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Abstract. Landslides and debris flows are significant disasters that frequently occur on hillslopes, often resulting in casualties
and property damage when they take place near residential areas. Specifically, in regions with dams or reservoirs, landslides
and debris flows can raise the top of dead storage, reducing the effective storage capacity of these facilities. Additionally,
debris flows entering reservoirs can generate tsunami-type waves, potentially leading to overflow-induced flooding and the
collapse of hydraulic structures. Numerical modeling has been widely employed to mitigate such disasters. However, most
studies utilized three-dimensional hydrodynamics or smoothed particle hydrodynamics, focusing primarily on laboratory-scale
events without considering critical processes such as erosion, entrainment, and deposition. These processes are essential for
accurately simulating debris flow dynamics. To address these limitations, this study developed a multi-layer dynamics
simulation model based on shallow water equations that consider erosion, entrainment, and deposition mechanics, enabling
the analysis of field-scale events. The model's performance was validated through theoretical and laboratory experiments. The
2020 Sanyang Reservoir collapse event in South Korea was selected as a case study to evaluate the model's applicability.
Scenario-based analyses were conducted, considering debris flow characteristics and reservoir water level conditions, to
explore various potential outcomes. The results highlighted the correlation between debris flow momentum and wave scale,

with the maximum momentum of the debris flow identified as a strong predictor of the wave's magnitude.

1 Introduction

Landslides and debris flows are representative geohazards that occur in both natural and artificial slopes, causing significant
changes in the landscape. Generally, landslides refer to ground collapse (Terzaghi, 1950), and debris flows refer to fluid-like
movement through the liquefaction of collapsed soil and rock (Takahashi, 1978). Although different factors, such as
earthquakes, volcanic activity, heavy rainfall, typhoons, and snow melting trigger landslide—debris flow events, rainfall is the
most dominant (Wieczorek, 1996; Wieczorek and Glade, 2005; Kim et al., 2021). When landslides and debris flows occur near
residential areas or roads, they cause casualties and property damage and require substantial staffing and resources for recovery.
Therefore, most governments focus on developing and implementing disaster prevention and conducting research and

development projects in densely populated cities that are prone to disasters. Consequently, several researchers have actively
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conducted monitoring (Iverson et al., 2011; Zhou et al., 2019), as well as experimental (Oguchi and Oguchi, 2004; Blasone et
al., 2014; Hiirlimann et al., 2014; Gao et al., 2017; Lyu et al., 2022) and numerical modeling (Denlinger and Iverson, 2001;
Pitman et al., 2003; An et al., 2019; Lee et al., 2022a) to analyze landslide—debris flows in urban areas. In addition, numerous
studies have been conducted based on the above analyses to mitigate damage through structural (Shrestha et al., 2012; Chen
etal., 2019; Shen et al., 2019; Choi et al., 2021) and non-structural (Zhao et al., 2022) approaches to develop effective response
strategies.

However, landslides and debris flows occur in not only urban areas but also mountainous regions with extensive mountain
ranges, rivers, and coastal areas. Moreover, areas with large and widespread mountain ranges often have numerous reservoirs
and dams, and landslides and debris flows originating from natural slopes in the dam/reservoir basin can affect these structures
(Lee et al., 2023). For instance, the landslide—debris flow event on March 22, 1959, in the Pontesei Dam basin resulted in the
influx of debris into the reservoir, causing a tsunami and one fatality. Similarly, the landslide—debris flow event in the Vajont
Dam basin on October 9, 1963, led to a tsunami that killed nearly 2,000 people (Schnitter and Weber, 1964; Slingerland and
Voight, 1979). Another example is the landslide-debris flow event on July 14, 2003, in the Gorges Reservoir basin, which also
generated a tsunami and caused 24 fatalities (Wang et al., 2004). Landslides and debris flows occurring near dams/reservoirs
can not only cause performance degradation of the facilities by raising the top of dead storage but also tsunami-type waves by
magnitude sediment flowing into the reservoir (Lee et al., 2023). Therefore, studies on landslides and debris flows in
watersheds with dams or reservoirs that are different from those in urban areas are essential for effectively managing dams
and reservoirs (ICOLD, 2009). Despite the potential for large-scale complex hazards caused by landslide—debris flow events
in dam/reservoir basins, they have received less attention and research than urban areas. Landslide—debris flows occurring not
only in dams and reservoirs but also in riverine environments can restrict the flow of rivers or induce eutrophication, thus
threatening aquatic ecosystems (Shaffer and Parks, 1994). Similarly, landslide—debris flows near the coast can damage
economically valuable coastal areas or cause red tide (Kim et al., 2009). Given the multidimensional significance of sediment
influx into water systems, sufficient research is essential. However, considering and analyzing the dynamics of two contrasting
materials is highly complex, requiring prior research on the impact of landslide—debris flow events on a stable hydrological
regime. To understand these phenomena, several experiments (Heinrich, 1992; Rzadkiewicz et al., 1997; Heller and Spinneken,
2015; Mulligan and Take, 2017; Bullard et al., 2019; de Lange et al., 2020) and numerical analyses have been conducted
(Imamura et al., 2001; Abadie et al., 2010; Pudasaini, 2014; Franci et al., 2020; Dai et al., 2021).

