟ିଵ.ହ  (11) 

The impact pressure analysis data from Cui et al. (2015) were inserted into Eq. 4 and the 
results were plotted on the power line with a regression error square (R2) of 0.95 to show that 
the results matched with the previous studies. Based on these ranges the dimensionless 
empirical coefficient, α is analytically calculated to be in the range of 0.4 and 1.86. 

 
Fig 8 - Relationship between empirical coefficients and the Fr based on Analytical and 

experimental results 
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5.1. Impact Pressure Simulation  

Twelve model tests were performed with different tree trunk arrays in both linear and 
rectilinear directions. All forces per unit meter were measured with specified density, tree 
trunk diameters, and distances. The results are shown in Table 3. The momentum flux leaving 
the control volume of the vegetated area generates pressure on the vertical wall. Eighteen 
measuring points (S1 to S18) have been used to assess impact pressure on the wall. Each 
point was arranged to have a 3 cm vertical and 4 cm horizontal distance from each other. Fig. 
9 and 10 indicate the graphical variation of impact pressure between S1, S2, S3, S4, S15 and 
S16 that were placed at different depths for both A4 and B5 models as a function of time. It 
can be noted that, with the increase of tree trunks against the debris flow path, the duration 
of the rigid wall impact pressure also increases. For instance, approximately 9 to 10 seconds 
were estimated to be sustained for A4 and 8 to 9 seconds for B5 as indicated in Fig. 9 and 
10. The arrival time of peak impact pressures based on the effect of tree trunks was shown in 
Table 3, where peak impact pressure arrival times were changed from 0.76 to 1.2 seconds for 
group model A and from 0.76 to 0.9 seconds for group model B. 

 

Table 3 - Numerical results for both group models A and B. 

Group models A 
Solid 

volume 
fraction 
(𝛙) % 

Peak 
Impact 
arriving 

Time 
(sec) 

Depth    
Hout 
(cm) 

Velocity    
u (m/s) 

Froude 
number 

Mሶ in 
(kN/m) 

FD 
(kN/m) 

Fg 
(kN/m) 

Fp   
kN/m) 

Fbs 
(kN/m) 

Mሶ out      
(kN/m) 

1 0.76 14 4.6 3.93 47.8 2.2 0.60 0.62 1.45 44.1 

1.96 0.8 16.5 3.9 3.06 47.8 20.8 7.10 0.74 1.71 31.6 

3.9 0.8 15.2 4.2 3.48 47.8 8.7 0.68 0.70 1.64 37.4 

7.8 1 18.9 3.4 2.49 47.8 29.1 8.15 0.84 1.97 24 

15.7 1 17.2 3.7 2.87 47.8 23.6 7.41 0.77 1.79 29 

31.4 1.2 25.4 2.5 1.61 47.8 41.5 10.90 1.13 2.63 13.4 

Group models B 
Vegetated 

length 
parameter, ∅ 

Peak 
Impact  

Arriving 
Time 
(sec) 

Depth    
Hout 
(cm) 

Velocity    
u (m/s) 

Froude 
number 

Mሶ in 
(kN/m) 

FD 
(kN/m) 

Fg 
(kN/m) 

Fp 
kN/m) 

Fbs 
(kN/m) 

Mሶ out 
(kN/m) 

0.04 0.76 14.7 4.4 3.6 47.8 6.5 0.70 0.73 1.69 39.6 

0.12 0.8 15.2 4.2 3.5 47.8 8.7 0.68 0.70 1.64 37.4 

0.2 0.9 16.1 4.0 3.2 47.8 12.9 0.72 0.75 1.74 33.1 

0.31 0.9 17 3.8 2.9 47.8 16.2 0.76 0.79 1.84 29.7 

0.47 0.9 17.1 3.8 2.9 47.8 16.4 0.77 0.79 1.85 29.5 

0.67 0.9 17.1 3.8 2.9 47.8 16.4 0.77 0.79 1.85 29.5 
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Fig 9 - Debris flow impact Pressures at measurement points (S1, S2, S3, S4, S15 and S16) 

were placed at different depths for model A4. 

