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Article history: Landslides are one of the most frequent disasters in Indonesia and
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Landslide;  were conducted on Slopes 1 and 3 which are at risk of landslides due
Peniraman Hill;  to their soil stability, with three variations of the soil friction angle () to
Savage-Hutter. see how changes in these parameters affect the flow mechanism and
sliding distance. The results show that the soil friction angle (6) is a
factor that influences landslide behavior. Decreasing the value &
makes the landslide move faster and cover a wider area in all parts of
the topography. The initial maximum velocity of Slope 1 ranges from
~12-17 m/s with a range of around ~18 meters, while on Slope 3 it
reaches ~20-27 m/s with a range of up to ~23.5 meters. Slope 3
consistently produces faster movement and longer sliding distance.
Overall, the combination of the SH model with the FVM method and
the HLL scheme controlled by CFL conditions has proven to be
effective, stable, and capable of representing landslide dynamics. The
research results can be an important basis for risk analysis and
disaster mitigation strategy planning in the environment around
Peniraman Hill to establish exclusion zones and design high load-
bearing structures in the potential landslide reach area of ~23.5
meters.
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1. INTRODUCTION
Landslides are one of the most frequent natural disasters in Indonesia. The combination of steep
topography, high rainfall, vulnerable geological conditions, and uncontrolled human activity make
landslides a serious threat (Wijaya et al., 2024). Impacts include infrastructure damage, loss of
productive land, and loss of life (Wahyuzi et al., 2024).

Data from the National Disaster Management Agency (BNPB) recorded 7,024 landslides
between 2015 and 2024, indicating a very high frequency of these disasters. One area prone to
landslides is Peniraman Hill in West Kalimantan, where the geomorphology of the hills, soil texture
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that is easily saturated with water, and the intensity of anthropogenic activity increase the slope's
vulnerability to landslides, particularly during the rainy season (lkrima et al., 2021).

Various previous studies have developed mathematical models to understand landslide
phenomena. A numerical method study using the classical finite volume method to solve the 1D
Savage-Hutter equations on a cohesionless avalanche of dry granular material down an inclined
plane and smoothly transitioning to a horizontal plane at various angles of internal friction (Shah et
al., 2024). Application of a balanced finite volume scheme to a landslide model shows close
agreement with field data and estimates from the literature (Campos et al.,, 2023). In a study
conducted by (Fan et al., 2022) the Gongjiafang landslide in the Three Gorges Reservoir was
numerically simulated using a two-layer depth-averaged model and the Finite Volume Method
(FVM) Harten-Lax-van Leer (HLL) scheme, the results of the study show that this model is proven
to be more accurate than empirical methods in describing the series of disasters that occur due to
landslides and the resulting water waves (surges). The Finite Volume method of the Savage—Hutter
equations allows for conservative solutions of granular flows, while in some studies (Li & Zhang,
2020; Liu et al., 2021; Wang & Zhang, 2022) the stability of the explicit scheme is guaranteed
through the application of the Courant—Friedrichs—Lewy (CFL) numerical conditions that regulate
the time step size based on the maximum wave velocity of the system.

The Savage—Hutter model was selected because it can represent granular flow on steep
slopes with large deformation and complex deposition, making it suitable for the field conditions in
Peniraman. The finite volume method (FVM) with HLL fluxes was used for its stability in capturing
shock waves and free-surface variations, with the Courant—Friedrichs—Lewy (CFL) condition
controlling the time step to ensure numerical stability. Although the model has been shown to
effectively describe mass-movement processes, its application in Indonesia remains limited and
mostly confined to theoretical or laboratory studies (lkrima et al., 2021). Therefore, this study
applies the model with varying soil friction angles (§) to simulate the flow mechanism and maximum
landslide reach at Peniraman Hill. This study aims to provide a numerical representation of soil
mass dynamics under field-like conditions and evaluate the performance of the modeling approach.
The results are expected to support risk assessment and the development of mitigation strategies
in landslide-prone areas.

