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Abstract

Debris flows represent a significant geohydrological hazard, impacting the surrounding
environment and threatening human settlements by altering ecological equilibria. The
formation of temporary, often unstable, natural dams that obstruct normal river flow and
create secondary flood risks poses a complex and prolonged threat to the sustainable
management of water resources. Non-invasive risk assessment and analysis tools are
therefore essential for addressing this challenge effectively. In this context, this study uses
an end-to-end numerical modelling approach validated on an actual river obstructed in
past by a debris flow. The simulation focused on sustainable risk management after the
landslide dam rupture. This computational methodology is a non-invasive technology
that provides a fundamental alternative to costly and environmentally invasive field
techniques for assessing the risk of complex river systems. Two separate numerical
simulations were carried out using the HEC-RAS code. The first simulation used the
integrated sediment transport module to quantify the dynamics of solid material
deposition and dilution. The second simulation modelled secondary flooding scenarios
using the dam break simulation module. The aim of integrating these non-invasive
simulations is to analyse the interaction between the river and debris accumulation,
understand the river’s natural regeneration capacity and determine the hydraulic
response to sudden dam failure. These results are essential for geohydrological risk
assessment and mitigation, thereby improving the effectiveness of prevention measures
and systemic resilience against landslides.

Keywords: non-invasive technology, geohydrological risk; integrated modelling; debris
flow; natural damming; fluvial systems sustainability
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1. Introduction

Debris flows are gravity-driven flows consisting of a dense mixture of water,
sediment, mud, and in some cases, large rock blocks [1]. Their velocity depends on the
topography and obstacles along the slope, and it is often very high. In confined channels,
the limited space can increase both the velocity and pressure of the flow, giving it
particularly disruptive properties and the capacity to alter the surrounding landscape,
dam rivers, or damage human structures and infrastructures [2]. One of the major risks
associated with debris flows in river contexts is that the possibility that the sediment load
introduced by the flow may exceed the river’s transport capacity at the confluence with
the main channel. If this occurs the debris flow may deposit a significant amount of
material, which could lead to the formation of temporary natural dams within the
riverbed [3]. Specifically, in the Italian Alpine and Apennine contexts, the topography can
cause these temporary barriers and can lead to a sudden break. Such failures can generate
secondary flood waves that spread quickly and cause extensive damage. One of the most
devastating historical events of this type of risk is the collapse of the dam on the Dadu
River in Sichuan, which occurred on 10 June 1786, ten days after an earthquake that caused
the landslide. Thousands of people were killed by a flood wave that travelled more than
one thousand four hundred kilometres [4]. Developing state-of-the-art numerical models
is essential for accurately simulating the dynamic interaction between rivers and debris
flows[5,6]. This is an indispensable step in an effective quantitative risk assessment. These
models predict the path and velocity of the flow and the erosion and deposition processes
that occur during the event [7]. The existing studies on debris-flow dynamics, sediment
transport, dam formation, and consequent failure, focus on the processes separately,
limiting the interpretation of their coupled behavior within river systems [8,9].
Additionally, the increasing frequency and intensity of such events under climate-driven
rainfall extremes highlights the urgency of integrated risk assessment tools [10], example
are the Matagida Creek and the barrier-lake overflow alert that led to the closure of Taroko
National Park [11,12]. This study addresses these gaps by employing an end-to-end
modelling approach that combines debris-flow propagation, sediment transport, and
dam-break simulations within a single framework, providing a comprehensive
perspective on river response and potential secondary flooding [10,13]. This work focuses
on investigating the complex interactions between debris flows and the riverbed,
particularly the formation of temporary dams in the main channel through the simulation
of non-Newtonian flow dynamics, and their influence on river conditions. The study also
examines the potential consequences of dam failure, including secondary flooding events
and alterations to the river’s hydrology [14,15]. These dams, often formed by a sudden
inflow of debris, can drastically modify the river’s hydraulic and morphological regime,
with severe consequences for both the environment and people. This can cause potential
flooding upstream, and if the dams collapse, it can trigger catastrophic flooding
downstream, resulting in dramatic changes to the channel’s morphology. The study is
based on an end-to-end approach, which is useful for gaining a complete and integrated
perspective of the phenomena [16]. This provides a comprehensive understanding of how
the mechanisms governing debris flow propagation, sediment accumulation, and river
flow dynamics interact with each other. Currently, debris flow propagation and sediment
transport are predominantly modelled as separate phenomena, with limited
consideration of their coupled dynamics [17]. An end-to-end [18] approach can be used to
model both process simultaneity and their interaction over time and space. This includes
the potential formation and subsequent failure of temporary debris dams, which can
trigger secondary flooding and significantly impact conditions in the downstream river
[19]. In this work, two scenarios of simulations were carried out using the HEC-RAS
software v6.6 (i) with the specific tool for assessing sediment transport [20] (ii) with the
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specific module designed for the dam failure. The first series of simulations focuses on the
propagation of the debris flow and its impact on the Liri River. The initial discharge was
estimated from rainfall data using the SCS-CN method and then converted into debris
flow discharge using the Gregoretti and Della Fontana (2008) formula [3]. The second
series of simulations was based on flow data from the Liri River recorded at the Civitella
Roveto (AQ) hydrometric station covering the period around the debris flow reactivation.
These data are crucial for understanding the hydrological conditions that led to the event,
such as increased soil pore pressure and slope erosion [21]. The simulations analyse what
happens when the flow reaches the river, which can lead to the formation of temporary
dams, increased sediment transport and significant changes in river hydraulics. The
results highlight the locations and times at which the river’s transport capacity is exceeded
that can potentially increase the risk of flooding both upstream and downstream. The
results indicate that, while temporary debris dams can form and locally alter flow
conditions, the effects are generally confined to areas immediately upstream of the
blockage. The peak flow gradually decreases downstream, and the river tends to return
to uniform conditions after the event has passed. Even in the most severe scenarios, the
simulations suggest that a dam failure would not result in widespread flooding or a
significant increase in hydraulic risk along the riverbed. This highlights the river’s ability
to handle such events without causing major impacts on the surrounding areas.
Additionally, the model effectively illustrates how long it takes for the river to restore
sediment transport equilibrium and where sediment deposition is likely to occur.
Together, these simulations provide a comprehensive view of the event, from its origin to
its consequences. The study is structured to provide a clear and comprehensive
understanding of debris-flow impacts on the Liri River. It begins with simulations of
debris deposition using the integrated sediment transport module in HEC-RAS [22],
allowing identification of areas where sediment accumulates and the river’s capacity to
transport debris downstream. Following a second set of simulations uses the dam-break
module, included in the code, was used to assess potential secondary flooding scenarios
and the river’s response to sudden failure of temporary debris dams. By integrating these
simulations within a single framework, the study captures the interactions between
debris-flow processes, sediment dynamics, and river hydraulics, offering a complete
depiction of the event—from its initiation on the slopes to the downstream impacts at the
Liri River confluence. This approach defines the methodological backbone of the work
and provides a coherent framework for the analyses and discussions that follow. By
combining sediment transport and dam-break simulations within a single model, it
enables the development of sustainable water resource management strategies and the
protection of riverine ecosystems. Furthermore, modelling outcomes facilitate the
evaluation and mitigation of geohydrological risks in mountainous catchments, thereby
enhancing preparedness and resilience against landslide hazards. The results highlight
differences in Liri River discharge under natural conditions compared to after debris flow
events occur, as well as the impact of dam breaks on the surrounding landscape. These
findings provide valuable insights into sediment dynamics and the processes triggered by
debris flow events.