 

 
Fig 10 - Debris flow impact Pressures at measurement points (S1, S2, S3, S4, S15 and S16) 

were placed at different depths for model B5. 
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Fig. 11 and 12 exhibit the front view impact pressure distribution along the rigid wall models 
A and B. It can be seen that for group model A (linear and rectilinear), Pୢ ୫ୟ୶ was 
concentrated between 4.5 to 10.5 cm above the floor. As ψ increased, independent of linear 
or rectilinear configurations of tree trunks, the effect of impact pressure decreased. When the 
maximum impact pressures at A1 are compared with the max impact pressures at A6, a 
reduction of 67.3%, 69.5% and, 70% in maximum pressures were observed at S4, S3, and 
S2, respectively. Another important observation is the increase in the depth of flow in parallel 
to the increase of ψ. Due to the velocity retarding effect (drag force effect) of the tree trunks, 
the u experienced a reduction of 4.6 to 2.5 (m/sec) along the flow direction. Based on the 
principles of continuity, a decrease in velocity increases the flow area, which in turn increases 
the depth of the debris flow. The depth ascended from 14 cm to 25 cm. Consequently, the 
reduction in the velocity did not change the regime of the flow and the supercritical flow 
properties dominate the flow. However, as seen in Fig. 11, a considerable increase in 
maximum impact pressures at the top of the wall was observed due to the rise in the debris 
flow depth. The retarding effect of tree trunks on the occurrence time of peak impact 
pressures was given in Fig. 11 indicating a 58% shift in the occurrence time of peak impact 
pressures.   

 
Fig 11 - The pressure distributions in the 18 measurement points on the rigid wall for 

group models A with various λ (1.3, 2.8, 4, 11.1, 16 and 44.4, m-1) and 𝜓 (1, 1.96, 3.9, 7.8, 
15.7 and 31.4, %). 

 
Fig 12 - The Pressure distributions in the 18 measurement points on the rigid wall for 

group models B with various ∅, (0.04, 0.12, 0.2, 0.31, 0.47 and 0.67). 
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The simulation for model B configurations clearly depicted the effect of drag on the debris 
flow. The in-line ordered trunks generated an easy path for debris flow to reach the wall thus, 
maximum impact pressures were observed due to these flows. On the other hand, as the ∅ 
increased, the pressure dropped in the projection of tree trunks. Simulated peak pressures on 
the wall were 39 (kPa) in model B1 and 29 (kPa) in model B6. Approximately, a 34% 
reduction in peak impact pressure is not as good as the results achieved in Model A 
simulations. A significant reduction in debris flow velocity is not observed as in the case of 
model A simulations. As the ∅ enlarges from 0.04 to 0.67, a slight decrease in u was 
monitored (from 4.4 to 3.8 (m/s)). Meanwhile, the flow depth increased from 15 cm to 17 
cm. Consequently, the necessary time required to monitor the occurrence of peak impact 
pressures on the wall did not vary much (Fig. 12).  

 

5.2. Normalized Drag Coefficient  

There are several research studies that define the drag force and coefficient based on various 
assumptions. Some of them ignore the dominant effect of the Reynolds number (Riazi and 
Türker (2019)) while some assume that the drag force is linearly changing with flow velocity 
(Türker and Valyrakis (2021)), implement the drag force concept on linearly and randomly 
distributed trees based on using a quadratic drag law and concluded that the variation in drag 
force increases as the λ increased. For the analyses of CD along an individual tree trunk, the 
drag force equation (Eq. 5) can be given as: 𝐶஽ = ଶிವఘഥ௨మௗு (12) 

in which H are debris flow depth. Based on the data given in (Table 3), under the assumption 
that debris flow velocity, debris flow density and tree trunk area are constant at the entrance 
of control volume, the magnitude of CD will vary as the tree trunk ψ and ∅ change.  Therefore, 
the CD increases as the number of tree trunks increases. This brings about an idea to define 
the CD in a normalized form that will take into consideration the variable amount of tree 
trunks. For the assessment of the normalized drag coefficient (CDN), by considering the 
assumptions mentioned above, which was associated with the debris flow resistance due to 
rigid tree trunks, CDN was proposed as below:  𝐶஽ே = 𝐶஽ × 𝜂 (13) 

