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landslide dams generated by the
occurrence of rainfall-induced
landslide and debris flow hazard
chain
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Landslides caused by rainfall are one of the most frequent causes of disasters in
tropical countries and mountainous terrain and can block rivers generating
landslide dams. This paper presents a methodology for the estimation of the
obstruction of water streams generated by rainfall-induced shallow landslides.
The spatial distribution of the landslide hazard was estimated in terms of the Factor
of Safety (FoS) values using the deterministic method with physical basis SLIDE
(Slope - Infiltration - Distributed Equilibrium). The rainfall regimes of the study area
were estimated by means of a simple scaling Log Normal Model. Subsequently, the
resulting areas with a high hazard level that could detach and reach the riverbed
were identified as sources for the simulation of the debris flow runout using the
Rapid Mass Movement Simulation model with its debris flow module, (i.e.,
RAMMS-DF), estimating zones of the riverbed that should be analyzed in detail.
Finally, the effects of river channel obstructions generated after debris flow
movement were analyzed by means of the Iber, a well-known, physically
based 2D hydraulic model and their possible changes on the river hydraulic. In
order to generate a workflow that allows the application of the SLIDE
methodology and the preparation of inputs for the subsequent processes of
debris flow propagation and hydraulic modeling of the river corridor of analysis, a
Python-based toolbox was created. Our results highlight the changes in the fluvial
dynamics in the corridor of the river of analysis after the landslide dams generated
by the occurrence of rainfall-induced landslide and debris flow hazard chain for
the different return periods. In all cases, the material deposited in the river channel
was sufficient to change the hydraulic regime of the river corridor, showing longer
delay times in the transit of the flow, in addition to the decrease in the specific flow.
This would imply a water shortage in the study basin of the hydroelectric project;
however, in the scope of this project it is not possible to really determine the real
effects that could be generated by this event.
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1 Introduction

Landslides triggered by rainfall are one of the most frequent
causes of disasters in tropical countries and mountainous terrains
(Cui and Guo, 2021; Aristizébal et al., 2022; Dhanai et al., 2022).
Climate change has led to an unprecedented increase in the
frequency and intensity of rainfall, and a greater number of
landslides are triggered by rainfall along hillsides. (Thomas et al.,
2023). According to the World Health Organization, between
1998 and 2017, landslides affected an estimated 4.8 million
people and caused more than 18,000 deaths worldwide (UNISDR
and CRED, 2017). Landslides can be classified into different types
based on the slope movement mechanism and rate, the material
involved, the mechanical behavior, or the movement stage (Hungr
et al, 2014). Debris flows are a landslide type (or a specific case),
composed of several materials including soil, rock, and water. It is an
extremely rapid flow-type landslide, which tends to travel long
distances from its source in a steep channel (Arghya et al., 2022;
Trujillo-Vela et al.,, 2022). Landslides and debris flows are frequent
hazards that seriously endanger lives and livelihoods, causing
fatalities, property damage and impacts on engineering projects.
They are a cause for concern worldwide (Gan and Zhang, 2019;
Baggio et al.,, 2021; Fustos-Toribio et al., 2021).

Rainfall-induced shallow landslide has the potential to evolve
into debris flows and thereby gather more channel sediments and
cause significant destruction along its path and in the downstream
areas (Thomas et al.,, 2023). Debris flows can block rivers and form
hazards, causing great losses, i.e., they correspond to a chain of
hazards caused by landslides and rainfall-triggered debris flows
(Chen et al, 2022). A chain of multiple hazards can be defined
as a series of hazards that occur in succession that are triggered by a
single hazard resulting in an amplification of damage in both time
and space relative to each of the constituent hazards if they
happened separately (Zhu et al., 2021; Guo J. et al., 2022). These
natural hazards are often caused by the diverse geographic and
physiographic features, triggered by both natural as well as
anthropogenic factors. Alike, blockage of a mainstream by
tributary debris flow events is a natural phenomenon of local
river evolution between the confluences of the streams (Vega and
Hidalgo, 2021).

The physically based method is a respectable approach for
susceptibility analysis of shallow landslides because is the most
physically (geotechnical) simple model, based on the limit
equilibrium theory, which is used to ascertain a given slope’s
safety factor, reproducing the physical processes governing
landslide occurrence (Chae et al., 2017; Armas et al., 2021). Some
examples are The Transient Rainfall Infiltration and Grid-based
Regional Slope Stability (TRIGRS); Shallow Landslide Stability
Model (SHALSTAB); The Fast Shallow Landslide Assessment
Model (FSLAM); Probabilistic estimation of the threat due to
landslides and mass movements in hillsides (EPADYM) and the
model Slope Infiltration Distributed Equilibrium (SLIDE), among
others. These models evaluate the spatial distribution of the hazard
in terms of Factor of Safety (FoS) for rainfall-induced landslides
(Chikalamo, 2018), applying infinite slope models which make them
mostly applicable for the analysis of shallow landslides. The TRIGRS
model considers partially saturated conditions and transient flows
(Aristizébal et al., 2022; Rana and Babu, 2022); SHALSTAB model

Frontiers in Earth Science

10.3389/feart.2023.1157881

assumes that local surface topography is the dominant control of
landslide occurrence, which makes it appealing for DEM-based
landslide analyses (Moreira Melo et al, 2021); FSLAM was
developed to calculate large areas (>100km?®) with a high-
resolution topography in a very short computational time
(Medina et al., 2021). This model includes two different sub-
models: the hydrological model, which calculated the rainfall
infiltration into the soil layer and the resulting position of the
water table, and the geotechnical model, which applies the widely
used infinite slope theory to calculate the slope stability (Guo Z.
et al., 2022; Hiirlimann et al., 2022); EPADYM model calculates the
reliability index, failure probability and stability factor of a slope
under seismic and static conditions (Hidalgo and Vega, 2021). On
the other hand, SLIDES illustrates the dynamical relations between
FoS and accumulation of rainfall over time when the shallow surface
of soil reaches saturation and has enormous potential for rainstorm-
induced landslide evaluation (Chikalamo, 2018; Chen et al., 2019).