2. Study Area

Rendinara hamlet is in the upper Roveto Valley, an Apennine valley of Italy that
stretches along the upper stream of the Liri River. The landslide extends 2600 m. from the
head to the tail of the phenomenon and has a width of 920 m. [23], indicating a significant
dimension and the potential for large volumes to be involved. Landslide materials,
according to the local geology, consist mainly of boulders and carbonate debris in an
abundant clay matrix (Figure 1). This landslide begins in the upper sector of the study
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area, where highly tectonized carbonate rocks dominate [24,25]. In this context, tectonic
stress is a predisposing factor for the local instability of the rock mass, generating multiple
rockfalls and avalanches [26]. In this sector, major evidence includes several blocks found
in the upper sector of slope, highly fractured rocks recorded during the field activity and
significant slope debris accumulated at the base of the unstable rock sector [27-29]. Along
the slope, due to the presence of debris materials with different permeability and grain
size, springs are formed and fed by carbonate aquifer, which in turn is replenished by
rainwater; therefore, these springs have variable flow rates depending on the season. The
last reactivation of analysed phenomena in this study was triggered in March 2021; the
days leading up to the event were, on average, wetter than usual, with approximately 756
mm of rain concentrated over 15 days, averaging about 50 mm per day [30]. From the
hydrogeological point of view, the area is characterized by the presence of a regional aq-
uifer, marked by the detrital cover and flysch deposits, as well as a carbonate aquifer
formed by limestones and dolomitic limestones, locally highly fractured.

372,500
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Fluvial deposits (Holocene) —=+ Interfered Normal Fault
] Slope Deposits (Holocene) —+ Thrust (Dashes indicate the down-dropped portion)
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Sandy marls and clayey marls (Messinian)
B Marly Limestones {Lower Miocene-Upper Oligocene)
¥ PP B
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¥ 28
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Figure 1. Location of the study area and geological setting. The map shows the position of the in-
vestigated site, main lithological formations, and major tectonic structures, derived from the official
1:100,000 geological map of the Italian CARG project, digitized from Sheet 152.

Due to the dismantling caused by the active tectonic regime and given the steep slope
of the upper part of the slope, the fractured and dismantled limestones tend to form nu-
merous and varied deposits that blanket the flysch lithologies [31-34]. The massive
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deposit produced by this unstable sector forms an unstable cover layer over the marls
composing the central sector of the slope. These deposits are highly heterogeneous due to
the alternating materials [25,35-37]. In the central sector, there are major geomorphologi-
cal features such as trenches, secondary scarps, and significant cracks. These elements are
sometimes concealed by geomorphological signatures related to active tectonic stress, as
evidenced by the ribbon-shaped slope on the right side and the emergence of several
springs on the slope, especially after prolonged rainfall periods. These deposits are ex-
tremely heterogeneous and; therefore, within them, they tend to form layers with different
permeability.

3. Materials and Methods

To provide an integrated representation of the debris flow dynamics propagation
and its interaction with the riverbed, simulations were performed using HEC-RAS code
v.6.6. This analysis was made possible by combining use of the sediment transport module
and the tool designed specifically for analysing temporary dam failure. The model used

for the analysis was calibrated using hydrological values, rainfall data and morphological
surveys of the Liri River basin (Figure 2).

Figure 2. Study area details. The target indicates the Civitella Roveto (AQ) station where the hydro-
metriclevel is measured. The continuous cyan line indicates the Liri River flow direction. The ellipse
marks the source area, shown in the detailed image. The black rectangle shows the area where the

Liri River was dammed.