Where 𝜂 is the mean value of the correlation drag coefficient for each different λ. 

There are several different methods to define the tree trunk CD for the group tree trunk model 
in which CD is not the same as a single tree trunk and has typically been accessed to increase 
with λ (Nepf (1999); Tanino and Nepf (2008); Kothyari et al. (2009); Stoesser et al. (2009)). 

The drag force was equally distributed within the control volume among the different tree 
trunks to examine drag coefficients.  

The graph in Fig. 13 shows the variation of CDN with various row numbers, Nr. The values 
of 𝜂 and CDN for the six different group model B are in the range of about 1.0-2.5 and 0.2-
1.2 (Table 4). The graph exhibits that CDN increases with an increase in row numbers. As the 
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CDN approaches its maximum level, it approaches a constant value even if  Nr values continue 
to increase. This could be due to the possibility that the debris flow became fully developed 
after a certain length of vegetation array.   

The nonlinear regression equation describing the change in CDN with respect to the number 
of rows was given in Eq. 14 with a mean square error (MSE) of 0.03 and the standard error 
of the regression (S) of 0.18. Equation 14 was derived to describe the CDN valid for the 
simulation performed in this study. 

 𝐶஽ே = 1.2 − 1.44 exp (−0.24𝑁௥) (14) 

 

Table 4 - Results of CD, η and CDN with different 𝜓 number of rows 

 CD η CDN 

(𝛙) % Group model A 

1 0.07 1.0 0.1 

1.96 0.62 9.4 5.9 

3.9 0.44 6.6 2.9 

7.8 0.87 13.2 11.5 

15.7 0.71 10.7 7.6 

31.4 `1.24 18.8 23.3 

Nr Group model B 

1 0.20 1.00 0.2 

3 0.26 1.32 0.3 

5 0.39 1.96 0.8 

8 0.49 2.46 1.2 

12 0.49 2.49 1.2 

17 0.49 2.49 1.2 
 

The values of 𝜂 for linear group model A are in the range of about 1 to 10.7 and for rectilinear 
group model A are in the range of 9.4 to 18.8 (Table 4). The graph in Fig. 14 shows the 
variation of CDN with various ψ for linear and rectilinear tree trunk models. The CDN increases 
with increasing the number of tree trunks within a predefined area in both linear and 
rectilinear models. As illustrated in Fig. 14, the increase in rectilinear models is more 
pronounced compared to the linear model. 
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Fig 13 - Variation of CDN with various row numbers (Nr) for group model B. 

 

Fig 
14 - Variation of CDN with various ψ for group model A (Linear and Rectilinear). 

 

In order to assess more completely the influence of tree trunks on the CDN the normalized 
regression equation was defined as a function of the Fr and ψ for group model A and Nr  for 
group mode B as follows: 𝐶஽ே = 39.69 − 0.33 ln(100𝜓)଴.଴଴ଶ −30.38 ln(𝐹𝑟)଴.଼ହ (15) 𝐶஽ே = 7.45 − 0.12 ln(𝑁௥)଴.଻ଶ −5.63 ln(𝐹𝑟)଴.ଽଽ (16) 

These equations imply that drag coefficients have a weak dependence on tree trunks ψ 
fractions and row numbers when compared with the Fr. According to the proposed equations 
and CDN estimated, a satisfactorily agreement has been exhibited as shown in Fig. 15. 