Debris flow runout may refer to the entire horizontal distance
(path) length measured on a map. Determining this distance of the
landslide-debris flow chain is one of the most important tasks during
the hazard assessment and zoning because of the complexity of the
phenomenon and the variability of controlling factors (Liu et al.,
2022). With the development of computation, numerical methods
have gradually become an efficient and powerful tool for simulating
landslide movement processes and understanding the complex
dynamic process (Zhang J. et al., 2022). Some examples of debris
flow propagation prediction models that have recently been widely
used in the literature are: The FLO 2D model is a 2D finite difference
model that can simulate non-Newtonian floods and debris flows (Do
et al, 2020; Liu et al, 2022); the Flow path assessment of
gravitational hazards at a regional scale model (FLOW R) can
calculate the extent and paths of debris flows (Franco-Ramos
et al.,, 2020; Arghya et al., 2022); the Debris flow simulation 2D
model (DFS 2D) can be used to simulate the dynamics of debris
flows considering multiple rheologies (Abraham et al., 2022; Liu
et al, 2022). The Rapid Mass Movement Simulation model
(RAMMS) has a debris flow module to analyze the dynamic
process of geological disasters (Graf and McArdell, 2008;
Christen et al., 2010; Franco-Ramos et al., 2020; Miko$ and
Bezak, 2021; Zhang X. et al, 2022; Liu et al, 2022; Zhou et al,
2022); RAMMS is one of the most used one’s landslide runout
methods allowing estimate flow velocity, deposition height,
accumulation distribution, flow velocity and debris flow
development propagation footprint of the debris flow materials
(Miko$ and Bezak, 2021; Zhang X. et al., 2022; WSL Institute for
Snow and Avalanche Research SLF, 2022).

Some authors have already made successful progress in
landslide-debris flow chain evaluations, as (an et al. (2021); Zhou
et al,, 2022 and (Zhang Y. et al., 2022). However, most of them are
focused on the analysis of the chain up to debris flow runout
modeling. One of the current challenges is to improve the
predictability of such events reaching a river and generating
landslide dams, causing the loss of water supply in communities
and hydroelectric projects. River-blocking induced debris flows have
become common in numerous catchments of mountainous
topography with a strong hydroclimatic variability, in response to
climate and environmental changes (Qiang et al., 2020; Zhou et al,,
2022). The early identification of landslide dam disasters has
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received considerable attention in recent years. Extensive studies are
available nowadays (Kun-Ting et al., 2018; Li et al., 2020a; Hu et al.,
2020; Zhang Y. et al., 2022). These studies have focused mainly on
the blockage of the river, classifying it as a partial or total
obstruction, as well as the evaluation of the interaction of the
landslide dam material with the river flow.

Hydraulic modeling has been used to evaluate changes in flow
behavior (Gonzélez-Cao et al., 2019). For hydraulic modeling, there
is extensive use of hydraulic simulations in the literature of the HEC
RAS 2D and Iber models. HEC RAS 2D is a model for unsteady flow
based on the Navier-Stokes (Roldan et al., 2022); Iber 2D is a free
model package for simulating unsteady free surface turbulent flow
and transport processes in shallow water flows based on 2D Saint-
Venant Equations (Bladé et al, 2014; Hafnaoui and Debabeche,
2021). Iber represents a better option for modeling rivers with more
irregular geometries, especially when there is a special interest in the
hydraulic behavior of the flow it has been successfully used in a wide
range of applications, including impacts of dam breakage (Hoyos
and Botero, 2019; Ruiz-Villanueva et al., 2020; Diaz-Salas et al.,
2021; Pérez-Montiel et al., 2022).

The early identification of landslide dam disasters has received
considerable attention in recent years, these studies have mostly
focused on dam failures and dam-breach floods (Nian et al., 2021;
Zeng et al., 2022). Nevertheless, little is known about water shortages
after a river blockage due rainfall-triggered landslides, nor about the
change in the flow regime after a landslide dam formation. This
leads to the need to evaluate the possible effects of these disaster
chains on water resources and adopt strategies to protect the water
streams of supply. It is fundamental to investigate and complement
those studies of disaster chains up to the evaluation of the generation
of the obstruction and its possible impacts. Uncontrolled transport
of debris flow can be a major problem in maintaining the proper
operation of hydroelectric facilities in the future (Walczak et al.,
2021). Enhanced resilience to future obstructions on the river
generated by debris flow landslide dam chain triggered by rain
will be essential for reliable electricity supply and ensuring greater
long-term opportunities (Chen et al., 2023).