This process was allowed to the reconstruction of the flow conditions debris accumu-
lation processes, and potential scenarios of temporary dam failure. To determine the im-
pact of debris flows on the Liri river, two separate simulation series were conducted: (1)
debris flow impact and (2) dam break.
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3.1. Rio Sonno Debris Flow Impact on Liri River

The first simulation scenario focuses on the impact of debris flowing into the Liri
River via the Rio Sonno tributary. The debris flow simulation was performed using the
Debris Flow Library implemented within the HEC-RAS v6.6 software, which extends the
standard hydrodynamic solver to account for non-Newtonian flow behavior typical of
sediment-laden and viscous mixtures. The model numerically solves the modified Shal-
low Water Equations, incorporating rheological parameters such as yield stress and dy-
namic viscosity to represent the complex interactions between solid and fluid phases dur-
ing debris flow propagation. This allowed the combined effects of both phenomena to be
assessed. This dual approach enables a direct comparison of river conditions with and
without debris flow to be made, providing a comprehensive assessment of its impact [38].
To analyze the interaction between the river and the debris flow event, the first step was
to determine the Liri flow rate based on data from the hydrometric station closest to where
the event occurred. This regional monitoring station is identified by the code NOO5SLR8
and is located at the coordinates 41.935081° N, 13.418529° E. Direct measurements of the
Liri River’s flow rate during the period immediately before and during the debris flow
were extracted from the monitoring network database.

A basic hydraulic model was constructed using the HEC-RAS code to simulate the
behavior of the river under natural flow conditions, improving our understanding of it in
the process. This model enabled the initial hydraulic conditions of the Liri River to be
reconstructed prior to the event, providing a realistic context in which to evaluate the im-
pact of the debris flow on river dynamics. A debris flow occurs when loose material, such
as sediment, rocks and debris, interacts with enough water to transform the flow into a
highly concentrated mixture of water and solids. In this study, the debris flow hydrograph
was estimated using the formula of Gregoretti and Della Fontana [3]. They obtained the
critical discharge relationship using flume-laboratory data for debris flow initiation [39],
following the approach of Tognacca et al. [40]. This formula depends on the mean grain
size of the sediments and the angle of the bed slope (see Equation (1)).

Qeritic = 0.78 - D1\1/i5 “tan(¥) — 1.27 €))

where qcpiic is the critical discharge per unit width (m?/s), D,, is the mean grain size,
and 9 is the bed slope.

A debris flow is triggered when the runoff discharge q, exceeds the critical thresh-
old qritic, which is calculated by multiplying the critical unit discharge by the channel
width in the triggering section. Discharge was calculated using the Soil Conservation Ser-
vice (SCS) method [41,42] to derive the debris flow. This method facilitates the generation
of synthetic unit hydrographs (SUHs). SUHs are theoretical hydrographs that represent a
watershed’s direct runoff response to a unit of effective rainfall over a specified duration.
The SCS method uses a dimensionless reference curve to predict the shape of SUHs. This
curve relates time and flow ratios quantitatively [43,44]. Specifically, the time ratio is usu-
ally defined as the time from the start of the excess rainfall to the peak of the hydrograph,
while the flow ratio is defined as the discharge at a given time divided by the peak dis-
charge. This dimensionless approach enables the method to be applied to watersheds of
various sizes and characteristics. The foundational principle of the method is represented
by the following relationship (Equation (2)):

_ (P_Ia)z

=% perP>1 2
Q Pl +5P > I, 2)

where Q is the runoff (mm), P is the total rainfall (mm), /, is the initial abstraction
(mm), accounting for interception, surface storage, and infiltration prior to runoff and §
is the maximum potential soil moisture retention after runoff begins (mm).
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A common relation between I, e S is typical I, = 0.2+ S. This implies that, on aver-
age, 20% of the soil’s potential retention capacity is lost through initial abstraction before
direct runoff begins. The parameter S can then be expressed in terms of the Curve Number
(CN) and it is equal to (Equation (3)):

S =So(gy— 1 @)

The Curve Number (CN) ranges from 30 (high infiltration, low runoff) to 100 (low
infiltration, high runoff), and it depends on land use, hydrologic soil group (HSG), and
antecedent moisture conditions (AMC). Four hydrologic soil groups are defined, from A
to D with an infiltration ratio growing from D to A. Once the HSG is identified, the CN is
determined according to land use. CN is further adjusted based on antecedent moisture
conditions (AMC), which reflect soil saturation prior to the event, the AMC is divided in
three classes from I, that represents the dry condition to III that indicate saturated condi-
tions [45-47]. Statistically, AMC I, II, and III correspond to exceedance probabilities of
90%, 50%, and 10%, respectively, in terms of runoff depth for a given rainfall event [41].
The synthetic unit hydrograph [47] is constructed by using the ratios of discharge (Q) to
peak discharge (Qp), and time (t) and time to peak (t,). Initially, as rainfall contributes to
runoff, the Q/Q, ratio progressively increases, signifying the rising phase of the hydro-
graph. This step continues until the maximum value of 1 is reached which occurs at the
point of peak discharge Q, and the time t,. After this point the ratio Q/Q, begins to de-
crease back toward zero, defining the hydrograph’s shape and duration.

Different methods can be used to determine the peak discharge Q,, relating water-
shed characteristics to the runoff response. For ungauged watersheds where direct meas-
urements are unavailable, Mockus [48], suggests calculating the peak flow rate as follows
(Equation (4)):

 0208xaxQ
P t

4)

p

where «a is the catchment area (km?), while Q represents the runoff (mm).

