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Abstract

The debris flow can be modeled as non-Newtonian flow using physical
and mathematical modeling methods based on rheological property
measurements and movement parameters. The numerical simulation in
this research used smoothed particle hydrodynamics (SPH) to solve the
momentum and energy equations. The debris flow modeled in this research
is located in the Bentarsari Basin, which is surrounded by hills composed of
volcanic breccia from the Kumbang Formation (Tpk) and tends to be more
susceptible to landslides and may become debris flows. The results of the
numerical simulation begin with the collapse of the natural dam and become
debris flow with 8.8 m maximum thickness. The debris flow destroyed the
bridge in the 40s with 100 kPa pressure. A speed of 6 m/s was reached at
120 s. A small hill in the deposition area was hit by debris flow at 130 s,
causing 18 casualties. The debris flow enters the deposition area at 150 s.
The debris flow average velocity shows relatively transverse pattern (1-
126 s), constant pattern (126-289 s), and random pattern (after 289 s).
The debris flow average pressure shows steep negative gradient pattern
(147 s) and a relatively flat pattern (after 47 s). The average debris flow
thickness shows a steep negative gradient pattern (1-13 s) and a gentle
negative gradient pattern (after 13 s). The results of debris flow modeling
using SPH can simulate the debris flow segregation process, which usually
cannot be captured by conventional debris flow modeling software.

1. Introduction

Indonesia is a country highly prone to landslides. These events frequently occur in areas
with relatively steep slopes (Ahmid et al., 2023; Dzaki et al., 2024), intense weathering
processes, and high rainfall. Landslides that contain a mixture of solid and liquid materials
can transform into debris flows. Several landslides are followed by debris flows, such as
Karangkobar debris flow occurred in 2014 in Banjarnegara Regency, Central Java Province
which claimed more than 100 lives (Sadisun et al.,, 2018).

Debris flow can be modeled as non-Newtonian flow using physical and mathematical
modeling methods based on rheological property measurements and movement parameters.
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Figure 1. a) Outcrops of moderately to highly weathered volcanic breccia on the riverbed; b)

Several software packages have been used for debris flow modeling by previous researchers,
employing different analysis methods such as Debris2D (Hsu and Liu, 2019), Flo-2D
(Agostino and Tecca, 2006), Kanako 2D (Sadisun et al.,, 2019), RAMMS (Hussin et al.,, 2012),
Flow-R (Putra et al.,, 2022), and TRIGRS (Alvioli and Baum, 2016). These software packages
offered useful features for debris flow modeling; however, some approaches still lack the
ability to simulate the separation process of debris material (Jakob, 2010). The separation
process can be addressed by refining the model using the discrete element method (DEM).
The DEM model is incorporated into the smoothed particle hydrodynamics (SPH) model
applied in this research.

The Bentarsari Basin, Brebes Regency, Central Java Province, Indonesia was chosen for this
study because debris flow events have occurred there 19 times up to 2025. One notable
debris flow in this basin was the debris flow in Pasir Panjang Village, on February 22, 2018,
which claimed 18 lives. Therefore, this study aims to investigate the mechanism of the
debris flow event for February 22, 2018 in Pasir Panjang Village, with the goal of informing
mitigation strategies for potential future debris flows in the Bentarsari Basin.

2. Materials and Methods

Materials

The main materials used in modeling the debris flow were moderately to highly weathered
volcanic breccia (Figure 1) and completely weathered volcanic breccia to residual soil. Both
materials were derived from the Kumbang Formation (Tpk) (Kastowo, 1975), which is
more susceptible to landslides and may evolve into debris flows. The moderately to highly
weathered volcanic breccia is grayish brown in color and contains pebble- to boulder-sized
(>4 mm) andesite fragments that can be picked up by hand and are relatively weak. This
unit was observed along the riverbed, within the flow track, and in the source area.

The completely weathered volcanic breccia to residual soil, derived from volcanic breccia,
is characterized by a brown to grayish-brown color and a fine- to medium-sand grain size
(0.125-0.5 mm). In some locations, andesite fragments are still present. This unit has a
thickness of approximately 3-15 m and dominates the debris-flow material. The material
contains abundant organic matter, mainly in the form of plant remains, and is distributed
along the riverbank. Based on laboratory data, the material’s plasticity is classified as medium
to high, with a bulk density of 1.82-1.86 g/cm?, natural water content of 9.22-11.86%,
cohesion of 0.20-0.23 kg/cm?, and an internal friction angle of 23.04-27.65°, indicating
that it is classified as clay soil.