In this paper, we propose an integral assessment of river channel
obstructions due to the occurrence of the chain of hazards produced
by rainfall-induced landslides and the subsequent occurrence of
debris flows in tropical mountainous regions. We estimated the
spatial distribution of shallow landslides hazard in terms of FoS
values by the physical-based model SLIDE. High hazard zones that
may detach and generate obstructions in a river channel were
identified. Debris flow propagation was carried out using the
RAMMS model. Then, an analysis of the consequences
considering the deposition height on the riverbed was conducted,
considering its influence on river hydraulics and potential water
supply affectation. Changes in the hydraulic variables of the river
flow after the debris flow movement and the generation of landslide
dams in the river channel were analyzed using the Iber model,
identifying their possible influence on the water shortage in the
intake structures of the hydroelectric project. The methodology was
applied in a sub-basin river for hydropower generation purposes. A
toolbox was created with the purpose of generating a workflow that
allows the application of the SLIDE methodology and the
preparation of inputs for the subsequent processes of debris flow
propagation simulation and hydraulic modeling of the fluvial
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corridor of analysis. This toolbox it is fully integrated with one of
the most popular GIS environments, ArcGIS, developed by the
company Esri (Dysarz, 2018).

The proposed methodology can be a useful tool for specialists
interested in taking mitigation measures that contribute to the
reduction of economic losses, development of protocols in the
event of a disaster or choosing possible locations for the
construction of new infrastructures considering exclusion criteria,
as well as for its implementation in the updating and future land
planning for local authorities. The understanding of the complete
process of the hazard chain can be a key tool to reduce these natural
disasters.

2 Study area and data sources

The study area is located in the northwest of Colombia, northern
part of the Central Andes Mountain range, as shown in Figures 1A,
B, the water intake structure for the Small Hydropower Plant (SHP)
defines the subbasin of study in the Ovejas river. The subbasin area
of the Ovejas River is 77 km? and it has an average flow of 3.2 m?/s,
and a complex topography formed by a mountainous relief with
altitude and 2,600 m.a.s.l.
Precipitation is mainly convective and orographic type with a

range is between 2,198 m.as.l.
multiannual average precipitation of approximately 2,200 mm/
year. Its climate corresponds to a subtropical humid forest and
humid tropical hydrometeorological conditions (Aristizdbal et al.,
2017). The rainfall in the study zone shows a bimodal distribution
peaking between April-May and October (Garcia-Delgado et al.,
2021). The available meteorological stations represent the
pluviometric phenomena in the study area. This information was
acquired through the National Meteorological Service (IDEAM).
The study basin was traced at the water intake Structure for the
SHP (Figure 1C) based on an Advanced Land Observing Satellite
Digital Elevation Model (ALOS DEM) downloaded from the Alaska
Satellite Facility (ASF DAAC, 2015 and PALSAR_Radiometric_
Terrain_Corrected_high_res,), with a grid cell size of 12.5m and
with this information the morphometric characteristics and
hydrologic parameters of the study basin were estimated.
(Figure 1C). Additionally, a river corridor of analysis of 40 m on
each side of the river and a longitudinal distance of 600 m upstream
from the water intake structure site is proposed to model the runout
of rainfall induced landslide debris flow hazard chain and hydraulic
processes in such a way that it would be possible to develop the
project study in feasible computational times (Figure 1D). For this
river corridor was used the detailed topographic information
provided by the SHP project This topography
corresponds to a LIDAR survey (Light Detection and Ranging or

owner.

Laser Imaging Detection and Ranging), acquired in 2018, with a
pixel resolution of 0.5 m. This information was complemented with
information of the study area obtained from the River Basin
Regulation and Management Plans (AMVAArea Metropolitana
del Valle de Aburrd, 2015).

The basin is characterized as a topographically undulating area,
with steep slopes in some areas of the upper part of the river corridor
of analysis and in the immediate of the SHP water intake structure,
reaching up to 67% slope (Figure 2A). These topographical factors
condition climate and influence the spatial rainfall distribution and
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a digital elevation model. (D) River corridor of analysis.
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FIGURE 2
(A) Slope map of river corridor of analysis. (B) Spatial distribution of the geological units. (C) Land coverage map.

create favorable conditions for the formation of landslides and  (Integral, 2020). The riverbed of the Ovejas river is narrow and
debris flows. contains alluvial deposits with a predominance of fine granulometry

The river corridor of analysis comprises three main geological ~ and large blocks of fresh rock from lateral landslides in the valley
units: Antioquia batholith, Alluvial deposits and Colluvial deposits ~ (Figure 2B) (Integral, 2020). The Antioquia batholith is the rock that
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Workflow for the proposed methodology in this study.

outcrops in the study area, is a massive intrusive body of
predominantly sandy silt granulometry (Marin et al, 2021).
There are several colluvial deposits on the left bank of the Ovejas
river, they are the result of current erosional processes. In general,
they show high humidity and reptation phenomena. The alluvial
deposits are poorly selected deposits with variable granulometry
from gravel to silt. The geological map and its information of soil
and lithology of the area of study were obtained from the detailed
prefeasibility studies provided by the SHP project owner (Integral,
2020). The land cover (Figure 2C) corresponds mostly to natural

Frontiers in Earth Science

forest, but there are also some areas of crops, bare soil, vegetation,
and infrastructure zones.

3 Materials and methods

3.1 Methodology

In this study, the methodology can be schematized into three
successive phases: The workflow is presented in Figure 3. The first
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implemented process was the landslide hazard assessment using
SLIDE model. This method was developed by Liao et al. (2010) to
evaluate the spatial distribution of the hazard in terms of FoS for
rainfall-induced shallow landslides. As inputs, the model requires
IDF (intensity-duration-frequency) curves, soil thickness and soil
geomechanical parameters. The second process was the modeling of
debris flow propagation (runout) using the Rapid Mass Movement
Simulation model with its debris flow module (RAMMS- DF).
Inputs for RAMMS were the DEM and the release areas resulting
from the SLIDE hazard zoning methodology. The rainfall-runoff
processes were simulated by HEC-HMS, the Soil Conservation
Service-Curve number (SCS-CN), SCS Unit Hydrograph and
Muskingum methods were used for loss, transformation, and
routing calculations, respectively, obtaining the hydrographs for
different return periods (Tr). The last process was the simulation of
the effect of the river obstruction in the river corridor using the Iber
model, which requires as input the flow hydrographs for the return
periods analyzed and the heights of material deposition obtained
from the RAMMS simulation.