The time to peak (t,) expressed in hours, was estimated as a fraction of the basin
concentration time, based on the SCS-CN method. This approach simplifies the process of
estimating hydrograph rise time by focusing on catchment response characteristics. The
unit hydrograph is used to create runoff hydrographs. This process incorporates cumula-
tive rainfall data determined from IDF curves for various return periods. To address the
uncertainty arising from the spatial concentration of meteorological events, we identify
three different contributing areas where the topographic analysis is performed in a GIS
environment. Specifically, we apply an eight-direction poor point algorithm to the re-
gion’s digital elevation (DEM) and drainage network to delineate the watershed. Starting
from the SCS hydrograph, the debris flow hydrograph was derived using the formulation
proposed by Gregoretti and Della Fontana 08, assuming the initial sediment volume as
estimated by [49]. The time of concentration (t.) was defined as 0.173 h and the peak dis-
charge (Qp) as 33.87 m3/s, based on the main characteristics of the unit hydrograph, to
describe the sub-basin’s response time to a rainfall input of 62 mm over two hours. Sedi-
ment dynamics were implemented by [3], while the channel bottom width was estimated
through analysis of high-resolution digital imagery and a 1 x 1 m Digital Terrain Model
(DTM). The HEC-RAS code is used to simulate various inundation scenarios. This in-
volved applying shallow water equations [50,51], which are fundamental to modelling
fluid flow. To enhance these simulations, we used the Debris-Lib extension, which was
developed by Gibson in [20]. This numerical library allows for the simplified simulation
of granular flow dynamics and provides a more comprehensive understanding of how
debris might interact with floodwaters. The shallow water equations were chosen because
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they can represent the propagation of flows in steep channels while maintaining compu-
tational stability. While this approach does not consider local acceleration or super-eleva-
tion effects, it offers an effective balance between model accuracy and numerical perfor-
mance for this type of application [36,37]. The simplified Bingham model was selected to
represent the internal resistance of the debris flow in the Rio Sonno basin, which features
heterogeneous sediments and significant clay content. While it does not capture local ac-
celeration or turbulence, it provides a robust first-order approximation suitable for as-
sessing the flow impact on river hydraulics. Despite its limitations, the choice allows for
first-order approximation of internal resistance in such flows. The parameters governing
the mixture’s behavior were set using default or literature-based values, with an assumed
internal friction angle of 30°, which is consistent with that of typical debris flow material.
Inflow was introduced at the bottom of the source area, identified as a single sub-basin in
line with the assumptions of the SCS method. Sediment characteristics derived from field
analyses were introduced in the software dedicated section. Furthermore, the thickness of
the sediment layer was estimated using geophysical surveys conducted in the area. The
sediment transport equations were then selected according to the grain-size properties of
the debris source basin. Attention was given to the presence of clay and the highly heter-
ogeneous grain size distribution resulting from the weathering of detrital aquifer materi-
als upstream [52]. The fall velocity of individual particles was calculated using the Soulsby
formula [53], which provides an accurate estimate considering sedimentological hetero-
geneity.

1/2

=Y +1.049 - (d*)3) L )

W d

0.36

(0.362

where wy is the fall velocity of the sediment (m/s), v is the kinematic viscosity of water
(m?/s), d is the grain size, d* is the dimensionless grain size, calculated us d* =

~1)-g11/3
d [(SV#] where s is the specific density (or relative density) of the sediment and g is

the gravitational constant.

Given the significant clay content and the wide variability in grain size, a hybrid ap-
proach was adopted rather than relying on a single total-load formula. The non-cohesive
fraction (particles > 63 um) was modelled using the Van Rijn formulations [53] for bedload
and suspended load.

V(s —1gD3, - ©)

ab = 0.053 53
J(s—1)gD3
qs = 0.012% T24 @)

where g, and g are the bed-load and suspended-load transport rates per unit width,
respectively; s = ps/p is the relative density; g is the acceleration due to gravity; Dsq is
the median grain size; D, is the dimensionless particle size; and T = (1, — 7)/7. the
dimensionless excess shear stress. For bedload of mixed/poorly sorted surface materials
(where sand/gravel interactions are important) surface-based fractional bed-load formu-
lation was used as a sensitivity check [54,55]. Total sediment fluxes were computed by
summing the contributions of the non-cohesive bedload and suspended-load and the co-
hesive erosion/deposition fluxes; hiding/exposure corrections and limits on near-bed con-
centration were applied where required. This hybrid scheme follows common practice for
rivers with mixed sand-silt—clay compositions. Using these models together allowed us
to consistently regulate sediment transport in line with the physical and morphological
properties of the sediments, while maintaining numerical stability and an appropriate
level of detail in describing the phenomena [25,36].
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Two different scenarios were simulated:
e  Base flow scenario: discharge of the Liri River only, to assess typical flow conditions.

e  Combined flow scenario: simultaneous discharge of the Liri River and debris flow,
to evaluate the impact of extreme events on sediment transport.

3.2. Dam Break Simulation

The dam break simulation was carried out using the two-dimensional unsteady flow
module of the HEC-RAS v6.6 code. This approach solves numerically the Shallow Water
Equations (Saint-Venant equations) for unsteady free-surface flow [56]. The conservation
of mass and momentum are described as:

oh  d(uh) A(vh)

at 0x dy q ®)
0Gh) 4 9 zh+ 2 gh2y + 28 _ gnispr—s 9
0R) 4 9 wen+ Lgnty + 28 _ ghisyy s 10

where h is the water depth (m), u and v are the depth-averaged velocity components
(m/s) in the longitudinal and transverse directions, respectively, S, is the bed slope, Sf
is the friction slope (computed using Manning’s formula) and q is the lateral inflow per
unit area (m/s).

The computational domain was defined as a 2D Flow Area covering the valley reach
of the Liri River affected by the natural blockage and subsequent flood wave propagation.
The LiDAR data (1 x 1 m resolution, provided by the Italian Ministry of Environment) was
used to generate a high-resolution terrain model, allowing accurate representation of the
valley morphology and the temporary reservoir formed upstream of the landslide dam
[56]. A computational mesh with regular cells of 10 x 10 m was adopted, with local refine-
ment to 3 x 3 m in the dam area to accurately capture the breach geometry and flow tran-
sitions. Break-lines were used to refine the mesh along morphological discontinuities, en-
suring topographic adherence without excessive refinement. The temporary reservoir up-
stream of the dam was modelled as a Storage Area (SA), characterized by a Volume-Ele-
vation curve derived by the DTM. The SA is connected to the river domain by a Storage
Area Connection, which represents the natural dam section and its potential failure mech-
anisms. A small culvert was added to simulate a continuous low-flow drainage through
the landslide deposit. This was calibrated based on field observations. The dam break was
modelled using the Froehlich’s empirical formulation [57,58], which estimates the final
breach width and formation time based on the reservoir volume and the depth of the wa-
ter upstream. This approach was chosen as a conservative assumption to simulate the
maximum possible outflow peak [59]. Different simulation scenarios were tested to ac-
count for varying initial and hydrological conditions:

e  Pure dam break: empty channel, full reservoir, no inflow.

e  Low flow (=8 m?s): initial discharge through the culvert followed by moderate in-
flow.

e High flow (=80 m?/s): breach formation during peak flow conditions.