Heinrich (1992) and Rzadkiewicz et al. (1997) conducted experiments and numerical analyses on submerged soil collapse.
The former assumed that the soil was a rigid body and addressed wave propagation. The latter complemented Heinrich’s
research by analyzing soil as cohesive sediment instead of a rigid body. Bullard et al. (2019) and de Lange et al. (2020)
conducted experiments to analyze the behavior of a wave when debris flows inflow to water along slopes. Bullard et al. (2019)
assessed the interaction between debris flow and free water surface, but they used water rather than soil to simulate the debris
flow. de Lange et al. (2020) complemented Bullard et al.’s experiment by using soil to simulate the debris flow. However,

most of these experiments focused on the behavior of landslides, debris flows, and wave dynamics based on monitoring data.
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Parallel numerical modeling analysis is necessary to ensure applicability in terms of prediction and response. Accordingly,
Pudasaini (2014), Franci et al. (2020), Dai et al. (2021), and Guan and Shi (2023) simulated the interaction between debris
flow and water using a two-layer technique, three-dimensional (3D) hydrodynamics, particle method to analyze this
phenomenon physically. Pudasaini (2014) interpreted the phenomenon based on full physical mechanics. However, their
simulation results were not validated, and the developed two-layer numerical model was primarily designed for analyzing the
liquefaction process of debris flows, i.e., multi-phase. As a result, additional research and improvements are needed to address
the interaction mechanisms between debris flows and water. Dai et al. (2021), and Guan and Shi (2023) used the smoothed
particle hydrodynamics (SPH) technique to analyze this phenomenon and validated the accuracy of the simulation results;
however, the validation was only performed for specific situations (assuming rigid body behavior of the sediment). In addition,
the SPH technique requires further validation due to accuracy variations influenced by the size, shape, and number of particles
used in simulations. To achieve comparable simulation accuracy, SPH generally demands greater computational time than
grid-based hydrodynamics (Han et al., 2020; Guan and Shi, 2023). Franci et al. (2020) and Franco et al. (2021) simulated soil
inflow using the particle finite element method (PFEM) and Flow3D, respectively. Although these particle and 3D methods
simulate with high accuracy, their high computational requirements pose challenges for field scale analyses (Ouyang et al.,
2013). Therefore, most research on numerical modeling has focused on simulating laboratory experiments. Although some
studies address field-scale events, they typically use a mean element size greater than 10 m or a grid resolution exceeding 20
m (Pudasaini, 2014; Franci et al., 2020; Dai et al., 2021; Guan and Shi, 2023), which are considered too coarse to accurately
analyze debris flow (Stolz and Huggel, 2008; Horton et al., 2013; Qiu et al., 2022). Moreover, existing studies have often
overlooked key processes of debris flows, such as erosion, entrainment, and deposition. These processes significantly influence
the flow volume and momentum of debris flows (VanDine and Bovis, 2002; Hungr et al., 2005; Iverson et al., 2011; Pudasaini
and Krautblatter, 2021), and prior research has demonstrated that the wave magnitude induced by debris flows is directly
proportional to their volume and momentum (de Lange et al., 2020; Dai et al., 2023). Therefore, to analyze complex hazards
caused by landslide—debris flow, it is essential to account for erosion, entrainment, and deposition processes. However,
numerical models capable of comprehensively incorporating these processes for analyzing complex hazards remain limited.

Therefore, this study developed a numerical model, that is, a multi-layer flow analysis model based on the hyperbolic form of
the shallow water equations, to analyze landslide—debris flow events in a dam/reservoir basin (field-scale events). Moreover,
the developed numerical model was designed to simulate erosion, entrainment, and deposition processes. The model ensures
numerical stability by discretizing it using the finite volume method (FVM). To achieve mathematical and physical stability,
the upwinding dispersive correction hydrostatic reconstruction (UDCHR) scheme proposed by Bouchut and Zeitlin (2010)
was employed. This paper utilized Voellmy rheology to simulate the debris flow process and validate the performance of the
numerical model using the theoretical experiments of Bouchut and Zeitlin (2010) and Krvavica (2020), and laboratory
experiment of Rzadkiewicz et al. (1997). Additionally, to examine the model's applicability at a field scale, sensitivity analysis
was performed by considering the reservoir collapse event caused by landslide—debris flows in Sanyang Reservoir, Icheon,

South Korea, in 2020. This study precisely simulated the flow processes to consider essential factors in debris flow, such as
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erosion, entrainment, and deposition processes (Lee et al., 2022a; b). The sensitivity analysis was conducted by constructing
scenarios that incorporated the characteristics of debris flow, such as its density and rheology parameters, as well as the water

level of the reservoir.

2 Materials and methods
2.1 Numerical modeling
2.1.1 Governing equation

Recently, analysis methods using two-phase or multiphase techniques have been vigorously studied to simulate and analyze
debris flow dynamics precisely (Pudasaini and Mergili, 2019; Mergili et al., 2020; Shugar et al., 2021). However, further
research into the multilayer approach, which explores complex dynamics between distinct systems, such as the interaction
between debris flow and water when debris flow enters a water system, is necessary. Studies on multilayer fluid dynamics
have included several research efforts to enhance stability and accuracy through mathematical theories (Bouchut and Zeitlin,
2010; Benkhaldoun et al., 2014). However, a practical utilization of the multilayer approach in debris flow analysis is scarce.
Therefore, the model developed in this study simulated the debris flow and water using one-dimensional shallow water
equations based on the Navier—Stokes equations. Shallow water equations are commonly used to interpret natural fluid
phenomena, such as floods and debris flows, where horizontal flow dominates over vertical flow. The phenomenon under
investigation in this study also exhibits dominant horizontal flow compared to vertical flow. Therefore, shallow water equations
were employed to efficiently simulate this field-scale phenomenon. The hyperbolic conservation form of the mass and

momentum balance equation for the debris flow layer is expressed as follows:

Q if) j = debris flow

0ch + 0 (hju;) = {0 else if) j = water

, O]
0. (hw) + 0, (hju;? + gh;®/2) + gh;o, (Z + Liesj e + Zk<jz_};hk) =595

where ¢ denotes time, x is the Cartesian coordinates, j is the number of layers, 4 is the depth of the fluid, u represents the depth-
averaged velocity components in the x direction at each layer, g is the acceleration of gravity, p; is the mass density of the layer
J» O is the term for simulating the erosion-entrainment (Q>0) and deposition processes (0<0), S, represents the gravitational
acceleration in the x direction, and Syrepresents the driving friction in the x direction. The water layer equations are almost the
same as those of the debris flow layer. Because the water layer does not have a source term for the mass balance equation, the
system has no sink/source. Each layer should be located at the bottom in order of density (Bouchut and Zeitlin, 2010). For
example, when analyzing debris flow and water through a bilayer, the debris flows with a relatively high density must be
located at a lower position than the water. This study considers the friction between debris flow and water, and S;, which

reflects this, is calculated as follows:
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Sf _ {Sdebris + Sinterface if) j = debris flow ’ @)