Several factors affect the hydrodynamic empirical coefficient, for instance, the characteristics 
of a basin, the features and properties of debris flows and intensity rainfall characteristics. 
Previously conducted debris flow experimental results show that the hydrodynamic empirical 
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coefficient can be estimated within the range of (2.8–4.4) (Lichtenhahn (1973)), (2.5–7.5) 
(Scotton and Deganutti (1997)) and (0.45-2.2), (Armanini (1997)). 

 
Fig 15 - Comparison between the CDN and the estimated CDN based on the results which 

obtained from Eq. 15 and Eq. 16 for both group models A and B. 

 
Fig 16 - Relationship between the Fr and dynamic empirical coefficient (α) 

 

The hydrodynamic empirical coefficient (α) has been estimated experimentally by using a 
flume to evaluate the impact force of debris flow as explained above. Fig. 16 depicts the 
variation of the dynamic empirical coefficient (α) as a function of the Fr. In the present work, 
the presence of tree trunks increases the resistance forces, and the empirical coefficient was 
estimated to be in the range of (0.28–0.92) for the Fr varying between 1.6 and 3.9.  Referring 
to Eq. 3 by having a new finding of Pdmax the new regression hydrodynamic model with mean 
square error (MSE) 0.0004 and the standard error of the regression (S) 0.006 were introduced 
as: α = 0.15𝐹௥ଵ.ଷଷ (17) 
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The values of (a) and (b) were determined for both group models A and B as 0.15 and 1.33, 
respectively. Therefore, the presence of the tree trunks for decreasing the impact pressure of 
debris flow on walls have a less (a) and high (b). 

 

6. DISCUSSION  

Based on the analytical and numerical calculations, the ratio between pressure forces and 
inertia forces which is the dynamic empirical coefficient (α) has been modified for the cases 
where the protection of patch of tree trunks was present (Eq. 17). In this study, the values of 
(a) and (b) were determined as 0.15 and 1.33, respectively. As a result, the relationship 
between the Fr and dynamic empirical coefficient follows a power pattern. However, under 
normal conditions (without any mitigation techniques) which have been studied previously, 
the value of (a) ranges from 4.9 to 5.62 and the value of (b) ranges from -1.66 to -1.29, 
indicating that the Fr and (α) are inversely proportional (Hübl et al. (2009) and Cui et al.  
(2015)). 

This result depicts the effect of the patch of tree trunks on reducing the magnitude of inertia 
forces. Such reduction reduces the Fr, therefore, in order to reduce (α) since inertia force 
(ρu2) is decreasing Pdmax should also be decreased. This can only be satisfied if the constant 
(b) results in a positive value, 1.33. This result suggests that in the case of protective 
mitigation, the magnitude of (b) should be positive. 

Implementation of the baffle array is a similar artificial technique to mitigate debris flow 
disasters. Studies conducted by Bi et al. (2018), Wang et al. (2020) and Yang et al. (2021) 
demonstrated that the baffle row numbers, column spacing, and row spacing all have 
significant influences on the baffle energy dissipation. According to their results, increasing 
the number of baffle rows and spacing increases baffles energy dissipation capacity which 
indicates the reduction in the debris flow velocity. Also, Ng et al. (2015) investigated the 
effects of baffle spacing and row numbers and their experimental results depicted reduced u 
by increasing the number of rows of baffles. By increasing from one row to three rows, the 
u was reduced by 57 %. In this study, a reduction in the debris flow velocity is also observed. 
However, the reduction is not as high as in baffle cases but is up to 47% in the A type models 
and 21% for the B type models. Such a result indicates that natural mitigation methods might 
not be as successful as artificial ones but still can reduce risks generated by debris flow. In 
addition, Zhang et al. (2021) worked out the effect of baffle arrays at the acceleration stage 
of the granular flow and according to their results, u was reduced by 78.82%. 