In addition to the material properties, hydrological inputs play a crucial role in determining
the behavior of debris flows in the SPH modeling. The supply hydrograph, which represent
the inflow condition for simulation, affects the flow viscosity and thereby determines
the rheological conditions of the debris flow. In this study, the supply hydrograph was
approximated by combining the surface water flow rate and rainfall intensity. Based on the
results of the Cipagurugan River flow rate measurements, the river discharge ranges from
0.8 m3/s in the northern section to 1.4 m3/s in the southern (foot slope) area. The rainfall
intensity value was obtained from the PK.5¢ Dukuhjeruk rainfall station, which is the closest
distance with research area (Table 1).

completely weathered volcanic breccia to residual soil on the source area.

Riset Geologi dan Pertambangan | (2025) 35 (2), 131-148 | DOI: 10.55981/risetgeotam.2025.1457 | https://jrisetgeotam.brin.go.id/index.php/jrisgeotam 132


http://doi.org/10.55981/risetgeotam.2025.1457
http://doi.org/10.55981/risetgeotam.2025.1457

Dinata et al.

Riset Geologi dan Pertambangan | DOI: 10.55981/risetgeotam.2025.1457

Table 1. PK.5c Dukuhjeruk 2009-2015 Monthly rainfall data

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2009 266 287 195 190 207 109 19 O 0 22 262 22
2010 391 295 493 299 302 181 35 100 155 90 130 283
2011 81 459 481 171 208 37 43 0 0 70 245 475
2012 223 434 269 23 131 15 O 0 0 34 169 291
2013 415 198 193 197 148 289 91 O 0 34 131 202
2014 233 286 256 170 149 83 65 7 0 7 125 289
2015 227 143 177 152 119 9 8 0 0 0 49 197
Max 391 459 493 299 302 181 43 100 155 90 262 475
Average 240 369 360 171 212 86 24 25 39 54 202 268
Min 81 287 195 23 131 15 O 0 0 22 130 22

Debris Flow as Non-Newtonian Flow

Debris flows typically begin as flooding on steep mountain slopes and transport large
amounts of suspended and bedload sediments. When the sediment concentration increases
beyond a certain threshold, the flow changes into a thick mass consisting of water, soil, sand,
gravel, rocks, and logs mixed together that moves through valley channels in a lava-like
manner (Jakob and Hungr 2005). Debris flows are also defined as masses of solid material,
water, and air that behave as a liquid flow. They can be characterized as non-Newtonian
flow. A debris flows consists of three main parts: the source area, the flow track, and the
depositional area (Blijenberg, 2007).

Debris flows can be classified into two types: hillslope and channelized debris flows
(Nettleton et al., 2005). The front (or head) of a debris flow is typically higher than the
remainder and contains large, moving boulders, followed by a more turbulent, mud-rich
fluid with high suspended-sediment viscosity (Song et al., 2018). This fluid phase continues
until the arrival of the next surge or until debris-flow activity ceases (Pierson, 1980; Choi
et al,, 2015; Choi et al.,, 2016). Debris flows are highly erosive as they move along the flow
track (Federico and Cesali, 2019). Along the flow path, the density of the debris flow can
be up to twice that of the accompanying fluid, and the shear stress on the streambed can
increase by up to sixfold (Janda et al.,, 1981). This increase in shear stress is often caused
by the sudden loading of landslide material in the source area (Berger et al., 2011).

Governing Equation

The numerical simulations in this study were conducted using the smoothed particle
hydrodynamics (SPH) method, which is derived from the Monaghan formulation (Monaghan,
1992). The SPH method does not require a fixed computational grid; instead, it uses analytical
differentials to interpolate governing equations. The momentum and energy equations are
expressed as systems of ordinary differential equations (ODEs). The governing equations
for the flow consist of the continuity and momentum equations in Lagrangian form. The Lo
and Shao (2002) formulation was applied under laminar flow conditions to compute the
corresponding viscous dissipation term (Equation 1).

vV, = Xpep ™y % Vap- (1)
where:

vy — kinematic viscosity of fluid (Pa.s)

v - velocity (m/s)

r - fluid particle radius (mm)

a and b - material identity

m - mass (kg)

W - compact support of kernel

p - density (kg/m?)