Sinterface + Smanning else if) j = water

where Saesris 1s shear stress for considering the debris flow behaviour; Sieruce 1S friction between two contact layers; and Syanning
is the Manning friction to simulate the momentum transfer process in water propagation, designed to activate only when the
debris flow is in dry conditions (Agesis=0). Thus, in grid cells where water and debris coexist, both Suesris and Sinzerfuce are applied
to the debris flow, while only Siueruce 1 applied to the water. In grid cells containing only debris flow, only Sqesis is applied,
and in cells with only water, Syaming 1S applied. The shear stress of debris flow is given by the Voellmy rheology as follows
(Voellmy, 1955):

Saebris = Hgh; + % , (3)
where ¢ and &, the Coulomb friction and turbulent friction coefficients, dominate the deceleration behavior when the flow is
slow and fast, respectively (Bartelt et al., 2013; Frank et al., 2015). In this study, the mechanism proposed by Canestrelli et al.

(2012) was utilized to consider the friction force occurring between debris flow layer and water layer. The mechanism of

S,

interface

is as follows:

s =) 4
interface — Pk 8 v, ( )

where po is the mass density of the water; Au=U,—U,, while U, denotes the flow depth (%) or the momentum (/) of the fluid

in each layer, and /™ is the interface friction coefficient. The mechanism of Manning friction Syamming is as follows:

2,,2

gn?u
Smanning = 173 » (5)

hwater
where 7 is the Manning’s roughness coefficient. This study set Manning’s roughness coefficient n as 0.01 based on Arcement

and Schneider (1989). Moreover, the algorithm for three debris flow processes (Q: erosion, entrainment, deposition rate)

proposed by Lee et al. (2022b) is as follows:

dz/dt, if)t=pghs>1,
Q(x,t) =1dz/dt, elseif)t <14 ) (6)
0 else
dz/dt(t—1,) if)Tt>T1, %)
0 b

hmax(x' 0) = { else



150

155

160

165

170

https://doi.org/10.5194/egusphere-2025-1383
Preprint. Discussion started: 14 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

where dz/dt, is the constant erosion-entrainment rate; dz/dt, is the constant deposition rate; /,q(x,0) is the maximum potential
erosion depth; 7 is the shear stress of the layer (); 7. and 7 are the critical shear stress of erosion and deposition, respectively;
dz/dt is the average potential erosion depth; and s is the channel slope. Notably, this mechanism only affects the debris flow

layer not the water layer.

2.1.2 Spatial and temporal discretization

The governing equation was discretized using FVM. Numerical models that utilize shallow-water governing equations often
suffer from an imbalance between the gradient of the water depth and bed slope in irregular topography. This imbalance may
cause nonphysical perturbations and instability of the simulation near shocks or wet—dry transitions. Numerous well-balanced
numerical schemes have been proposed (e.g. Audusse et al., 2004; Audusse and Bristeau, 2005; Caleffi et al., 2006; Kim et al.,
2008; Caleffi and Valiani, 2009). This model implements the hydrostatic reconstruction technique proposed by Audusse et al.
(2004), which has been successfully applied to shallow-water models. For stable multilayer simulation and analysis based on
shallow water equations, the UDCHR scheme proposed by Bouchut and Zeitlin (2010) was applied. The discretized governing

equation for each layer is written as follows:
Qi —q) +F =S, +Sc; + Sf + 7, ®)

where A; is the area of the cell (i); q refers to the state variables such as flow depth and momentum at cell i for the n-th time

step; Sc; is an additional source term to balance the presence of a source; Sf; is the entrainment source term and driving friction

term; J; is an additionally introduced term for the numerical stability of multilayer shallow water system; and F; is the

numerical flux term, which is defined as
Fo=1,Fivi—lFioayn, ©)

where /;, is the length of the cell face p in cell (i) and the subscripts p={r,/} indicate that the respective value is constructed
on the right or left side of the cell, respectively. Notably, the (i) index is used on a uniform template and i+1/2 indicates the
cell face on the uniform grid to clearly describe the numerical scheme in a one-dimensional space. Each flux term is calculated

as follows:
Fiii2= f(qi+1/2—'qi—1/2+)’ Fi_i/2= f(‘li—1/2—'q1'—1/2+) > (10)

where F is the numerical flux solver. The interface conserved values are defined as

Rivq/o- h;
i+1/2 i+1/2+ ) ’ (11)

Air1/2- = (hi+1/2—ui,r>, Ai-1/2+ = <hi+1/2+ui,l
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with the following hydrostatic reconstruction:
175 Rirja- = max(0, hyy + 2y = Ziv1/2), hix1jae = Max(0, hipry + Zig1y = Ziv1/2) » (12)

where u;p, hip, and z;, are the reconstructed values for the second-order accuracy at the cell interface p of cell (i) and

Zi+12=Max(z;ir zji+1,1)- 2, 1s defined as
— Pk
Zj; = Zi + Ypesj by + Zk>jp_]_hk,i , (13)

The source terms are defined as

S = li,rsi+1/2 - li,lsi—l/z ,

180 S B ( 0 ) S _ ( 0 ) . (14)
+1/2 = ghjz,i+1/2—/2 - ghjz,i,r/z ) V-2 = ghjz,i—1/2+/2 - ghjz,i,l/z
Additional source terms to ensure balance for the second order scheme are defined as