For all simulations, upstream inflow was imposed as a Lateral Inflow Hydrograph
on the storage area, while downstream boundary conditions were defined as normal
depth. Initial steady-state conditions were obtained by running a short pre-simulation
with a constant discharge of 1.75 m?/s to establish low-flow conditions in the channel prior
to breach initiation. The unsteady flow computations used an implicit finite-volume
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scheme with O-weighting = 1.0 (fully implicit backward Euler integration) to ensure nu-
merical stability under rapidly varying flow condition [59]. The adaptive time step was
automatically adjusted based on the Courant number, maintained between 0.4 and 1.0,
with a base step ranging from 0.2 to 0.4 s. The Pardiso direct solver was adopted for the
linear system solution, allowing up to 30 iterations per time step with strict convergence
tolerances (Ah < 0.003 m; volume error < 0.3%). A conservative turbulence model was ap-
plied, with mixing coefficients of 0.3 (longitudinal), 0.1 (transverse), and a Smagorinsky
coefficient equal to 0.05 [60-62]. Hydrological data were obtained from the Civitella Rov-
eto hydrometric station, including hourly and daily water level readings for March 2021
(period the debris flow occurred, blocking the river downstream). Discharge values [63]
were estimated from stage readings using a simplified Gauckler-Strickler equation for a
rectangular channel of width 17.45 m, bed slope i = 0.003, and roughness coefficient
ks = 60 m'/3 /s [50].

Q =k;AR?? [ir (11)

where 4 is the wetted area (m?) and R = A/P is the hydraulic radius (m).
Model calibration was performed using measured water levels and inferred dis-
charges to ensure consistency between simulated and observed flow dynamics.

4. Results

This section presents the main results of the hydrodynamic and sediment transport
simulations, with a specific focus on the effect of the Rio Sonno debris flow on the hydrau-
lic and sedimentological conditions of the Liri River.

4.1. Debris Flow Interaction with the Liri River

Based on the SCS analysis, the discharge of the Rio Sonno was estimated, yielding a
peak flow to be 33 m?/s (Figure 3), which is consistent with the intensity and the duration
of the rainfall event that triggered it. Subsequently, the debris flow discharge was calcu-
lated using the formula of Gregoretti and Della Fontana [3]. The resulting peak discharge
is comparable to the maximum clear-water flow, and the duration of the debris flow hy-
drograph is consistent with that of typical debris flow events.

Rainfall/Clear water Hydrograph time [Hours|

e R

40 U

Clear water disc.[m%s]
Las L " | Rainfall [mm]

—— Debris flow disc. [m?/s]

10

o

Rainfall [mm]
T
2

Debris flow Discharge [m?/s]
Clear water Discharge [m¥s]

30

Debris flow time [minutes]

Figure 3. Estimated hydrographs for the Rio Sonno: peak discharge derived from SCS analysis (33
m?/s) reflecting the rainfall event intensity and duration, and debris flow discharge calculated using
the Gregoretti and Della Fontana 2008 formula [3], with a typical event duration of approximately

five minutes.
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Two sets of simulations were analyzed separately: (1) river flow conditions based
exclusively on the recorded Liri River discharge, and (2) the combined river—debris flow
scenario. In the latter case, the debris flow was simulated by including the inflow hydro-
graph derived for the Rio Sonno tributary. Results are discussed in terms of water surface
elevation, flow velocity, and the sediment total load capacity and concentration.

In conditions where only the river was considered, the simulated peak discharge at
the analysis section of the Liri River produced a maximum water depth of 1.0 m., with
average flow velocities ranging from 3 to 7 m/s (Figure 4a,b). In the combined scenario,
the maximum water depth increased to 1.5 m along the Rio Sonno channel. Velocities also
increased significantly, reaching up to 10 m/s in the source area and in the right-bank
section of the Liri River. This was influenced by backwater effects and the sediment/dis-
charge flux from the Rio Sonno (Figure 4c,d).

13.3222°E 13.3314°E 13.3405°E 13.3222°E 13.3314°E 13.3405°E

o Depth (m) = : - ! 1] Depth (m})
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0+ Nelocity (mifs) 11 - 1 17 Vielocity (mfs) 10

Figure 4. Comparison of simulated hydraulic conditions using only river conditions and combined
river and debris flow scenarios: (a,b) maximum water depth distribution, and (c,d) flow velocity
field highlighting the increased velocities along the Rio Sonno channel and in the right-bank section
of the Liri River.