2. RESEARCH METHOD

This study uses dynamic and numerical models to simulate landslide movement. The dynamic
model is used to simulate movement over time. Meanwhile, the numerical model is used to solve
the differential equations arising from the conservative model. At the conclusion of the study, a
comparison will be made to determine the contribution of the parameters to the model.
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Figure 1. Flowchart of model implementation

Table 1 summarizes the overall computational framework used in this study. The
implementation begins with pre-processing, followed by the application model, discretization,
evaluation, and stability control.
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Table 1. Computational Procedure of the Model Implementation

Phase Mathematical Component Numerical Method Purpose
Pre-processing  Topography & Initial Conditions Piecewise function Define physical domain
Modeling Savage—Hutter Equations Conservative formulation ~ Describe mass & momentum
Discretization Hyperbolic PDE system Finite Volume Method Preserve conservation
Flux Evaluation Riemann Problem HLL Scheme Capture shock & discontinuity
Stability Control Time marching CFL condition Ensure numerical stability
Post-processing Height & velocity profiles Snapshot analysis Determine landslide reach

2.1 Scope and Assumptions

This study uses the conservative one-dimensional Savage—Hutter (SH) model to simulate
landslide movement on Peniraman Hill, West Kalimantan. Data were obtained from a journal article
by (Ikrima et al., 2021), which analyzed the stability of rocky soil on three slopes. This study will
use data obtained from slopes 1 and 3 as parameters for running the model simulation, because
data from slope 2 tests conducted by previous research is not available. The results of this study
on the data from these 2 slopes are expected to be able to interpret mitigation strategies in the
Peniraman Hill area.

Table 2. Input Parameters

Parameter Slope 1 Slope 3
Slope Gradient (c) 24.7m 30m
Slope height (b) 16.84m 19.28m
Initial Slope Angle ( {,) 43° 40°
Internal Angle of Land ( ¢) 50° 63°

In addition, one soil parameter used is simplified: the cohesion value, which is assumed to
indicate the mechanical properties of the slope. This method is used to maintain model simplicity
while ensuring consistency of numerical calculations (Ludica et al., 2018; Wu et al., 2025). Some
literature also uses an assumption for this friction angle, usually chosen = ¢ (Ancey, 2001; Ludica
et al., 2018; Shah et al., 2024; Sun & Wang, 2024). Geotechnically, this simplification can affect the
geometric conditions of landslides in rock strength tests on the stress axis, the greater the friction
angle value, the greater the shear strength of the soil (Ikrima et al., 2021). However, for research
calibration without laboratory tests and supporting data, simulation testing was carried out:

Table 3. Soil Friction Angle Parameters
Scenario  Soil Friction Angle ( )

1 ®
2 @—5°
3 @ —10°

The parameters in tables 2 and 3 will also be used as values for creating topographic initialization.

2.2 Topography and Initial Conditions

Topography uses a one-dimensional slope plane with variations in slope length (L)
obtained through the Pythagorean theorem based on the slope and height of the slope (Overduin &
Henry, 2020), obtained:

L=a=+c%-b2#(Q)

The slope angle {(x) is used as a benchmark for creating the topography. Meanwhile, the
distribution of rocky soil sediments is based on the data adjusted to the domain scale, so the only
difference is the slope length. This topography initialization method focuses on the effect of slope
length on landslide dynamics. It prevents additional flow from outside the system, with zero
boundary conditions at the ends of the domain and zero initial velocity (u, = 0) (Ludica et al.,
2018). Other factors remain constant.
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Figure 2. Initial sediment topography and distribution velocity initialization

Topography is generated using piecewise functions , dividing the domain into several
intervals (subdomains). This approach is able to represent elevation variations more accurately
than single functions (Bollermann et al., 2014; Fois et al., 2025). This method is also often used in
contour interpolation and Digital Elevation Modeling (DEM) applications (Hutchinson, 1989; Zafar et
al., 2024). The piecewise functions used in this study are:

os 0<x<08L
{(x) =1¢ (1 — (x — 0,8L)/0,2L), 0,8L < x < L#(6)
0, x =1L

Next, to create an inclined plane z(x)on a slope, the tangent (tan) function is used.
z(x) = tan(((x)) (L —x)#(7)

The initial sediment height initialization n(x)in this study was obtained through the following
equation.

) = {max(b,z(x)), x <0,35L
- max(O,Z(x)), lainnya

#(8)

use maxhere to satisfy the assumption that the sediment is above the topography.