Sc; = —1;,Sc; + 1;;S¢;;,

0 0 ) (15)
o= ) s |
Cir =\ g(hjir + 1) (Z30r — 230)/2)7 0 = \g(hy + 1) (2101 — 210) /2
J is computed as follows (Bouchut and Zeitlin, 2010):
J °>
= 16
J (J;, ’ (16)
185 where 7 is a term affecting the continuity equation and .7, affects the momentum equation. 7 is defined as
J°=2((1+60)u, + (1 - O)u, )k, an
where 6 and k are calculated as follows:
o @)+ _ (—ur)+) 1
6 = min (1, m) min (1, T ) (18)
zz if ) liél < Zmin(hy, h,)
K= 2 , (19)

gmin(hl, h,.) else
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where (up)+=max(0, u,) and (#,)-=min(0, up); K and & in Eq. (19) is defined as

o ) (4 LG A ) e (4 LG
K=K+ ((g)){ IC) min (1'4«/9_’11) + (( g)+ K) min (1,4 - ) , (20)
E(Az—hl)hr .
L 2 hy+Az—hy if) bz > hy
K=E|g|+ é% else ifyAz < —h,’ @
0 else

where Az=min(Az, h;) when Az > 0 and Az=max(Az, —h,) when Az < 0 and Az is the difference between the contacted cells,

calculated as z;,—zi+1.. J é in Eq. (16) is defined as
Jr=6+JTJ% Jt==6.+7T", (22)

where J! is calculated as J ' =ufJ %)+ u(J°)- and 6, is defined as

8 =21 +0)g(h, — h + A2,

23
8, == (1= 0)g(h, — by + Az)c. 3)

The numerical fluxes in Eq. (8) are calculated using the Harten—Lax—van Leer contact approximate Reimann solver in the
developed model. Therefore, the conservative values over the time step At are calculated as follows:
Aqi™t = Aiq — At(F; —S; — S¢; — Sf; — 7)) , (24)

The additional source/sink terms for entrainment and driving friction force are written as

Sf, = (sQf) . ©25)

The inclusion of a friction term can cause numerical instability within a discretized domain, particularly when a dry—wet
transition exists (An et al., 2019). In other words, if the flow depth approaches zero, driving friction can result in an exaggerated
force, which reverses the flow in a non-physical manner. Therefore, the friction term should be properly treated. The developed
model implements an implicit discretization based on the splitting method (Liang and Marche, 2009), which is equivalent to
solving the following equation:

dq; _
s, (26)
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The Euler implicit discretization of the above equation yields the following:

q{lﬂ_q? _ Qfn+1
A - sfpt @7

The right side of Eq. (27) can be represented by the Taylor series expansion as

asf

n+1l _ n ost
sept = st + =

) (aq) +o(aq?). (28)

n+1

where Aq=q}'**— q*. Ignoring high-order terms and substituting Eq. (27) into Eq. (26) yields

q'tt = q + At -D7L(AL) - SFP, -
where
n
D(At) = (I — At (Z—Sqf) ) > -
L

where I is a unit matrix and

2Q
— 0
asf __ [ oh
a_q - an > (3 1)
d(hu)

Equation (29) ignores the effects of off-diagonal entries. This method can be successfully applied to shallow water systems

with Manning friction (An and Yu, 2014). Denoting Sf*(Af)=D"'(A#)-Sf]" yields the implicit scheme written as

Aqtt = Aiq} — At(FP — S} =S¢ — T,

hl 32
qrtt = qM + At SER(AL). .

Although the friction terms are implicitly discretized, the friction force in Eq. (31) can cause exaggerated reverse flow, which
is physically implausible (An et al., 2019). Therefore, if the driving friction results in reverse flow, the fluid flow stops. The

time step At is determined in each step based on convergence by the Courant—Friedrichs—Lewy condition as follows:

e = Cmin (o58m) = Cmin (7277) 63
@ =yl + g G4
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where C, a dimensionless number called the Courant number, was set as 0.5 in this study. This study utilized the experimental
results of Bouchut and Zeitlin (2010), Krvavica (2020), and Rzadkiewicz et al. (1997) to validate the model performance. The

validation is described in the following subsection.

2.2 Validations

In this section, the model developed in this study is validated. First, this study conducted fundamental numerical validations
based on three theoretical experiments of Bouchut and Zeitlin (2010) and Krvavica (2020). Moreover, to validate the
performance in real situations the numerical model developed in this study is validated in the submarine landslides and wave

generation against the experimental tests of Rzadkiewicz et al. (1997).

2.2.1 Theoretical experiments

It is essential not only to perform tests in experiments and field events but also to test numerical performance at the
mathematical and programming levels to utilize the developed numerical model. This study used the three validation cases in
Bouchut and Zeitlin (2010) and Krvavica (2020).

The validation results in Fig. 1 show that light blue represents the upper layer, dark blue depicts the lower layer, and the black
solid line signifies the analytical solution for the lower or upper layer. Figure 1a is a case in Bouchut and Zeitlin (2010), where
the density of the upper layer is 0.95 times that of the lower layer, with the simulation at 0.5 s later depicted in Fig. 1d. Figure
1b, Test II: an internal collision of two dam breaks from Krvavica (2020), shows a condition where the density of the upper
layer is 0.98 times that of the lower layer, with the state 25 s later shown in Fig. le. Figure lc corresponds to Test IV: an
internal dam break from Krvavica (2020), where the upper layer's density is 0.4 times that of the lower layer, and the simulation
5 s later is shown in Fig. 1f. As demonstrated in Fig 1, the performance of numerical model developed in this study has been

confirmed to be well-constructed both mathematically and programmatically.

2.2.2 Laboratory experiment: subaqueous debris flow

Rzadkiewicz et al. (1997) experimented with the subaqueous soil slope failure scenario, as shown in Fig. 2a, and they set a
debris density of 1,950 kg/m? and a water density of 1,000 kg/m?®. Rzadkiewicz et al. (1997) presented experimental results on
water surface and debris flow behavior at 0.4 s and 0.8 s, as depicted in Fig. 3, respectively.