1 - value to avoid singularity (0.1 of kernel smoothing distance)

The turbulent and intermediate flow regimes can be described by artificial viscosity in the
momentum equation, so the vibrations/oscillations of the flow can be stabilized in the SPH
(Equation 2).
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av
dt

Pyt P
Faep = —Xpep mb( pap: + nab) VWap +9 (2)

where:

d - material derivatives

F - force (N)

I1 - artificial viscosity (Pa.s)
g - gravitational force (m/s?)

The density and pressure used in the SPH formulation are combined with an equation of
state (EOS), allowing for low compressibility in the fluid based on the numerical speed of
sound (Monaghan, 1994). Therefore, the numerical speed of sound was chosen based on
the typical length scale and time scale of the domain that allows a density variation of 1%
and results in a Mach number Ma = 0.1, with cs = 10||v||max. This restriction allows for
larger time scales in explicit time integration (Equation 3).

cZpo[( 0V
=) -1 ©)
where:
P - pressure (kpa)
¢s — numerical speed of sound (,/dP/dp)
y' - damping coefficient
po - initial density (kg/m?)

The calculation process in each given time step uses two explicit time integration schemes.
Equation 4 is integrated in time using a simple Verlet computation-based scheme and a
symplectic Verlet position scheme, where R, is the derivative of density by time.

dvg dpg drg
— Fa; — .

a st~ Raige =V (4)
One of the most interesting capabilities of the SPH model is the simulation of solid materials
driven by fluids. The application of this function to SPH produces the motion of a floating
structure which considers interactions with fluid particles and uses the resulting forces to
move the solid material. The total force on each floating solid material particle is calculated
as a sum of the contributions from all surrounding fluid particles. The calculations can
be integrated over time to obtain the values of v and Q at the start of calculation at the
next time step (Equation 5). The fluid particle assumed has granular shape while the solid
particle assumed as rigid material and also has granular shape, allowing the fundamental
equations of solid dynamics to be solved to obtain the motion (Canelas et al., 2017). Each
solid material particle will move with a velocity v, and shown to conserve linear and angular
momentum (Monaghan et al.,, 2003).

v, =v+ Q(r, — Rg) (5)

where:

vy, — velocity of solid material particle (m/s)
i, — solid particle radius

Q - angular velocity (rad/s)

R, - center of mass

The process to modeling the solid and liquid phases simultaneously can be assisted by
the Herschel-Bulkley-Papanastasiou (HBP) model (Papanastasiou, 1987; Mitsoulis, 2007).
The HBP approach allows modeling of various viscoplastic materials, including debris
flow. In addition, the non-Newtonian HBP model can be used to simulate shear-thinning
or thickening materials without yield strength. The Papanastasiou parameter controls the
stress change with a finite value for small shear rates in areas where stress changes are
expected, and linear behaviour in areas where stress changes occur (Morris et al., 1997;
Fourtakas and Rogers, 2016).
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Forces arise whenever a solid particle interacts with another particle (Jiang and Zhao
2015). These interaction forces are decomposed into F_ (normal force) and F, (tangential
force). Both of these forces include the effect of viscous dissipation. This is because the two
interacting objects experience deformation between perfectly inelastic and perfectly elastic
as measured by the normal coefficient of restitution in discrete element method (DEM)
model (Figure 2). The total force generated after the collision is separated into two forces,
namely F* (repulsive force) and F¢ (damping force). The equations for the repulsive force
and the damping force generated after the interaction can be seen in Equations 6 and 7.
The repulsive force arises from the elastic deformation caused by the particle collision. The
damping force comes from the viscous dissipation of energy during deformation.

,".__kn

Figure 2. Interaction scheme between particles with viscoelastic DEM mechanism
(Fourtakas and Rogers 2016).

3/2 1/2 &
Foyy =F +E{= kn,:'jé‘ijj ef} - ]’Jn,ijé‘ij/ 5:;9;?} (6)
Fri = F+ Fta = kt,ijé‘:fjerif - Y’t,ijé‘;iiaije;if (7)
where:

F -normal force (N)

F, - tangential force (N)

F" - repulsive force (N)

F¢ - damping force (N)

k - stiffness coefficient

i and j - tensor coordinate direction with Einstein notation
y’ - damping coefficient

3. Implementation

Figure 3 shows the processing time with a 48-hour time limit. Processing time was compared
with the number of particles modeled for each software type. The number of particles was
limited by the hardware’s modeling capability for 48 hours. The fastest modeling hardware
was the NVIDIA Tesla V100 GPU, which was capable of modeling 80 million particles within
a processing time of 47 hours (Dominguez et al., 2021). The second-fastest hardware was
the NVIDIA GeForce RTX 2080Ti, which modeled 56 million particles in 36 hours.
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Figure 3. Particle processing time in DualSPHysics on different hardware types
(Dominguez et al., 2021).