Figure 5 shows the temporal evolution of sediment transport, expressed in terms of
total load capacity and total load concentration. Before the debris flow event (Figure 5a,b),
sediment transport remained relatively low, with localized increases near the confluence.
During the debris flow event (Figure 5c,d), pronounced peaks in both capacity and con-
centration were observed with maximum values of around 1.8 kg/L that is reasonable in
the debris flow scenario [64]. In this case, the total load concentration is clearly lower than
the total load capacity. This indicates that sediment is being deposited at the interface with
the Liri River. The sediment transport is affecting the entire right-bank section of the Liri
River. Considering Figure 5, before the debris flow event, sediment concentration reached
a maximum of around 0.5 kg/L with flow velocity near 5 m/s in the source area. During
the event, concentration peaked at 1.6 kg/L and velocity at 9 m/s, corresponding to
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increases of approximately 95% and 45%, respectively. After the event, both values grad-
ually decreased to 0.9 kg/L and 5 m/s, reflecting rapid sediment deposit and recovery of
clear-water conditions. This behaviour is consistent with the material that was initially
scoured from the Rio Sonno channel being progressively absorbed into the main river
flow. After the event (Figure 5e,f), sediment transport gradually decreased, indicating a
return to clear-water conditions following the maximum sediment input associated with
the debris flow.
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Figure 5. Temporal evolution of sediment transport along the Liri River channel. Before the debris
flow event (a,b), total load capacity and sediment concentration were relatively stable. During the
debris flow event (c,d), sediment transport showed sharp peaks, impacting the entire right-bank
section. After the event (e, f), sediment transport gradually decreased as the river returned to clear-

water conditions.

A cross-section at the confluence was analysed to determine the relationship between
total load capacity and total load concentration (Figure 6). It was observed that, in the
initial stage of granular flow input into the Liri River, the system maintained equilibrium
between sediment transport and its transport capacity [65,66]. However, as the debris flow



Sustainability 2025, 17, 11195

13 of 24

continued, the balance was shifted in favour of deposition. Subsequently, the system grad-
ually returned to equilibrium as sediment input decreased and clear-water conditions re-
sumed. Following the sediment input, the river system experiences a rapid imbalance be-
tween transport capacity and the amount of material supplied. This results in an immedi-
ate peak within the first few meters downstream. This is attributed to an increase in local
turbulence and shear stress. During the debris flow, the concentration difference peaked
at 20,000 mg/L, 3 min after the impact. The main deposition phase occurred about 7 min
after the sediment pulse, with an additional increase of 80,000 mg/L, and near-equilibrium
conditions were restored after roughly 20 min, reflecting the temporal adjustment of sed-
iment transport and deposition. Over the next ~50 m, an adjustment phase occurs during
which some of the material is temporarily deposited and the flow becomes progressively
diluted. This results in a reduction in the capacity/input ratio compared to the initial value.
The main deposition phase takes place approximately 7 min. after the arrival of the sedi-
ment pulse [52,53]. The restoration of the near-equilibrium conditions requires longer
timescales, on the order of ~20 min.
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Figure 6. Sediment transport dynamics at the confluence, showing changes in total load capacity
and concentration over time. The plot illustrates an initial equilibrium during the granular flow
input, a subsequent phase dominated by sediment deposition, and a gradual return to balanced

sediment transport.

Figure 7 shows the temporal evolution of the difference between the total load capac-
ity and the total load concentration at the confluence between the Rio Sonno and the Liri
River. Initially, the difference remains close to zero, suggesting that sediment transport is
in equilibrium as the granular flow enters the main river. An intensification of the debris
flow results in a negative difference, highlighting a phase dominated by sediment depo-
sition at the confluence. Subsequently, the system gradually returned to equilibrium as
the input of sediment decreased and clear-water conditions resumed. These dynamics
highlight the transient nature of sediment fluxes during debris flow events and their sig-
nificant impact on the channel’s sediment budget.
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Figure 7. Temporal evolution of the difference between the total load capacity and the total load
concentration at the confluence of Rio Sonno and Liri River, showing (a) initial sediment transport
equilibrium, subsequent (b, c) deposition phase during debris flow, and (d) gradual restoration of

sediment transport balance.

4.2. Dam-Break Results

This section presents the key findings of the analyses conducted to simulate the
breach of the natural dam formed on the Liri River after the debris flow along the Rio
Sonno. Figure 8 shows the results of the three conditions that were simulated.

Scenario 1 (Figure 8a), characterized by the reservoir only, shows a significant atten-
uation of the peak discharges along the river reach is observed, with values decreasing
from approximately 15.3 m3/s to 3.3 m3/s. At the same time, the time to peak progressively
increases, ranging from 11 to 80 min. This behavior indicates a marked slowdown in the
propagation of the flood wave along the reach. The average propagation velocity along
the entire stretch, calculated between successive 500-m. intervals, shows a progressive de-
crease downstream, with intermediate values ranging between 0.46 and 0.93 m/s, and an
overall average velocity of approximately 0.65 m/s. These results clearly demonstrate the
reservoir’s damping effect, which reduces the wave energy and delays its propagation.
Scenario 2 (Figure 8b), characterized by a discharge release of around 8 m?3/s, shows that
the peak flows are higher than in Scenario 1, ranging from 22 to 12 m3/s. However, atten-
uation is still evident along the river reach. In this case, the wave propagation velocity is
more uniform along the stretch, with only a slight decrease in the downstream sections.
With an average velocity of about 0.87 m/s, the flood wave appears to retain most of its
initial energy during transit, although it does slow down slightly downstream. Scenario 3
(Figure 8c), characterized by a discharge of 80 m3/s, shows a different behaviour compared
to the other simulations. The hydrographs quickly approach an asymptotic value, reach-
ing 90% of the inflow discharge. The times to reach this value indicate a faster wave prop-
agation than in the lower-flow scenarios. The velocity, calculated along successive inter-
vals, varies between 0.83 and 1.67 m/s, with an overall average of approximately 1.18 m/s.
This increase in propagation velocity show that the wave has a higher energy. This main-
tains high discharges along the river reach and reduces the reservoir’s damping effect.
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Figure 8. Cross-section locations along the Liri River and simulation results; (a) discharge for the
first simulation scenario; (b) discharge for the second simulation scenario; (c) discharge for the third

simulation scenario.