Figure 3a reveals the reproducibility of water levels, where the plotted dots represent the observed values from Rzadkiewicz
et al. (1997), and the solid red line indicates the simulation results from this study. Figure 3b presents the overall simulation
results, focusing on the reproducibility of debris flow. In this figure, the blue solid line represents water levels, the red solid

line represents debris flow, the black solid line represents topography, and the red dotted line corresponds to the debris flow

10
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thickness observed in Rzadkiewicz et al. (1997). In this study, to simulate the experiment of Rzadkiewicz et al. (1997), the
parameters of Voellmy rheology and the interface friction coefficient were calibrated to £=0.15, =50 m/s%, and /' "'=10.0,
respectively. The three parameters were calibrated through back-analysis, but their values were set within the range presented
and suggested in previous studies. In this context, the value of £ is significantly lower than those used in previous studies (e.g.
Cesca and D’ Agostino, 2008; Frank et al., 2015), while /™ is notably higher (Canestrelli et al., 2012). It has been attributed to
the reduced fluidity and increased resistance from water, as the analysis pertains not to a typical debris flow but to slopes that
collapsed underwater. However, since these values do not deviate substantially from the range used in prior research, they
have been assessed as reasonable.

At 0.4 s, the simulation results aligned well with the experimental observations, accurately capturing the water level reduction
around 1.5 m. At 0.8 s, the simulation also exhibited good agreement with the experimental data, particularly in reproducing
the water level patterns. However, the simulation failed to capture the fine oscillations of the water level. This phenomenon is
believed to occur due to the abrupt collapse of sediment along the slope. In areas where the sediment layer becomes thinner
(around 1.0—1.5 m), negative pressure is exerted on the water, whereas in areas where the sediment layer thickens (around 1.5—
2.0 m), positive pressure is exerted. A hydraulic jump-like appears at the intersection of these negative and positive pressures,
near 1.5 m—where the water layer thickens rapidly—drawing water toward the negative pressure region. It has been identified
that the numerical model developed in this study has limitations in accurately simulating this phenomenon. Nevertheless,
comparing the simulated results with experimental observations reveals that while the reproduction of microscopic details was
somewhat limited due to the depth-average shallow water modeling characteristics, the model demonstrated satisfactory
accuracy in macroscopic aspects such as wave height and propagation velocity. R> and RMSE (Root Mean Square Error)
analysis was conducted to validate the accuracy of the simulation results. The R? for the water surface oscillation and debris
flow thickness were 0.876 and 0.823, respectively. The RMSE values for these results were 0.016 m and 0.060 m, respectively,
indicating low discrepancies between the simulation results and experimental observations. The model developed in this study
successfully simulated three theoretical experiments and the laboratory experiment. This study analyzed the wave caused by
landslide—debris flows occurring in the field scale based on a hypothetical method using our model. The following section

discusses this in detail.

3 Field-scale analysis
3.1 Study area and event

This study conducted a two-layer dynamic flow analysis for Sanyang Reservoir in Icheon, Gyeonggi, South Korea. The Korea
Rural Community Corporation (KRC) designed and constructed it in 1966, and it is managed by Icheon City. According to
the KRC, the reservoir is a small-scale agricultural reservoir with a fill dam 9.5 m high and 126 m long. It has been in operation

for over 50 years, making it an aging reservoir (Fig. 4). Sanyang Reservoir has a catchment area of 192 ha, a surface area of
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2.8 ha, and an effective storage capacity of 60,000 tons and serves as a water storage facility for agricultural purposes
(https://rawris.ekr.or.kr/main.do).

Despite receiving a “satisfactory” safety rating in the first half of 2020 from the KRC’s reservoir safety assessment, the
Sanyang Reservoir collapsed due to concentrated heavy rainfall of 193 mm/7 h on 2 August, 2020, between 00:00 and 07:00.
The collapse reportedly occurred at 07:30. Although no casualties were reported, approximately 10 houses were flooded, and
6 ha of fields and rice paddies were inundated, resulting in significant property damage (Fig. 4).

The explicit cause of the dam collapse has not been investigated and reported. However, aerial photographs before and after
the incident, as shown in Fig. 5, yield evidence of landslides and debris flows. Figures 8a and 8b show satellite images taken
at the same locations as those in Figs. 4a and 4b, respectively, before and after the incident. According to news and media,
numerous landslides and debris flow events occurred in Ichon City during the same period. Therefore, this study assumed that
external rather than internal factors were behind the reservoir collapse. In this context, the external factors are assumed to be
landslides and debris flow, based on Fig. 4 and news reports.

This reservoir has a history of collapse, which occurred in 1970, and the recent incident marks the second collapse. Therefore,
this facility had a risk of future collapse. Consequently, numerical modeling is imperative for efficient operation and the
development of stable countermeasures for such regions. This study utilized the developed model to simulate and analyze the
phenomenon of sediment inflow in Sanyang Reservoir. However, we could not determine the reservoir water level at the time
of the collapse due to inadequate field data for the incident period. Therefore, this study assumed that the reservoir water level
at the time of the incident was at the flood level (119 m), considering that the incident occurred during the flood season (06.21.—
09.20., as established by the Ministry of Government Legislation in South Korea).

The input data used for the analysis are shown in Fig. 6. The topographic data utilized a 5 m by 5 m resolution digital elevation
model (DEM) provided by the National Geographic Information Institute of South Korea (Fig. 6a). As the model in this study
used is a one-dimensional analysis, it requires the establishment of flow paths for debris flow. Therefore, this study calculated
the flow paths of the basin, depicted by the red solid line in Fig. 6a. The traces of debris flow observed in Figs. 4 and 5 suggest
that the debris flow entered the reservoir from flow path 2. Figure. 6b illustrates the cross-section of the flow path 2, and Fig.
6¢ depicts the topography near the reservoir.