This methodology was developed from the semi-automation of
the analysis processes, through the generation of a toolbox for
ArcGis based on scripting language Python 2.7 based on the
ArcPy package with the purpose to generate a workflow that
allows the application of the SLIDE methodology and the
preparation of inputs for the subsequent processes of simulation
of debris flow propagation and hydraulic modeling of the river
corridor of analysis. This optimizes and complements the work and
decision making of the expert for the application of the methodology
from a set of procedures, tools and utilities specially designed to
process data under the environment of Geographic Information
Systems (GIS). For the use of the toolbox is necessary to have the GIS
raster cells of the digital elevation model, the geological and
geomorphological information of the study area, coverages, soil
parameters, rainfall distribution as a triggering factor, among other
input parameters of the different models. At forward subsections
these phases are explained in more detail.

3.2 Shallow landslide assessment using
SLIDE model

The spatial distribution of rainfall induced landslide hazard in
terms of FoS values was estimated by a deterministic model with
physical basis SLIDE, which integrates the infinite slope model with
a rainfall infiltration model. The analysis was focused on shallow
landslides to identify those areas susceptible according to the
intrinsic soil parameters and the morphometric configuration of
the terrain. Additionally, the model allows to simulate rainfall events
as a triggering factor and the response of soil to such events. The FoS
was obtained by the ratio of stabilizing forces to destabilizing forces.
Slopes are typically considered stable when FoS is >1; while a
landslide is predicted when FoS <1 (Liao et al., 2012). Thus, the
transition between stability and collapse can be seen mathematically
as a decrease in the FoS to values below unity (Montoya Botero,
2018; Tyagi et al, 2022). In this study, high hazard zones were
considered with a FoS <1.1, thus presenting a conservative scenario
(Vega and Hidalgo, 2016).
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Given the complexity of shallow landslide studies, the following
simplifying assumptions are made in the SLIDE model: The slope is
considered infinite with low soil thickness, the failure is considered
flat and water downflow occurs, both parallel to the slope and the
evapotranspiration, underground seepage and surface flow are
avoided in the water balance. Therefore, the infiltration amount
approximately equals to the maximum of saturated hydraulic
conductivity (Li et al., 2020b). This model considers some
simplified hypotheses on the water down flow and defines a
direct correlation between the FoS of the slopes and the rainfall
depth (Montrasio et al, 2013). A relation between the rainfall
amount and the final expression of FoS has been set up and
translated into a simple mathematical formulation of model
SLIDE. T gamma is the variable that introduces in a compact
way, the variables that represent the soil properties: specific
gravity, porosity, degree of saturation, while O Omega involves
the geometric variables such as slope and soil thickness susceptible
to sliding. The FoS is calculated as follows (Liao et al., 2011):

_ cotf.tan ¢.[I' + my. (n, — 1)] + C.Q

FoS (1)
I'+mmn,
I'=G,.(1-n)+nsS, (2)
2
" sin 2B.H.y, 3)
n, =n(1-S5,) (4)

Where  is the slope angle [°], ¢ is the friction angle [°], C is the
soil cohesion [kpal, is a fractional parameter between 0 and 1 of soil
thickness by infiltration. Parameter m, which changes in time,
calculated by using Eq. 5. G, is the specific gravity, n is the
porosity, S, is the degree of saturation [%], H is the soil thickness
[m] and y,, is the unit weight of the water [kN/m’] (Montrasio et al.,
2013; Zhang J. et al,, 2022).

The saturated part of the soil layer that directly correlates
precipitation with FoS is expressed by the parameter 1, which is
a dimensionless thickness and during numerical simulation must be
calculated for each time step (Marin et al., 2021). The initial value of
m could be determined by an in-situ test of the water table or from
the assumption of this value according to the knowledge of the study
area. O, represents the water outlet of a finite portion of a slope of
finite length and is calculated by Eq. 5. (Liao et al., 2010).

my =0

O, =Ksinf . my. H.cosf3 . At

A = (I - Oy) (5)
T TH.(1-8)

My = my + Amy

Where ¢ is time [h], A ¢ is time step m;, is initial value of m and
mt is calculated at each time-step. I, is rainfall intensity [m/h] and K
is the hydraulic conductivity of saturated soil [m/h] (Liao et al,
2010). m was supposed to be 0.3 in the river corridor of analysis.

The physical mechanism of movement corresponds to
superficial, translational landslides with rupture surfaces parallel
to the slope surface. This model makes large assumptions for the
estimation of the FoS hazard, so it was considered to resample the
digital elevation model of 0.5 m lidar resolution of the study area in
an elevation model with a spatial resolution of 10 m in the modeling
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of Landslide Hazard assessment in terms of FoS. The zoning was
performed for the entire study basin; however, to carry out the study
in computationally feasible terms, the analysis river corridor
(Figure 1D) was delimited for subsequent debris flow runout
processes and dynamic evaluations of the hydraulic behavior of
the river.