2.3 Savage-Hutter (SH) Model

The Savage-Hutter (SH) model is a dynamic model used to model the movement of
material flows such as landslides or dry, cohesionless granular flows, which behave like fluids. It
assumes Coulomb-type basal friction with bed friction angle (§) and Mohr—Coulomb internal
behavior with internal friction angle ¢ = &, simplified by representing three-dimensional stress
states with a single Mohr circle, so that the material density remains constant, the flow thickness is
small compared to its length (shallow-flow), and the land surface has a relatively gentle curvature.
This model uses a depth-averaged approach in the form of hyperbolic partial differential equations
that describe the distribution of depth and average velocity of material along a defined topographic
surface (Savage & Hutter, 1989). The basic model in conservative form:

oh  d(hu)
E+ o = 0#(2)
oy 9y L, 1 ~
a9t +a(hu +§th cos{)—thx#(B)

Equation (1) represents the continuity of mass, the change in material thickness over time
determined by the mass flux of thickness and velocity. By h(x,t) representing the material
thickness and u(x, t) landslide velocity at position xand time t. While equation (2) is for momentum
conservation, including the effects of lateral material pressure (K), slope gravity (g), and basal
friction (Sx).

Lateral pressure relates soil material to the angle of internal friction of the soil . There are
active and passive pressures which are distinguished from the change in velocity with respect to
position (du/dx), if it is more than 0, then Kit is active pressure.

K = 2sec?(p) (1 F 1 —cos2(p) secz(é)) — 1#(4)
where ¢ is the internal angle of the soil and § is the friction angle of the soil.

Further in the momentum equation, the gravity component drives the landslide down the
slope which is influenced by the resisting movement by the basal friction angle.
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S, = sin({) — |Z—|tan(5) cos(Q) #(5)

where C is the slope angle of the topographic slope.

2.4 Finite Volume Method

The Finite Volume Method (FVM) is used to solve the conservative equations in the SH
model. In the slope domain, a number of discrete cells with lengths Ax are divided as many as N
cells, so that mass and momentum fluxes can be calculated at the boundaries of each cell. This
method ensures that the conservation laws apply throughout the simulation scope (Toro, 2009).
The study used a domain divided into N =200 grid cells, which is commonly used in low
topographic forms while still capturing sharp landslide gradients without excessive computational
burden.

The conservative equation variables of the SH model are stored at the center of the cell so
that their form is changed to:
h
=[] #
hu

= 1
FU) hu? + 5 Kgh? cos{

] #(10)

0

sW) = hgsin{ — hg cos{tan&%] #(11)

so that based on equations (2) and (3) a new system of equations is obtained as:
au  aF)

6t+ 0x

Next, space and time discretization is carried out in equation (8) with an integral over one control
cell with a length Ax and At time iof n.

= S(U)#(12)

At
Urtt = yr — E(FH% - Fi—%) + AtSPH#(13)

The flux at i + % is calculated from the left U; and right U, states using the Riemann solver

Harten-Lax-van Leer (HLL). Meanwhile, the time discretization at At will use the Courant-
Friedrichs-Lewy (CFL) condition.

2.5 Harten-Lax-van Leer (HLL) Flux

Calculating the domain, the set of cells with size Ax, and the numerical flux at each cell
interface using the HLL scheme. The HLL flux is chosen because of its ability to maintain the
stability of the hyperbolic solution and handle discontinuities (shocks) according to the SH model
(Toro, 2019). The general HLL flux formulation is given by:

F(UL)r SL 2 0'

Fyp, (U, Ugp) = wy (F(?R)’ ( ) sp < 0,###(14)
SRF(UL)—sLF(UR)+sLsr(Ur—Uy .
p— , lainnya.

with U, and Uy conservative variable conditions on the left and right sides of the conservative flux
function cell F(U), and s as well s as the minimum and maximum wave velocities. The estimated
wave velocity limits can be written as follows.

s;, = min(u;, — ¢, ug — cg) #(15)
sg = max(u, — ¢, ugp — cg) #(16)
with,
¢, = |gh,Kipcos i #(17)

i

cr = |ghgK;s cos s #(18)

!
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where c and crare the local wave velocities obtained from the average Kinterface and the slope
gradient ({). Thus, the HLL method was chosen because it is stable against sudden changes and
can produce accurate figures (LeVeque, 2012).

2.6 Courant-Friedrichs-Lewy (CFL)

Marching time method is explicitly discretized. The CFL criterion defines a time step to
ensure the scheme remains stable (Serrano-Pacheco et al., 2009):

Ax
At = CFL % #(19)

miax(luil + 4/ gh;K; cos (i)

The CFL parameter (0 < CFL < 1)regulates the balance between computation speed and
stability. The value maxindicates the highest wave velocity within the domain. According to this
rule, waves should not traverse more than one cell in a single time step to maintain numerical
stability. Furthermore, to ensure stable simulations and convergent results, the CFL value in this
study was set at 0.5 (Garres-Diaz et al., 2021; Magdalena et al., 2021)

3. RESULTS AND DISCUSSIONS

Landslide movement simulations were conducted on two slope configurations, namely
Slope 1 and Slope 3. Numerical implementations used the Savage—Hutter model in conservative
form with the finite volume method (FVM) and the HLL scheme for interface flux. In this study,
simulations were conducted on 3 scenarios of soil friction angle (8) to determine their comparison.
The simulation results were visualized in the form of height profiles (surface profiles) and velocity
distributions at several snapshot times, as well as the final profile when the material stops.