Many studies have recently investigated the CD exerted by cylindrical arrays in the case of 
water flow. These findings examined flow patterns similar to results investigated for debris 
flow in this study. Studies conducted by Tanino et al. (2008); Etminan et al. (2017); Chang 
et al. (2020); Mancheño et al. (2021) and Sohrabi et al. (2023) showed that by increasing the 
ψ, the CD increases and consequently the drag force also increases. Also, D’Ippolito et al. 
(2019) investigated that by increasing the λ, the CD increases by 50 %. Since the debris flow 
density is higher than the water flow, the results of this study indicated the CD increases by 
90% and 59% in both grope models A and B, respectively. 

At the same time, some studies were done to examine the variation of exerted drag force with 
the effect of blockage and sheltering (Li and Shen (1973); Schoneboom et al. (2011);  
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Etminan et al. (2017) and Liu et al. (2020)). From the perspective of the blockage and 
sheltering effect, our results also have been validated by those results. Etminan et al. (2017) 
and Liu et al. (2020) found that the blockage effect with high vegetation densities had a 
greater impact on reducing CD than sheltering effects in rectilinear configurations. However, 
in the linear configuration with the constant blockage ratio, the sheltering effect showed more 
strength, which was evidenced by parallel findings regarding the blockage and sheltering 
effects observed in this study. 

In this study, the rectilinear configuration of tree trunks in a given spot area was more 
effective than other configurations. When the maximum impact pressures at A1 were 
compared with the maximum impact pressures at A6, a reduction of 67.3%, 69.5% and, 70% 
in maximum pressures were observed at S4, S3, and S2, respectively and a 34 % reduction 
in peak impact pressure for model B. 

It can be seen that for group model A (linear and rectilinear), the Pdmax concentration appears 
in a different region of the wall. The variation of impact pressure concentration is similar to 
the damaged regions of the wall. There is a relatively high impact pressure region over the 
wall from S1 to S4 in A1 (linear model). Increasing the tree trunk arrangements from A2 to 
A6 gradually reduces the effect of Pdmax and expands its effect to a large area, therefore, the 
damaged regions were altered.  

Future research should focus on studying the debris flow velocity field, with a particular 
concentration on the debris flow surfaces, and also, developing methods to determine the 
velocity field around patches of tree trunks. 

 

7. CONCLUSION  

The work reports focused on the effect of debris flow peak impact pressure on a vertical wall 
which has been analysed under the protection of a patch of tree trunks. Both numerical 
simulation and the analytical model have been applied and validated.  

Based on research findings, the following conclusions were drawn: 

1. The numerical simulation results depicted that increasing the λ within a given spot 
area is 50% more protective than the increase in the number of rows of tree trunks. 

2. An increase in the λ is also effective in retarding the occurrence period of the peak 
flows in model A around 58%. For model B, since we only increased the number of 
rows, it has changed by 18.4% up to the B3 (five tree trunk rows) model and it has 
not affected on occurrence period of the peak for the other models at all. Thus, based 
on the results of the eight, twelve and seventeen rows of tree trunks investigation, the 
design basis for the five rows of tree trunks was suggested for model B. 

3. The Pdmax is concentrated between 4.5 and 10.5 cm above the floor. 

4. Based on the analytical calculations the CD has been developed as a function of the 
Fr and the new dynamic empirical coefficient (α) has been modified based on the 
analytical results.  

5. The CD was defined as a function of the ∅ and ψ. Accordingly, the presence of 
patches of tree trunks plays a significant role in reducing debris flow impact pressure 
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and thus minimizing the hazard risks. It is clear that accurate numerical analysis and 
analytic methods can be effective in obtaining accurate debris flow impact force 
simulations. This study can be improved and developed by using different sediment 
and water concentrations to test the Pdmax on the walls. In addition, this study can be 
improved by using an experimental system, such as the physical model of the 
prototype, and converting the findings to values likely to be encountered in nature in 
future studies. 
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