3.2.1 Rainfall intensity

The spatial distribution, duration, and intensity of rainfall play
an important role in triggering landslides (Liao et al., 2011). The
rainfall scenarios in the slope stability model SLIDE are represented
by the rainfall intensity values (Eq. 5 in Eq. 2). There were no
meteorological stations with available IDF curves in the study area,
so these curves had to be estimated using the simple scaling
methodology (Pulgarin and Poveda, 2008). The expression
corresponding to the simple scaling is shown in Eq. 6:

Where I, is the maximum intensity for a duration d for a non-
exceedance probability [m/h], I4,,smaximum intensity of a reference
duration [m/h] E[I4.4 expected value [m/h], ¢, quantile for a non-
exceedance probability g from the standard Normal distribution [m/
h], 0 the scaling exponent.

The reference duration was 24 h according to the information
available in IDEAM rainfall gauges. In the absence of an annual
series of maximum rainfall in 24 h for the study basin, the annual
series of maximum daily rainfall available were used, considering an
increase of 11% (Pulgarin Davila, 2009). For the analysis river
corridor, hourly rainfall intensities were estimated up to the time
of concentration of the SHP basin for the analyzed return periods of
2.33, 5, 10, 10, 10, 25, 50, and 100 years.

3.2.2 Soil thickness

The depth of the potentially unstable soil is a critical parameter
that strongly influences the stability of slopes (Oliveira et al., 2017).
The evaluation of such thickness, susceptible to sliding or
detachment, is essential before the analysis of problems involving
hydrological processes developed on slopes, as well as slope stability
(Fernandes Azevedo et al., 2015). The estimation of soil thickness is
based on the behavior of the soil in relation to the slope of the
terrain; high slopes imply less soil accumulation. The model of the
soil susceptible to sliding is represented by the following equation
(Montoya Botero, 2018).

H = (hpa — hm,-,,){ [1 tan 0] [tomh(ax)]} + e (7)

1

~ tan(Bym)

Where H Soil thickness [m]; 4,,,. Maximum soil thickness [m];
hpiny minimum soil thickness [m]; 0 slope angle value [°]; 8, is the
slope angle value threshold for which higher values imply that the
thickness of soil susceptible to sliding is minimal/negligible or even
null [°]; @ Dimensionless parameter that controls the estimating of
soil thickness depending on the curvature of the terrain; the values
were chosen according to predominant soil types of the geological
units in tropical zones. The curvature controls the zones of water
accumulation or spreading, which directly influences the degree of
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soil moisture and/or saturation and, therefore, the generation of
debris flows (Ndquira Bazan, 2009), and x represents the horizontal
distance from a cell to the nearest drainage network. The term
tanh (ax) corresponds to the calculation of the hyperbolic tangent of
ax, generating an interaction that acts in such a way that the greater
the horizontal distance from a given point to the nearest drainage,
the greater the growth tendency of the soil layer (Montoya Botero,
2018).

Slope steepness is one of the key factors in determining landslide
debris flow hazard chain. Most avalanches occur on slopes that have
an incline of 35°-45° (Calcaterra et al., 2022). The choice of the slope
limit in this study was made after analyzing the descriptive statistics
of the slope distribution in the analyzed river corridor (Figure 2).
The mean slope angle is 24°, while the standard deviation is 11°.
Thus, it was decided to consider a critical value (6y;,,,) for the slope of
35% slightly higher than the measure comprising the mean plus
standard deviation. The value of the variable a was set at 0.04
(Montrasio et al, 2013), while the maximum and minimum
predicted thicknesses were assigned for each geologic unit, for
the potential depth of rainfall-induced landslides (Integral, 2020).
By applying a map algebra through the ArcGis platform as a
Geographic Information System (GIS), the parameters involved
were integrated and the model of soil thickness susceptible to
landslide was spatialized.

3.2.3 Model parameters

For the application of the SLIDE model, the LiDAR topography
survey (0.5 m pixel resolution) was resampled to obtain a DEM with
a spatial resolution of 10 m, because the physical mechanism of
movement corresponds to shallow landslide with failure surface
parallel to the slope surface. For the geological characterization of
the study area, the available information from the Colombian
Geological Service was reviewed, such as topographic maps,
geological maps and aerial photographs. Additionally, the owner
of the SHP project carried out a soil exploration of the study site and
subsequent laboratory analysis to determine the lithological
characteristics, the thickness of the meteorization profiles, as well
as the morphometric and morphodynamic configuration of the
these studies and the
correlations reported in the literature for the soils found in the

terrain. According to exploration
study area, the strength parameters and the geomechanical
properties of the soils were defined, as well as the adopted depth
values for the estimation of the soil thickness susceptible to
landslide. Figure 2B shows the spatial distribution of the
geological units of the study basin, and the soil properties
required for SLIDE model and values for soil thickness
estimation are summarized in Table 1.

3.3 Landslide propagation (runout) modeling
using RAMMS

Rapid Mass Movement Simulation (RAMMS) with the debris
flow module (called RAMMS: DEBRIS FLOW or RAMMS-DF) was
developed to simulate the runout of muddy and debris-laden flows
in complex terrain (Miko$ and Bezak, 2021) for practical and
research-oriented applications. The model used in RAMMS
employs the Voellmy-Salm fluid model, is based on a depth-
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TABLE 1 Soil parameters for landslides assessment.

C' (kPa) Sr (%) K (m/s) h min (m)
Antioquia batholith 12.0 30 38.49 1.60E-07 1.2 6
Alluvial deposits 9.5 30 41.65 5.00E-06 1.0 6
Colluvial deposits 5.0 21 52.07 5.00E-07 1.0 4

averaged 2D solution to the implemented law of motion over 3D
topography. The core of the program is an efficient second-order
numerical solution of the depth-averaged equations of motion (the
shallow water equations) for granular flows (Liu et al., 2021). This
model can quickly simulate debris flows, and obtain motion
parameters including motion distance, velocity impact pressure,
and flow path, in three-dimensional terrain (Zhang X. et al., 2022).