The spatial distribution of water flow height (Figure 9) shows a clear increase with
the magnitude of the inflow discharge. In Scenario 1, the water levels remain largely con-
fined within the main channel, indicating limited inundation and a strong damping effect
of the reservoir. In Scenario 2, higher inflows lead to a moderate rise in water surface
elevation, with occasional overflow near the downstream sections. Scenario 3 displays the
most pronounced response, with markedly higher water levels and extensive inundation
along the floodplain. These results confirm that the hydraulic response of the system is
strongly influenced by discharge magnitude, as larger inflows produce higher water
depths and more significant overbank flooding.



Sustainability 2025, 17, 11195

16 of 24

41.8525°N 41.8525°N

41.8525°N

13.3353°E 13.3440°E

0 Max Depth (m)  4.06

Figure 9. Maximum flow depth simulation results. (a) Maximum flow depth for the first simulated
scenario simple dam break; (b) second simulated scenario including dam break with low discharge;

(c) maximum simulated impact of dam break with a discharge of 80 m3/s.

The spatial patterns of flow velocity follow similar trends to those observed in water
height patterns (Figure 10). In Scenario 1 (Figure 10a), velocities are generally low
throughout the reach, reflecting the strong attenuation and energy dissipation imposed
by the reservoir. In Scenario 2 (Figure 10b), the flow accelerates moderately, maintaining
relatively uniform values along the channel. Scenario 3 (Figure 10c) shows the highest
velocities, particularly in the downstream sections, where the wave energy remains high
and the damping effects are minimal. Overall, the increase in velocity as a function of
discharge magnitude highlights the direct relationship between flow energy and the sys-
tem ‘s hydraulic behavior.



Sustainability 2025, 17, 11195

17 of 24

41.8525°N

41.8525°N

41.8525°N

13.3353°E 13.3440°E

0 Max Velocity (m/s) 5

Figure 10. Maximum velocity simulation results. (a) Maximum velocity for the first simulated sce-
nario only dam break; (b) second simulated scenario including dam break with low discharge; (c)

maximum simulated impact of dam break with a discharge of 80 m3/s.

In all scenarios, it is important to note that the modelling accounted for the time taken
to fill the reservoir. The reported velocities therefore represent the actual propagation of
the flood wave downstream, providing a realistic measure of the dynamics of the hydrau-
lic system’s dynamics. The comparison of the results highlights a clear relationship be-
tween the magnitude of the inflow and both the peak attenuation and the propagation
velocity. Scenario 1, as the lowest inflow, shows the strongest damping effect and the
greatest increase in time to peak. It also has the lowest average propagation velocity. Sce-
nario 2 presents intermediate characteristics, featuring higher peaks, moderate attenua-
tion, and a relatively uniform propagation velocity. Finally, in scenario 3, the highest in-
flow, displays minimal attenuation, faster wave propagation, and higher average veloci-
ties. This indicates that the energy of the flood wave dominates over the reservoir’s damp-
ing effects. Overall, these results demonstrate that both the magnitude of the inflow and
the presence of the reservoir both significantly influence the timing and the velocity of
flood wave propagation. Comparing them provides insight into how flood waves of dif-
ferent magnitudes interact with hydraulic structures, which is crucial for accurately as-
sessing and managing flood risk

5. Discussion

This study employs the SCS-CN method (Soil Conservation Service Curve Number)
as a straightforward approach to transform recorded rainfall into a runoff hydrograph for
the Rio Sonno basin. However, the procedure’s assumptions—constant Curve Number,
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homogeneous antecedent moisture conditions, and empirical A-factor —introduce uncer-
tainty in peak discharge estimates. Sensitivity tests indicate a variation of ¥15% in Q,, for
reasonable CN adjustments. This highlighting the importance of using field-calibrated CN
values when applying SCS-CN method to small, steep tributary catchments [67]. Under
river-only conditions, the model produced a maximum depth of 1.0 m and velocities up
to 7 m/s. When the debris flow hydrograph was imposed, depths rose to 1.5 m and veloc-
ities briefly reached 10 m/s near the confluence. The backwater effect and the increase in
the energy grade line probably increased the shear stress on the riverbanks, raising local
scour potential and the flood risk. This dynamic suggests that standard flood-only hazard
maps may significantly underestimate water surface elevations and flow forces when trib-
utaries carrying debris are active [68]. A temporal analysis of the total load capacity versus
concentration revealed an initial equilibrium phase during the early stage of debris en-
trainment. This was followed by a deposition dominated period as the debris wave crest
reached the main channel. Maximum deposition at the interface corresponded to signifi-
cant negative differences (capacity > concentration), which confirms the role of limited
sediment supply at peak flow. The return toward equilibrium following the debris flow
highlights the river’s self-cleansing capacity when clear-water conditions resume. Such
transient deposition—-remobilization cycles are essential for estimating sediment budgets
and changes in channel conveyance [69,70].

To validate our results of hydraulic and sediment transport, we used a super-eleva-
tion formula to estimate the velocity of the debris flow along the channel and then com-
pared these with the predictions of the model. Field observations, derived from drone
imagery capturing inundation extents and flow heights, were also used to benchmark wa-
ter surface elevations. Both velocity and depth data showed good agreement with simu-
lated values. Furthermore, our observed peak velocities and deposition patterns align
with those reported by [58], reinforcing the model’s capability to reproduce first-order
debris flow behavior in similar Alpine tributary settings [71]. The accuracy of the results
may be affected by several approximations, including the rheological model chosen. The
simplified Bingham approach in Debris-Lib neglects yield-stress variability and particle
interactions, which may result in an underestimation of peak shear stresses and in the
sediment properties. Other, spatial heterogeneity within the source area may cause local
transport deviations. Our results are aligned with Gregoretti and Della Fontana [3], who
documented brief but intense deposition pulses in debris-affected channels. Similarly, as
reported in different studies [57,72], the sediment waves in small Alpine tributaries often
produce short-lived backwater zones and localised aggradation at confluences [3,68,73—-
76]. This study does more than just observe the impact of a debris event; it also explores
how the basic flow characteristics of the Liri River modify the dynamics of such an event.
Two key processes are highlighted in particular:

e  Attenuation: The increased flow of the Liri River has a diluting effect. When a sedi-
mentary pulse loaded with debris enters the river, the existing water disperses the
sediment, thereby reducing its impact and concentration.

e  Propagation: The Liri’s constant current not only attenuates the pulse but helps it to
move downstream more gradually and under great control. This transport mecha-
nism prevents the accumulation of large amounts of debris in one area by distrib-
uting it over a wider zone.