This study assumed that the internal topography of the reservoir is linear based on the reservoir information. Reservoir water
level fluctuations by debris flow were observed at points p1, p2, and p3, as marked with red arrows in Fig. 6¢.

The slope of each point data point was used to estimate the location of the landslide occurrence on the slope, as shown in Fig.
7a. Previous research by Ma et al. (2022) indicated that locations with slopes of more than 40° have a high risk of landslide—
debris flow occurrence. Therefore, the slope exceeding 40° experienced slope failure and liquefaction, resulting in debris flow
(Fig. 7b). Considering the limited analysis of the structure in the numerical model used in this study, the risk of the structure

was considered to increase following an overflow, in accordance with the characteristics of the fill dam.
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3.2 Simulation results and discussion

The Sanyang Reservoir basin was simulated based on Section 3.1. Figure 8 and movie S1 show debris flow entering the
reservoir and causing water level fluctuations. Table 1 summarizes the parameter values used in Fig. 8 and movie S1, which
were determined based on the analysis in Section 3.1 and previous research on debris flow cases in South Korea (e.g. An et al.
2019; Lee et al. 2022b, 2023). This study assumed that the soil depth was 1 m, and the location of the debris flow initiation
was determined based on Fig. 6, assuming that the collapse occurred to the depth of the sediment at that point. As shown in
movie S1, the erosion, transport, and deposition processes resulting from the friction between the sediment and the ground
during the sediment and debris flow movement on the slope were considered in the numerical simulation as elevation changes.
However, as infiltration and erosion processes are typically controlled within the reservoir, this study assumed that these
erosion processes caused by debris flow did not occur inside the reservoir.

After the collapse of the slope, debris flow entered the reservoir after 248 s. By 300 s, most debris flows had stopped and
started depositing within the reservoir (Fig. 8 and movie S1). Although no overflow occurred in this simulation, the water level
in the reservoir rose significantly, threatening the stability of the structure, and continuous waves were observed even after
400 s.

It is essential to consider various conditions and conduct thorough analyses to assess such ungauged basins and predict potential
future scenarios. Therefore, this study conducted a two-layer dynamic analysis with different parameter variations based on
the range of Voellmy parameters proposed in previous studies (Pirulli and Sorbino 2008; Hussin et al. 2012; Frank et al. 2015).
This study compared and analyzed the wave characteristics observed at points pl, p2, and p3 in Fig. 6 according to the
parameter settings. The numerical simulation was conducted with the same water level as the previous case (119 m), and the
freeboard to the top of the dam at the flood level was approximately 0.4 m (Fig. 6).

The water level fluctuations over time at p1, p2, and p3 were analyzed by fixing ¢ at 500 m/s?> and controlling 4, as shown in
Fig. 9. In Voellmy rheology, u is a parameter representing the viscosity of debris flow, where an increase in u leads to a slower
flow, as previously analyzed by Lee et al. (2020). Previous studies have proposed a range of u from 0.01 to 0.20; however,
this study adjusted it within the range of 0.03 to 0.05, referring to simulation research of debris flow events in South Korea
(An et al. 2019; Lee et al. 2022a, b, 2023, 2024). As observed in Fig. 9, even with a fine-tuned x value of 0.005, the wave
amplitude caused by the inflow of debris flow varied by approximately 0.3 m as the x value decreased. This variation highlights
the sensitivity of wave dynamics to the x value. As p increased, the mobility of the debris flow decreased, resulting in a
reduction in wave amplitude, illustrating the influence of x« on both debris flow mobility and the resulting wave characteristics.
Particularly for p1, despite a freeboard of 0.4 m to the top of the dam, the water level increased to 1.25 m. This phenomenon
occurred because the debris flow was deposited higher than the water level, resulting in an elevation change. In other words,
when u is lower than 0.05, the elevation at p1 can rise to 1.25 m, which directly damages the effective reservoir capacity. These
findings suggest that variations in u can significantly impact water levels. A u value lower than 0.05 can deteriorate reservoir

function due to the debris flow deposition in the reservoir.
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At p2 and p3, the water level, as analyzed, rises to 0.5 m when u is lower than 0.05, causing an overflow. Consequently, for
Sanyang Reservoir, a structure comprising a fill dam, the presence of highly mobile debris flow with u lower than 0.05 poses
a significant risk of generating waves and potential structure collapse. Among the observed points, p3, closest to the structure,
exhibited the highest wave amplitude. This phenomenon is assessed based on the superposition of reflected waves from the
structure, and it can cause a significant impact not only on fill dams but also on concrete dams. However, as observed in Fig.
9, the magnitude of the waves decreased rapidly over time at p1, p2, and p3. The water level of the reservoir stabilized 500 s
after the debris flow release.

When u was fixed at 0.05, and £ was adjusted, the water level variations over time at p1, p2, and p3 were analyzed as shown
in Fig. 10. According to Lee et al. (2020), in Voellmy rheology, ¢ is the turbulent friction coefficient, and lower values are
associated with a decrease in debris flow velocity. Previous studies proposed a range of ¢ from 15 m/s? to 2000 m/s?, but this
study controlled ¢ from 400 m/s? to 1500 m/s?, referring to simulation research of debris flow events in South Korea (An et al.
2019; Lee et al. 2022a, b, 2023, 2024). Although ¢ decreased, leading to a decline in the mobility of the debris flow, the
significant variation in ¢ within the applied range, as shown in Fig. 10, did not result in as notable a change in wave height
compared to the sensitivity observed with u. The water level at pl in Fig. 9 was attributed to topographical changes due to
debris flow deposition. However, in Fig. 10, it was analyzed that the continuous wave was transmitted at p1 because the height
of the deposited debris flow did not exceed the water level. When & was set to 1500 m/s?, the second wave at pl showed an
increase of approximately 0.2 m in wave height compared to the first wave, indicating that the magnitude difference between
the first and second waves was amplified depending on the parameter setting. However, regardless of the parameter setting,
the second wave at all points (p1, p2, and p3) was more significant in magnitude than the first wave.