Debris flow comprises three distinct zones: the source zone, the
transportation zone, and the deposition zone. The area from where
the debris flow initiates or the mobilization starts is the source zone
(Dash et al., 2023). The initial height is determined by the user when
defining the source area of the debris flow as a single or multiple
block-release (initiation) zones can easily be specified by polygons
by GIS-type drawing tools; alternatively, an input hydrograph can be
used to specify the discharge as a function of time (Zimmermann
et al., 2020).

The landslides footprint of the sliding mass emerging from was
estimated using RAMMS-DF. According to the available
information in the study basin the block release methodology
was chosen using a polygon layer of triggering zones. The release
areas were defined by polygons with shapefile containing the results
of the SLIDE methodology hazard zoning methodology with high
hazard zones. (Section 3.2). Source areas were considered as those
with FoS <1.1 (Hidalgo and Vega, 2021). The block release module
needs to use a release area with a given initial depth, which was set
with the soil thickness estimated previously (Section 3.2.2).
Additionally, for the launch of RAMMS module a DEM is
necessary, hence, the LIDAR data was used.

There are several equations that control the modeling of
RAMMS model, in addition to their corresponding input
parameters, highlighting some of them such as the flow height
(H), the gravity (g), slope angle (f), and the Voellmy friction
coefficients: dry Coulomb-type friction ¢ and turbulent viscous
friction &, among others (RAMMS, 2022). Friction coefficients y
and & which are constant given by user, determine the flow
properties of debris flow in RAMMS (Rolddn et al., 2022). The
parameter & is dominant for debris flow in quick flowing state and y
is dominant for debris flow in almost static state. These two
parameters are usually calibrated, although other parameters such
as stop parameter or simulation resolution also influence the
modelling results (Miko$ and Bezak, 2021; Calcaterra et al,
2022). information about RAMMS model and
calibration parameters, (ramms.slf.ch/en/modules/debrisflow.html).

For more

For the river corridor of analysis, different scenarios were
modeled by varying dry Coulomb friction coefficient p and a
turbulent friction coefficient § (m/s*), to represent different
to obtain the
propagation, observing how the magnitude of the debris flow

scenarios maximum and minimum flow

decreases and increases slightly as p and & increase. Values of p
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typically range from 0.05 to 0.4 (dimensionless). Values of 1 greater
than 0.4 rarely provide useful simulation results. § describes the
turbulent behavior of the flow. Small values of § are usually reported
for granular flows, while relatively large values of £ are sometimes
associated with muddy flows. § is more delicate to calibrate and the
tool suggests values between 100 and 200 m/s* (WSL Institute for
Snow and Avalanche Research SLF, 2022). Nevertheless, since there
are no records of historical events in the study area that provide
information that completely describes the rheological parameters of
the soil, the Voellmy friction parameters were estimated according
to the known characteristics of the soil mentioned in Section 3.2.3
and the suggestions of the RAMMS user’s manual, obtaining y =
0.4 and & = 100 m/s>.

3.4 Hydrological and hydraulic modelling of
the main water stream

The HEC-HMS model was used to analyze the rainfall-runoff
processes of the SHP basin and to compute the hydraulic processes
in the river corridor of study the numerical model Iber was
implemented.

3.4.1 Hydrologic modeling using HEC-HMS

The Hydrologic Engineering Center and Hydrologic Modeling
System HEC-HMS (Feldman, 2000 and U.S. Army Corps of
Engineers, 2018), could be wused for many hydrological
simulations (Hamdan et al., 2021)). HEC-HMS is an accessible
rainfall-runoff model, being one of the most widely used for
hydrological simulations and offers a wide range of methods and
modules to estimate runoff from rainfall, e.g, loss models,
transformation models, routing methods, among others (Sahu
et al,, 2020; Reddy and Pramada, 2022). For more details about
this model and its different methods, please consult in US Army
Corps of Engineers Hydrologic Engineering Center (www.hec.usace.
army.mil/software/hec-hms/).

The hydrologic model HEC-HMS was employed to determine
the peak discharge for each return period for the study basin because
in the study area there are no discharge records series to perform a
frequency analysis and obtain the maximum discharge for the return
periods of the study. This approach employs a rainfall-runoff model.
The hypothesis that supports this methodology establishes that a
maximum rainfall estimated for a given return period produces a
maximum discharge for that same return period. Three main
processes were considered in the methodology developed in this
case of study:

o The Soil Conservation Service (SCS) Curve Number method
was used to compute the infiltration losses. This method
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implements the curve number methodology for incremental
losses since it was designed to calculate the infiltration during
periods of heavy rainfall (Gonzalez-Cao et al., 2019). Based on
land cover and soil texture a CN of 81.5 was obtained, which
suggests that the general conditions of the territory tend to
favor runoff over infiltration. The input parameters were the
vegetation cover maps corresponding to antecedent moisture
condition II. The soils of the study watershed are part of
hydrological group C.

o The SCS UH (Unit Hydrograph) method was applied to
transform the excess rainfall into runoff, having as input
the maximum rainfall for each return period with rainfall
duration equal to the time of concentration of the study
watershed.

o The Muskingum routing method was used for flow routing of
the channel reaches because it provides a good approach in
basins with similar slopes (Gonzalez-Cao et al., 2019; Hamdan
et al.,, 2021).