At t = 0 s, the material is at the initial height n, (16.84 m for Slope 1 and 19.28 m for Slope
3). The material is placed in the upstream 35% of the domain, while the rest is empty as shown in
Figure 2 with a zero velocity distribution as in figure 3.

3.1 Slope Snapshot 1

The dynamic response of Slope 1 is strongly influenced by the soil friction angle parameter
(8), which causes a gradual transition of flow mechanisms. Negative values in the momentum
equation indicate friction greater than gravity, resulting in a slowing of the flow. The SH formula in
scenario 1 is obtained by calculating the lateral pressure,
K = 2sec?(50°) (1 ¥ \/1 — cos2(50°) secz(50°)) —1 = 3,8405
with left (L) and right states (R) at h, = 5, hz = 1,5and u;, = 5,uy = 1,5, respectively:

U= [5 >5< 5| = [255]

5%x5
P _[ 25
L= 5. 52+— 3,8405 - 9,81. 52 cos 43° 469,4
Ur = 15><15] [225
o 1,5x 1,5 [2'25
R™11,5- 152+§ 3,8405 - 9,81.1, 52 cos 43° 34,2

and r|ght (cg)wave speeds are obtained (c;),

c, = 4/9,81-5-3,8405 - cos(43°) ~ 11,73 m/s

Cp = \/9,81 -1,5-3,8405 - cos(43°) = 6,42 m/s

so that the minimum and maximum wave speed estimates,

S, = min(5.0 — 11,73, 1.5 — 6,42) = min(—6.73, —4,92) = —6.73
Sg = max(5.0 + 11,73, 1.5 + 6,42) = max(16.73,7,92) = 16.73
then based on equation (14) we get

Fy. = 35,271 m? /s
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Next, the momentum equation is calculated(S,.)

(S,) =5-9,81 sin43°—5-9,81 cos43° tan50°-1 = —9,2996

The flux calculation continues to be updated conservatively using equation (13) with a discrete-time
approach in equation (19). This also applies to model scenarios 2 and 3.

\\: \\_ \: = — \\_ -
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Figure 4. Height profile of slope snapshot 1 scenario 1

In scenario 1, the landslide movement is dominated by deformation of the internal friction
angle of the soil (¢), as evidenced by a smooth, almost linear velocity distribution with the landslide
flow on the fast-moving surface (Figure 4).

Figure 5. Height profile of slope snapshot 1 scenario 2

As base friction decreases in scenario 2, the basal sliding mechanism becomes active,
characterized by the appearance of clear velocity oscillations and an increase in extent, especially

at the base of the topography (Figure 5).

Figure 6. Height profile of slope snapshot 1 scenario 3

In scenario 3, base sliding dominates completely, resulting in the fastest flow across the
topography, the longest extent, and the thinnest material distribution (Figure 6).
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Figure 7. Final profile of slope 1 landslide

Comparison of the final conditions at t=3.5s shows that the material in all scenarios still has
residual velocity, especially in scenario 3, indicating continued movement. Figure 7 also supports
the finding that scenario 3 exhibits the farthest landslide reach, resulting in high mobility.
Meanwhile, in the final velocity distribution, scenario 1 has the lowest velocity, approaching zero
over most of the topography.

3.2 Slope Snapshot 3

Slope 3 shows a more dramatic response to changes in base friction (§). The large
negative value in the momentum equation indicates greater friction than gravity, resulting in a
slowing of the flow. The SH formula in scenario 1 is obtained by calculating the lateral pressure,
K = 2 sec?(63°) (1 F /1 — cos?(63°) sec2(63°)) —1~87036
with left (L)and right states (R)at h, = 5, hz = 1,5and u;, = 5,uy = 1,5, respectively:

_ [ 51_[5

U= _[5 X 5] - [25]
o ) 5%x5 _ [ 95

L= [5-52 +-°87036-9,81.5% cos40°| ~ |9425

U = [ 15 ]_ 1,5

R 1,5 x1,5] ~ 12,25
F, = 1 Lo = 2,25
R7 151,52 +587036-9,81.15 cos 40°| ~ 1769

and right (cg)wave speeds are obtained (c;),
c, = \/9,81 -5-:8,7036 - cos(40°) = 18,08 m/s
Cp = \/9,81 -1,5-8,7036 - cos(40°) = 9,90 m/s
so that the minimum and maximum wave speed estimates,
S, = min(5.0 — 18,08, 1.5 — 9,90) = min(—13,08,—8,40) = —13.08
Sg = maxmin(5.0 + 18,08, 1.5 + 9,90) = max (23,08, 11,40) = 23,08
then based on equation (14) we get
Fy, ~ 45,99 m?/s
Next, the momentum equation is calculated(S,.)
(S¢) =5-9,81 sin40° —5-9,81 cos40° tan63°-1 = —42,21
The flux calculation continues to be updated conservatively using equation (13) with a
discrete-time approach in equation (19). This also applies to model scenarios 2 and 3.
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Figure 8. Slope snapshot elevation profile 3 scenario 1

In scenario 1, the landslide moves through the deformation of the internal friction angle (¢),
exhibiting a very smooth velocity in the initial stage, but stabilizing and coming to a complete stop
very quickly at t less than 2.5 s (Figure 8).

— — it — —— i — — | — —— . ————

Y4474 %Y

Figure 9. Height profile of slope snapshot 3 scenario 2
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Figure 10. Slope snapshot elevation profile 3 scenario 3

This contrasts sharply with the other two scenarios. Once the base friction is reduced
(Scenarios 2 and 3), the flow mechanism changes completely to a highly unstable basal sliding.
This is characterized by a highly fluctuating (noisy) velocity profile, indicating turbulent flow (Figures

9 and 10).

)

Figure 11. Final profile slope

Brilian Prilindaputra, Landslide Modeling with the Savage-Hutter Approach Using the Finite Volume
Method



134 0O ISSN 2301-4148 (Print) | 2962-3391 (Online)

Consequently, in both scenarios, the landslide has high mobility, a much longer reach, and
does not reach a steady state even after 3.5 s (Figure 11).

3.3 Parameter Analysis

A direct comparison between Slope 1 and Slope 3 shows that initial topography influences
the effect of the base friction parameter (&§). In the high-friction condition (Scenario 1), Slope 1
moves slowly in a creeping manner, while Slope 3 stabilizes more quickly. Under low friction, both
slopes are dominated by basal slip, but Slope 3 exhibits more turbulent flow, whereas Slope 1
shows more regular oscillations.

The base friction parameter (§) also controls slope sensitivity to instability. Slope 3 is more
responsive to reductions in friction, with a much greater difference between rapid-stopping and
long-sliding scenarios compared to Slope 1. It consistently produces longer run-out distances and
thinner, more widespread deposits, indicating that accurate estimation of § is crucial for hazard
prediction, especially on steeper topographies like Slope 3, as summarized in Table 4.

Table 4. Final Results Comparison of Landslide Movement

Scenario Maximum Velocity (m/s) Final Reach (m)
Slope 1 Slope 3 Slope 1 Slope 3
0 i ) ~17.0 ~27.0 ~16.5 ~21.0
6= ;_ 59) ~14.0 ~21.0 ~17.5 ~22.0
(6 = (ps_ 10%) ~12.0 ~20.0 ~18.0 ~23.5

The research results can be an important basis for risk analysis and disaster mitigation strategy
planning in the environment around Peniraman Hill to establish exclusion zones and design high
load-bearing structures in the potential landslide reach area.

4. CONCLUSION

The results show that the sail friction angle (8) is a significant factor influencing landslide behavior.
Decreasing the value § causes landslides to move faster and cover a wider area across all
topographical sections, although the initial velocity decreases slightly. On Slope 1, the reach
increases from approximately ~16.5 m to ~18 m, while on Slope 3 it increases from approximately
~21 m to ~23.5 m with higher velocities overall. Topographic differences also influence the
simulation results, with Slope 3 showing greater sensitivity to changes in friction parameters
compared to Slope 1.

Overall, the combination of the FVM method and the HLL flux scheme proved effective,
stable, and capable of realistically depicting landflow dynamics according to field conditions in
Indonesia. These findings contribute to landslide risk analysis and mitigation through numerical
simulation. However, the model is limited to a one-dimensional (1D) approach that does not
capture lateral mass dispersion, and the soil friction parameter (§) remains uncertain due to the
absence of laboratory validation. Future research should extend the model to higher dimensions
and incorporate cohesion and additional factors to improve predictive accuracy.
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