The Liri river system restores clear water conditions more gradually and rapidly than
a system purely dominated by debris flow. In other words, the Liri manages the sedimen-
tary pulse by reducing the duration of the negative impact on water quality and, conse-
quently, on the present ecosystems. Figure 11 illustrates the observed data used for com-
parison with the simulation results. The field data show good agreement between the
modelled water depths and velocities and those derived from field surveys and drone
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observations. The close correspondence between the two datasets confirms the model’s
capability to reproduce the main hydraulic features of the event, starting from the Liri
River damming and including the spatial extent of inundation and the peak flow dynam-
ics. Minor discrepancies can be attributed to local topographic irregularities and temporal
variations during data acquisition; overall, however, the results validate the reliability of
the modelling approach.

41.8525°N

13.3353°E _13.3440°E

Figure 11. Field evidence from satellite imagery, UAV surveys, and ground observations. (a) Study
area and cross-section locations overview; (b) satellite image from Google Earth; (c) field photo-

graph near the SEZ.1 site; (d,e) debris flow details captured during the UAV campaign.

The results of the previously presented scenarios can be further interpreted in the
context of dam-break dynamics and flood wave propagation. While the scenarios focused
on clear water discharges, the presence of a sudden inflow, such as a debris-laden pulse,
can temporarily amplify peak depths and velocities, particularly near confluences or con-
stricted channel sections. This behavior is consistent with the trends observed across the
scenarios: higher inflows produce faster, less attenuated waves, whereas lower flows are
progressively slowed and damped along the reach.

The flow of the river acts to both propagate the flood wave downstream and to atten-
uate its peak. This reduces the risk of localized inundation. Figure 11b—d clearly shows
the close correspondence between the simulation results and the field observations. The
matching patterns of water depth and flow velocity demonstrate that the model accurately
reproduces the observed hydraulic behavior, including the extent of inundation and the
spatial distribution of peak flow. These consistencies further confirm the robustness of the
numerical approach and the reliability of the calibration based on field data. Only minor
sediment-related effects, such as brief deposition or local scouring near the channel inter-
face, were observed, confirming that the primary control on the water surface elevations
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and velocities is the dynamics of the flood wave itself. These insights highlight the im-
portance of accurately modelling both the magnitude and timing of inflows when as-
sessing dam-break scenarios.

6. Conclusions

The integrated hydraulic and sediment transport analyses provide a comprehensive
understanding of how inflow magnitude, sediment load, and channel conditions jointly
control the hydrodynamic response of the Liri River system. Although the SCS-CN
method was effective in translating rainfall inputs into runoff hydrographs, the sensitivity
of peak discharge to variations in the Curve Number highlights the need for site-specific
calibration in steep Alpine catchments. The scenario simulations demonstrated that flow
attenuation and propagation are strongly governed by the magnitude of the inflow and
the damping effect of the reservoir. Low inflows promote pronounced wave attenuation
and delayed peaks, whereas high inflows generate faster, more energetic waves with min-
imal damping. When debris-laden inflows are introduced, both depths and velocities in-
crease significantly, especially near the confluence, amplifying local scour potential and
short-term flood hazard. Sediment transport analysis revealed a cyclical pattern of depo-
sition and remobilization, reflecting the system’s ability to recover and re-establish equi-
librium once clear water conditions return. This self-cleansing behavior, combined with
the Liri’s continuous base flow, enables the river to disperse sediment pulses efficiently,
limiting long-term morphological instability. Model-observation agreement, supported
by field and drone data, validates the numerical approach and its capacity to reproduce
key hydraulic and morpho-dynamic processes. However, uncertainties remain due to rhe-
ological simplifications and spatial heterogeneity within the source areas. These limita-
tions highlight the importance of coupling physically based rheological models with de-
tailed field measurements to refine predictions of debris flow behavior. Overall, the study
emphasizes that the interaction between flood waves and debris inflows cannot be ne-
glected in hazard assessment. Accurate representation of inflow magnitude, timing, and
sediment load is crucial for realistic simulation of dam-break and debris-flood scenarios.
By capturing both attenuation and propagation mechanisms, the modelling framework
adopted here provides valuable insights for flood risk management and sediment dynam-
ics in complex Alpine catchment systems. Beyond its application to the Liri River case,
this work demonstrates the value of integrated modelling approaches that combine hy-
draulic and sediment dynamics to provide a comprehensive analysis of river systems.
Such frameworks support water resource management by improving the prediction of
sediment budgets and flood responses under varying environmental conditions. Future
research should improve debris-flow modelling and account for spatial variability in
source areas, with particular focus on climate-change-driven extremes such as intense
rainfall and altered snowmelt. Integrating long-term field and remote sensing data will
refine predictions of flood-wave and sediment dynamics, supporting resilient river man-
agement in different environments. They also contribute to ecosystem protection by iden-
tifying zones of morphological sensitivity and guiding nature-based mitigation measures.
Ultimately, this integrated approach strengthens georisk reduction strategies, thereby en-
hancing the resilience of mountain catchments to cascading hydrogeomorphic hazards.
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