1

The number of base particles used in this research was approximately 1.5 million. The debris
flow modeling time was conducted for 800 seconds with a 1-second time step between
calculations; therefore, the total number of particles modeled was about 1.2 billion. Based on
the findings of Dominguez et al. (2021), using the fastest available software, the processing
time required would be approximately 705 hours (about one month) for each debris-flow
scenario. To reduce the processing time, the computational hardware was upgraded. This
study used an NVIDIA GeForce RTX 4090 GPU, which required only 36 hours of processing
time. Hardware performance increases with model complexity, as a minimum number of
particles is required to utilize the hardware efficiently and optimally. Once the hardware
reaches its execution limit, performance no longer improves as the number of particles
increases.

The drawbacks of the SPH model include its explicit nature, which may restrict the size of the
modeling domain, and the fact that extended frictional contacts are either computationally
expensive or inaccurately reproduced. Consequently, low-resolution simulations can
introduce artificial geometric inaccuracies due to the representation of material as granular-
shaped particles. Considering these limitations, and given its simplicity and computational
efficiency, the SPH applications in this study were limited to debris-flow modeling from
the source area to the depositional area at a 1:3,000 scale. To ensure that the governing
equations could incorporate all relevant data and be implemented within the SPH framework,
a well-organized workflow was developed, as illustrated in Figure 4.
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Figure 4. Workflow of debris flow modeling with SPH.

4. Parameters

The landslide in the source area has a circular sliding surface (Figure 5). The landslide
measures approximately 200 m in length, 100 m in width, and 30 m in main scarp height,
and includes several minor scarps. The volume of the landslide material was calculated using
a half-elliptical approximation, resulting in a volume of approximately 348,889 m3. The
viscosity condition suitable for debris-flow initiation was approximated by concentration,
with a value of 0.3 (Sadisun et al,, 2019). The landslide material temporarily blocked the
Cipagurugan River, forming a natural dam that persisted for five days (18-22 February 2018).
The accumulation of upstream water caused the landslide material to exceed its yield stress,
triggering a debris flow that traveled approximately 2.3 km southward.

The depositional area has a gentle slope gradient. Andesite boulders transported by the
debris flow range in size from approximately 0.02 m® to 4 m>. The depositional area measures
about 500 m in length and 250 m in width. In the numerical simulation, the debris-flow
area was represented based on contour data using fixed-boundary particles. A scale of
1:3,000 was applied in reconstructing the debris-flow area (Figure 6). The results of the
debris-flow modeling were overlaid with satellite imagery to compare the simulated and
actual debris-flow distributions, providing a better understanding of the event (Elkarmoty
etal,, 2017; Vasquez and Estrada, 2023).

The particle radius used for the fixed-boundary particles was set equal to that of the debris-
flow particles, with a particle spacing of 7.5 mm. The total number of fixed-boundary and
debris-flow particles was 1,582,565. The numerical simulations were performed for 800
seconds to capture the main movement of the debris flow following the collapse of the natural
dam. Each simulation iteration used a time step of 1 second. The modeled concentration
value was set to 0.3, following Sadisun et al. (2019), who reported that this viscosity value
was most representative of the Pasir Panjang debris flow event on February 22, 2018. All
parameters used in the numerical simulation are listed in Table 2.
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Fig. 4. Satellite image of debris flow traces of the Pasir Panjang Debris Flow on February 22, 2018 (left) and the results of the
debris flow area reconstruction in SPH (right)

Figure 6. (left) Satellite image of debris flow traces of the Pasir Panjang Debris Flow on February
22,2018 and (right) the results of the debris flow area reconstruction in SPH.