According to Fig. 10, even 600 s after the debris flow was released, the water level continues to fluctuate steadily at p1 and p3
due to the waves. However, at p2, the water level stabilized after 400 s because the waves reflected from the structure
overlapped with the waves generated by the debris flow entering, and a wave-breaking zone was formed near p2, leading to
the water level being the most stable at this point. Thus, Figs. 9 and 10 show distinct simulation results because in Fig. 9,
overflow occurred in most cases, causing the energy of the waves to dissipate sufficiently. Therefore, waves with low energy
were reflected from the structure, and they had less wave superposition. However, in Fig. 9, overflow hardly occurred, and the
energy of the waves was conserved within the reservoir. Consequently, at pl and p3 in Fig. 10, the waves persisted for a long
time.

The analysis of the waves shown in Figs. 9 and 10 and the simulation results of debris flow for each scenario are summarized
in Table 2. Additionally, this study has extensively analyzed the situations that may occur due to debris flow into Sanyang
Reservoir, not only for the flood level scenario at an elevation of 119 m but also for the high-water level scenario at an elevation
of 118 m, as listed in Table S1. As indicated in Tables 2 and S1, as the value of u decreases, the height and velocity of debris
flow increase, leading to an increase in the momentum of the debris flow. Conversely, as ¢ decreases, the debris flow height,

velocity, and momentum increase.
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Furthermore, after the debris flows into the reservoir, the horizontal flow distance of the debris flow and the amplitude of the
first wave caused by the debris flow exhibited an increasing trend with higher debris flow height, velocity, and momentum.
Several studies have quantitatively analyzed the dynamic characteristics of debris flow and its interaction with waves (Fritz et
al. 2004; Heller and Hager Willi 2010; Mulligan and Take 2017; Bullard et al. 2019; de Lange et al. 2020). However, they
were conducted in laboratory-scale artificial slopes, which limits their direct application to natural slopes. Therefore, this study
quantitatively analyzed the relationship between debris flow and waves at the field scale, and the results are presented in Fig.
11 and Table 3.

Figure 11 and Table 3 are the analysis results based on Table S1, which comprehensively considers the rainy season (high-
water level and flood-level scenarios). Figures 11a, b, and c depict the maximum debris flow height near the reservoir and its
relationships with (a) the underwater flow distance of debris flow after inflow into the reservoir, (b) the amplitude of the first
wave, and (c) the maximum crest amplitude. Similarly, Figs. 11d, e, and f demonstrate the maximum velocity of debris flow
near the reservoir and its relationships with (d) the underwater flow distance, (e) the amplitude of the first wave, and (f) the
maximum crest amplitude. Figures 11g, h, and i show the maximum momentum near the reservoir and its relationships with
(g) the underwater flow distance, (h) the amplitude of the first wave, and (i) the maximum crest amplitude. As shown in Fig.
11, the maximum debris flow height and velocity have a few correlations with the abovementioned factors. However, the
debris flow momentum exhibited high correlations with the abovementioned factors. Table 3 summarizes the quantified results
of these relationships.

As observed in Fig. 11, the three factors (Underwater flow distance, Amplitude of the first wave, and Maximum crest amplitude)
can be derived from the maximum debris flow height by multiplying it by 21.704, 0.142, and 0.203, respectively. These
calculated R? values were satisfactory (0.862, 0.837, and 0.802), indicating their ability to predict the underwater flow distance
well but relatively poor ability at predicting the wave characteristics. The maximum velocity corresponded to R? values of
0.842,0.787, and 0.790 for each factor, which is lower than the maximum flow height for all factors. The maximum momentum
exhibited high R? values of 0.964, 0.985, and 0.983 for each factor, indicating its solid predictive capability for underwater
flow distance and wave properties compared to the debris flow height or velocity.

Based on the correlations derived from Table 3, the debris flow data were used to predict the three abovementioned factors.
This study analyzed their accuracy for the high-water and flood-level scenarios, as listed in Table 4, where the accuracy of the
regression equation derived in Table 3 was quantitatively evaluated using the R? and the RMSE. The flood level scenario could
be predicted more accurately than the high-water level scenario. However, R? decreased significantly in the high-water level
scenario for the maximum debris flow velocity, indicating limited usability. In contrast, the maximum momentum exhibited
the most stable accuracy for all metrics, regardless of the water level in the reservoir. Therefore, momentum data are considered
adequate for analyzing the characteristics of the waves generated when debris flows into the reservoir, similar to those in Table
3.

The water level change due to debris inflow according to differences in water-level scenarios is depicted in Fig. 12, and the

parameter settings used in this analysis are the same as those listed in Table 1. According to Fig. 12, when debris flows into
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the reservoir, the water level generally increases by 1.3—1.5 m. In the case of the flood level, this indicates the occurrence of
an overflow. Moreover, when the water level at the debris flow occurrence lies between the high-water and flood levels,
overflow may occur. In the case of Sanyang Reservoir, which saves water through a fill dam, the possibility of dam collapse
significantly increases when an overflow occurs. Specifically, reservoirs with small storage, such as Sanyang Reservoir, are
expected to experience significant water level fluctuations due to debris flow entering. Therefore, systematic water level

control during flood periods is essential in the small reservoirs constructed as fill dams.

4 Limitation and further study

Although this paper did not present results on parameter settings that u was higher than 0.05 or & was lower than 200 m/s?, in
these cases, the debris flow did not reach the reservoir and, thus, did not inflow into it. Determining the characteristics of the
generated debris flow would be helpful to parties interested in assessing the occurrence of complex hazards and understanding
the magnitude of waves caused by landslide—debris flow, based on Tables 2 and 3 and Figs. 9 and 10. However, real-time
measurements of the properties of debris flow are almost impossible, and even if these can be known, the Voellmy rheology
used in this study contains conceptual methodology, limiting the applicability of field data. Therefore, scenario-based analyses
are essential.