3.4.2 Hydraulic modeling using iber

Iber is a free software that implements a family of
the
simulation of free surface flows in rivers and estuaries (Bladé
et al., 2014; Pérez-Montiel et al., 2022). The equations are solved
by the finite volume method on the grid nodes. The numerical

bidimensional hydraulic mathematical models for

schemes used in Iber are robust and stable in any situation,
suitable for discontinuous flows, specifically for torrential
channels and irregular regimes. The finite volume numerical
Shallow Water
dimensions (Garcia-Alén et al., 2022). Modeling in Iber model

methodology solves Equations in two

requires a three-dimensional terrain model or mesh as starting
data and the incorporation of the boundary conditions, the initial
conditions, as well as the assignment of the terrain roughness

6°22'30"N 6°22'30"N 6°22'30"N

75°21'30"W

10.3389/feart.2023.1157881

coefficients (Garcia et al.,, 2022). More information about this
model can be found at (www.iberaula.es).

To construct the geometry of the meshes for each scenario,
the information from the Lidar survey of the study area
processed in ASCII format was used, in addition to the new
DEMS modified with the heights of the landslide dams obtained
with the RAMMS model in Section 3.3, building models with a
maximum size of 1 m, minimum size of 0.5 m and tolerance of
0.1. Studies on the influence of mesh size in hydraulic modeling
in flood plains with elements from 6 to 24 cm have given
satisfactory results in flood levels (Bomers, 2020).The mesh
size used for Iber is smaller for a better detail of the results but at
the same time considering a feasible computation time, so it was
considered adequate.

Roughness coefficients expressed by Manning’s n values were
assigned from the land cover map (Figure 2C). Two types of inflow
boundary conditions were established: the estimated hydrographs
for each return period and the average flow of the stream. For the
outflow conditions, given that there is no information associated
with flood events such as depths at the end of the analysis section, a
supercritical/critical regime was assumed for each scenario (Bladé
et al,, 2014). Once the simulation was completed, the results were
exported to raster for better handling of the information in ArcGIS
(www.esri.com).

4 Results
4.1 Shallow landslide assessment
The rainfall intensity for each return period was estimated with

the generated IDF curves. Figure 4 shows the rainfall intensity maps
with a duration equal to the estimated basin time of concentration of
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FIGURE 4
Rainfall intensities for the basin concentration time.
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FIGURE 5
Landslide Hazard assessment in terms of FoS.

3 h. The highest intensities were found towards the south and
southeast of the river corridor of analysis.

From the rainfall intensities for each return period, SLIDE
model estimated the landslide hazard according to the FoS
values. Four categories based on FoS values were used. Lowers
values indicates higher potential for landslides occurrence.
(Figure 5).

Based on Figure 5, it is observed that moderate and high hazard
zones were distributed mainly in soils susceptible to landslides of
greater soil thickness, where higher rainfall events progressively
affect soil saturation and its possible failure, highlighting the
influence of topographic features on the stability of the terrain. It
is important to highlight that although slopes are a factor that have a
high degree of influence, they do not control the landslide hazard
zoning and it is affected by soil parameters, including the soil
thickness susceptible to sliding. Since the model follows a
correlation between FoS and rainfall, the high and medium
hazard zones determined by soil thicknesses with very low FoS
(H < 1.6m), increase simultaneously with the return period
analyzed for each scenario (with respect to the very low hazard
zones). However, it should be noted that for the return periods of
2.33 and 5 years, the safety factor had the same spatial distribution.
The same consideration is true for the 25 and 50 years return
periods.

The results of the landslide hazard assessment in terms of FoS
and landslide propagation were compared with the historical
landslide inventory published in the Information System of Mass
Movements (SIMMA) by the Colombian Geological Service;
DesInventar disaster database (http://www.desinventar.org) and
the international disasters database EM-DAT. The results found
were isolated cases in the basin that are scarcely documented and
correspond to the year 2011; however, no events were reported in the
river corridor under analysis. For this reason, no parameter
calibration was performed, and the parameters recommended by
the literature for the type of soil in the study area were considered.
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Landslide susceptibility and hazard studies are essential for updating
land use plans in the municipalities of the Colombian territory
(Aristizdbal et al., 2022).

4.2 Landslide propagation (runout) modeling

For landslide propagation assessment, source areas were considered
as those areas with FoS <1.1. All the identified high hazard areas are in
recent colluvial deposits. It is evident in Figure 5 that as the return
period increases, the hazard areas increase; however, for return periods
2.33 and 5 years, the areas of hazards susceptible to landslide with
FoS <1.1 are the same; this situation is also present for return periods
25 and 50 years, thus having the same spatial distribution of hazard in
term of FoS for the river corridor of analysis, likewise it will have the
same propagation footprint in the simulations to determine the runout.
These cells were intersected with the soil thickness result to obtain the
initial thickness of soil susceptible to landslide as input for the debris
flow runout simulations using the RAMMS model.

Figure 6 shows the estimated propagation footprint of the
sliding mass emerging from the release sources identified and the
maximum deposition heights of the material for the different
rainfall scenarios.

The results obtained were conditioned by the spatial resolution of the
terrain elevation model. In all scenarios analyzed, the material removed
from the release areas reached the Ovejas riverbed. Increases in the extent
and heights of material deposition were evident in the river corridor,
reaching in all rainfall scenarios a propagation in the riverbed and even
in the area where the water intake structure is located. Therefore, it
would be convenient to analyze alternatives for mitigating the identified
hazards in the design of the project’s water intake structures; however,
the risk issue is not within the scope of this study.