Table 2. Parameter values used in numerical simulations

Parameter Value Unit
Simulation duration 800 second
Time step calculation 1 second
Concertation 0,3 -
Minimum flow density 700 kg/m3
Maximum flow density 1,500 kg/m?
Water density 1,000 kg/m?
Solid material density 2,607 kg/m3
Gravity 9.81 m/s?
Sound speed coefficient 20 -
Smooth length coefficient 1.2 -
Particle distance 7.5 mm
Cohesion 20 kPa
Internal friction angle 23 °

T 22)7 -
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Velocity (m/s)

5. Results

The numerical simulation results indicate that the debris-flow event initiated with the
collapse of the natural dam at t = 1 s, when debris material began to move southeastward
along the flow path (Figure 7). The natural dam had a maximum thickness of approximately
8.8 m. At t = 30 s, the debris flow reached the area immediately north of the bridge with a
velocity of about 2.5 m/s (Figure 8). The bridge was destroyed at t = 40 s under an estimated
impact pressure of 100 kPa, after which the flow deflected southward, following the existing
river channel. By t = 120 s, the flow velocity increased to approximately 6 m/s within the
confined section of the flow track, attributed to the progressively narrower and straighter

channel geometry (Figure 9).

Satellite Imagery

Pressure (kPa)

Figure 7. Results of numerical simulation of debris flow from the source area to the flow trackatt=1s.

At t = 130 s, the debris flow impacted a small hill located north of the depositional area,
producing a maximum flow thickness of approximately 4 m and an impact pressure of
about 30 kPa (Figure 10). A total of 18 individuals were affected by the debris flow in this
area while conducting agricultural activities in nearby rice fields. Based on the simulation
results, the warning or reaction time available before impact was approximately 10 seconds,
determined from the moment the debris flow was first visible from the top of the hill (t =
120 s) to the moment of impact (t = 130 s). This short response window likely contributed
to the inability of those in the area to evacuate in time.

The debris flow began to enter the deposition area at t = 150 s forming an alluvial fan (Figure
11). The debris flow began to turn southeast following the river flow direction at t=210 s
(Figure 12). The debris flow material began to spread widely and settle in the deposition
area at t = 420 s, forming deposits with an approximate thickness of 2 m (Figure 13). By
t = 800 s the debris flow continued to flow to the southeast, although the flow thickness
gradually decreases as the material further dispersed downstream (Figure 14).
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Satellite Imagery Thickness (m)

Figure 8. Results of numerical simulation of debris flow from the source area to the flow
track at t= 30 s.

Satellite Imagery Thickness (m)

Velocity (m/s)

Figure 9. Results of numerical simulation of debris flow from the source area to the flow
trackatt=120s.
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Figure 10. Results of numerical simulation of debris flow from the source area to the flow
trackatt=130s.

Satellite Imagery Thickness (m)

Velocity (m/s) : Pressure (kPa)

Figure 11. Results of numerical simulation of debris flow in the depositional area att =
150s.
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Satellite Imagery Thickness (m)

Pressure (kPa)

Figure 12. Results of numerical simulation of debris flow in the depositional area at t =
210s.

Satellite Imagery Thickness (m)

Velocity (m/s) . Pressure (kPa)

Figure 13. Results of numerical simulation of debris flow in the depositional area att =
420 s.
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Figure 14. Results of numerical simulation of debris flow in the depositional area at t
=800 s.

6. Discussion

Due to the absence of velocity, thickness, and monitoring data for the Pasir Panjang debris
flow event, the comparison between modeling results and the actual event was conducted
based on the observed impacts of the debris flow. These impacts include eroded river
cliff faces, material deposited after the debris flow occurred, and infrastructure damage
(roads and bridges). The modeling parameters analyzed in this study comprise the average
velocity, average pressure, and average thickness. The use of average values was performed
to simplify the complexity of the modeling output parameters. The SPH-based-debris flow
modeling is capable to model the debris flow segregation process, so the details of each
output parameter are more complex due to the spatial and temporal conditions. Therefore,
a detailed study of the output parameters is beyond the scope of this study.

The average velocity of debris flow modeling showed relatively transverse pattern until
t = 126 s (Figure 15). The relatively transverse average velocity pattern was caused by
moving debris material not yet aligned in single direction (Gotoh et al., 2002); there were
still many modeled particles moving perpendicular to the direction of surface water flow.
Between t = 126 s and t = 289 s, the average velocity pattern remained relatively constant,
as the modeled particles had become more uniformly oriented, forming a characteristic flow
structure and beginning to spread within the depositional area. Between t = 289 s and t =
800 s, the average velocity pattern became more irregular, caused by the fragmentation of
the debris-flow body into several parts that continued moving from the flow track toward
the depositional area.
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Figure 15. Relationship between average velocity and modeling time.