Nevertheless, the one-dimensional models have limited capability in two- and three-dimensional interpretation. Hence,
additional research must be conducted by expanding to at least two-dimensional models to analyze complex hazards precisely.
Moreover, further analysis techniques for evaluating the stability of structures against waves should be developed. Therefore,
in future studies, additional research that considers the impact of waves in two- or three-dimensional-based numerical models

for areas where structures collapse or secondary flood damage occurs due to overflow should be performed.

5 Conclusion

Landslide—debris flow occurring in basins with dams or reservoirs can not only deteriorate the function of facilities but also
potentially cause tsunami-type waves due to the rapid influx of a large amount of sediment (complex hazards). Numerical
modeling analysis is essential to prevent and effectively respond to such complex hazards. Some researchers have used the
SPH method to analyze complex hazards; however, this technique has the limitation of requiring long simulation times, making
it less efficient for various cases. Therefore, this study developed a one-dimensional numerical model based on shallow water
equations with a multilayer system, which allows for the efficient analysis of complex hazards. The model was discretized
using the FVM and used Voellmy rheology to simulate the debris flow. Moreover, this model facilitates the simulation of
erosion, entrainment, and deposition processes during debris flow.

This study cited theoretical experiment results (Bouchut and Zeitlin, 2010; Krvavica, 2020) and laboratory-scale experiment

results conducted on artificial slopes (Rzadkiewicz et al., 1997) to evaluate the performance of the developed model, and the
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model successfully simulated both experiments. Scenario-based analysis was performed based on the validation results for the
2020 Sanyang Reservoir collapse event at Icheon in South Korea.

The simulation results revealed that the wave generated by debris flow can vary significantly depending on the characteristics
of the debris flow. It was analyzed that the scale of the wave generated can be estimated based on the maximum flow height
and velocity of the debris flows. However, the accuracy of the prediction varied significantly depending on the reservoir water
level when estimating the wave scale based on the maximum flow height and velocity. However, utilizing the maximum
momentum of the debris flow provided a more stable and accurate estimation of the wave scale than the method based on the
maximum flow height and velocity.

Furthermore, small-scale reservoirs were found more vulnerable to complex hazards. Considering the increasing frequency
and scale of natural disasters, including landslide—debris flow and floods, on a global scale due to extreme climate events, we
expected that this study could contribute to establishing an effective and stable management system for reservoirs and dams

in response to natural disasters.
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Table 1. Input data and parameters setting for numerical models used in this study.

Model Input data Value Unit
Initial zone 1.0 [m]
Topography
Soil depth 1.0 [m]
Water level 119 [m]
Water Density P 1000 [kg - m™]
Manning coefficient n 0.01 [-]
u 0.05 [-]
Voellmy rheology
& 500 [m-s2]
dz/dt. 0.05 [m-s1]
dz/dty 0.01 [m-s1]
Debris flow
Erosion-entrainment- dz/dt 0.2 [m- kPa™']
deposition mechanism Pd 1900 [kg - m3]
Te 1.0 [kPa]
Td 0.5 [kPa]
Interaction friction coefficient S 10.0 [-]
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Table 2. Simulation results for each criterion according to changes in Voellmy rheology parameters and interface friction

665 coefficient /™ change.

Parameters Debris flow Water
Maximum Maximum Maximum Underwater Amplitude of  Maximum

i & (m/s?)  flow height! velocity' momentum! flow distance’® the first wave® crest

(m) (m/s) (ton'm/s) (m) (m) amplitude (m)
0.030 7.02 3.56 17.58 183 1.420 1.883
©0.035 6.44 3.54 13.37 148 1.160 1.481
00~ 0 5w 3.22 9.42 117 0.881 1.093
0.045 4.94 2.51 5.73 84 0.584 0.702
0.050 500 3.52 1.09 2.06 44 0.231 0.327
400 3.27 1.18 1.88 46 0.221 0.336
0.050 800 431 1.90 3.04 61 0.284 0.477
1000 4.33 1.74 2.74 59 0.237 0.440
2000 5.08 2.06 3.83 68 0.420 0.593

! Observed near the reservoir (1,378 m)
2 Measured from the point where the water meets the ground (1,379 m)

3 Observed in p1, Fig. 6 (1,450 m)
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Table 3. R? analysis results between debris flow characteristics and waves caused by debris flow during flood level and high

water level seasons.

Dependent variable Independent variable a R?
Underwater flow distance 21.704 0.862
Maximum flow height Amplitude of the first wave 0.142 0.837
Maximum crest amplitude 0.203 0.802
Underwater flow distance 26.921 0.842
Maximum velocity Amplitude of the first wave 0.173 0.787
Maximum crest amplitude 0.253 0.790
Underwater flow distance 12.279 0.964
Maximum momentum Amplitude of the first wave 0.083 0.985
Maximum crest amplitude 0.120 0.983

" y=axx

670
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Table 4. R? and RMSE analysis results between debris flow characteristics and waves caused by debris flow for two cases:

high-water and flood level.

Dependent Independent High water level Flood level
variable variable R? RMSE (m) R? RMSE (m)
Underwater flow
0.953 38.006 0.872 30.754
distance
Maximum Amplitude of the
0.812 0.207 0.870 0.286
flow height first wave
Maximum crest
0.872 0.442 0.883 0.361
amplitude
Underwater flow
0.573 38.514 0.892 35.495
distance
Maximum Amplitude of the
0.807 0.235 0.893 0.331
velocity first wave
Maximum crest
0.606 0.450 0.870 0.377
amplitude
Underwater flow
) 0.958 13.071 0.996 20.982
distance
Maximum Amplitude of the
0.971 0.073 0.989 0.076
momentum first wave
Maximum crest
0.990 0.109 0.994 0.126

amplitude
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715 Figure 11. Correlation between debris flow characteristics and waves caused by debris flow during flood level and seasons of
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Figure 12. Water surface elevation profiles over time at p3 and reservoir level change for reservoir level.
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