The average pressure graph of the debris-flow simulation exhibited a steep negative gradient
from t=1sto t=47s (Figure 16). This trend reflects the time required for the debris flow
to move from the broad source area into the narrow section of the flow track, resulting in a
rapid and significant pressure drop. After ¢t = 47 s, the negative gradient became relatively
stable, indicating that the average pressure of the debris material was evenly distributed
as the flow entered the channelized section with a more defined flow structure. When the
debris flow reached the depositional area at t = 150 s, the pressure variation became less
significant, as the pressure distribution corresponded to the expansion of the depositional
area.

Figure 17 shows the average debris-flow thickness over time. The average thickness exhibited
a steep negative gradient from ¢t = 1 s to t = 13 s, corresponding to the time required for
the natural dam to completely collapse. Subsequently, the negative gradient became more
gradual from t = 13 s to t = 300 s, indicating that the debris material was becoming more
evenly distributed as it entered the flow track.

The natural dam collapse process is also indicated by a significant pressure drop and velocity
fluctuations between t = 1 s and t = 13 s. The rapid pressure drop resulted from the model’s
rapid time-step adjustment as it sought to reach a new equilibrium state. Such behavior
typically occurs when a retaining mass experiences high pressure leading to failure, as in the
collapse of a natural dam. The observed velocity fluctuations reflect transient flow behavior,
during which the time-step model continuously adjusted to a changing equilibrium state. In
this case, the velocity gradually stabilized after an initial rapid change, corresponding to the
period of significant pressure reduction. During this stage, the model had not yet reached
equilibrium, causing the velocity to oscillate temporarily before stabilization.
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Figure 16. Relationship between average pressure and modeling time.
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Figure 17. Relationship between debris flow thickness and modeling time.

7. Conclusions

The governing equations of the flow consist of the continuity and momentum equations in
Lagrangian form, developed from various references to accommodate the movement of solid
materials, non-Newtonian flow behavior, and interactions between solid and liquid particles.
The numerical simulation in this study employed the smoothed particle hydrodynamics
(SPH) method using a 1:3,000 scale model. The debris-flow modeling time was 800 s with
a 1-s time step, resulting in a total of 1.2 billion modeled particles and an ideal processing
time of approximately 36 hours. The simulation results showed that the collapse of the
natural dam began at t = 1 s, with debris material entering the flow track at a maximum
thickness of 8.8 m. The bridge was destroyed at t = 40 s under a pressure of 100 kPa. A
velocity of 6 m/s was reached at t = 120 s within the flow track. At t = 130 s, a small hill
north of the depositional area was struck by the debris flow, with a thickness of 4 m and
pressure of 30 kPa, resulting in 18 fatalities. The debris flow entered the depositional area
at t = 150 s, forming an alluvial fan, and began to spread and settle by ¢ = 420 s, with an
average thickness of approximately 2 m.
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The average velocity of the debris-flow model exhibited a relatively transverse pattern from
t=1stot=126s, caused by the debris material not yet being fully oriented in one flow
direction. From t = 126 s to t = 289 s, the average velocity remained relatively constant as
the modeled particles began moving uniformly with a typical flow shape and started to
spread within the depositional area. Between t = 289 s and ¢ = 800 s, the average velocity
became irregular due to the debris-flow body fragmenting into several parts that continued
moving from the flow track toward the depositional area.

The average pressure of the debris-flow model exhibited a steep negative gradient from ¢t = 1
sto t=47s, caused by the time required for the debris flow to move from a wide source area
into a narrow section of the flow track. After t = 47 s, the negative gradient became relatively
flat, indicating that the average pressure of the debris material was evenly distributed as it
began to enter the flow track with a typical flow shape. Similarly, the average debris-flow
thickness showed a steep negative gradient from ¢t = 1 s to t = 13 s, corresponding to the
time required for the natural dam to completely collapse. The gradient then became gentler
from t = 13 s to t = 800 s, indicating that the debris material was gradually and evenly
distributed as it entered the flow track.

This research is limited to modeling debris flows in its granular form, without accounting for
changes in debris volume from erosion or deposition. Future studies will focus on analyzing
the volume changes from erosion and deposition in greater details and investigating
relationship between key parameters and their spatial and temporal variations.
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