Once the results of the runout of the debris flow were obtained,
the river corridor was evaluated longitudinally to identify those areas
of the river channel that should be studied with greater attention and
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FIGURE 6
Landslide propagation footprint in Ovejas river for each return period.

should require a potential intervention for the protection of the
riverbed. The initial point of analysis was defined at the northern
end of the project, upstream of the water intake structure for SHP.
Figure 7 shows the longitudinal axis of the river in the analysis
corridor with the heights of deposition. The color scale corresponds
to each return period.

For nearest areas of the sources of material detachment
(distances of 100,300,500, and 700 m), there is a high probability
that the material will reach the riverbed of the Ovejas River in the
return periods analyzed. The section of the river between 500 and
700 m is the most likely to be affected because it is the area with the

highest number of sources with FoS <1.1. These critical areas must
be managed to mitigate the vulnerability of the intake engineering
works in the channel.

To evaluate these results obtained from the modeling of debris
flow propagation footprint, the cross section at 600 m in
longitudinal profile in the river corridor (just upstream of the
SHP project water intake structure) was analyzed to observe the
deposition heights that could generate an obstruction of the stream.
The results are shown in Figure 8.

Figure 8 shows the heights of material deposition increased
simultaneously with the return period analyzed for each scenario
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Longitudinal profile of deposition height for each return period.
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FIGURE 8
Landslide propagation profile in the cross section upstream of the SHP project for each return period.
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FIGURE 9
Changes in specific discharge for different return period meshes with the transit of average flow.

and the corresponding number of release sources identified for  TABLE 2 Delay time for average flow.

these. These sources were identified as having a high hazard . . - -
using the SLIDE model. It should be noted that precipitation as a imESVSSHWIE Additions! Additiond!

obstructions (sec) Time (sec) Time %

triggering factor is higher as the return period increases but has a

lower probability of recurrence. Tr2.33 and 780 200 34%
5 years
Tr 10 years 810 230 40%
4.3 Analysis of river flow behavior with e 25 and 650 o .
landslide dams 50 years
. . . . Tr 860 280 48%
This section will show the results of the changes in the 100 years

specific flow and in the delay times for average flow, being the
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same flow and different meshes, as well as for each hydrograph,
being different hydrographs and different meshes. Delay times
refer to the time in which the flow decreases or falls below the
average flow or design flow, due to the obstruction of the
channel. In a SHP this time may represent an important
interval during which the flow for generation falls below the
minimum allowed, or in the case of an intake for water supply,
this time may imply an interval in which there is a lack of
supply.

The first step in the modeling was to obtain the characteristics of
the basin and the generation of analysis sub-basins and their
drainage network from the GIS module of HEC-HMS, as well as
some hydrological parameters. In the meteorological model of HEC-
HMS, we applied the hietograms of each of the sub-basins estimated
for each return period.

The hydraulic modeling was carried out for different flow and
meshes scenarios for the return periods of 2.33, 5, 10, 10, 25, 50,
and 100 years, to show the changes in flow height, flow rate and
delay time that the flow suffers with the obstruction or landslide
dams modeled in RAMMS. The delay time and the decrease in
flow are variables that define the hazard due to water shortage in
hydroelectric generation.

4.3.1 Stream behavior with channel obstructions
for average flow

To identify the delay that can be generated after the
obstructions in the channel, the transit of the average flow
through the river corridor was modeled with the topography
without obstruction (original mesh) and with the topography
incorporating the landslide dams generated by the propagation of
the debris flow for the different return periods. The specific
discharge in [m?/s] in the grid cell indicates the flow per unit
length passing through the cross section of the river. Values of the
specific flow indicate a concentration of flow due to the
narrowing of the section because of the obstruction. The
Changes in specific discharge for different meshes of return
period with average flow are shown in Figure 9.

10.3389/feart.2023.1157881

The time delay and the decrease in flow are variables that
define the hazard due to water shortage in hydroelectric
generation or community supply. The transit time of the
average flow in the river corridor was 580s for the original
mesh. Table 2 shows the time of transit for each return period
and the additional time required to transit the average flow with
respect to the original mesh.

The modeling results shows that the obstructions generated by
the chain of landslides and debris flow modified the hydraulic
conditions of the river, influencing the flow transit time in the
river corridor. On the other hand, the specific discharge was
analyzed between the different scenarios in a section upstream of
the water intake structure of the project.

For all return periods analyzed there was a decrease in specific
flow, with lower values as the return period increased, reaching
reductions of more than 50% of the specific flow. This could result in
a shortage of water supply, meaning that the project may not be able
to generate energy at a given moment due to the absence of the
specific flow at the water intake structure site or may leave a
community without water supply.

4.3.2 Stream behavior with channel obstructions
for hydrographs of different return periods

The channel blockage was caused by a chain of debris flows
from rainfall-induced landslides, itself with an associated
return period. Under the assumption that the response of the
basin will have the same return period, the behavior of the
stream in each of the meshes and their corresponding
hydrographs according to return the period was modeled.
The results are presented in Figures 10-15. Each figure
contains in the lower right corner the comparative specific
flow rates for each simulation in the upstream section of the
intake structure of the project.

The results show that the transit time of the hydrographs in the
analyzed river corridor increased for the meshes with landslide
dams, its increased time was similar in all return periods, this time
increase is equivalent to 11%.The results also showed a decrease in
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the specific flow in all the scenarios analyzed due to the landslide
dams in the river channel, representing up to a 20% decrease in the
specific flow.

5 Discussion

The shallow landslides assessment was based on an infinite slope
stability model, in which the failure surface is assumed to be flat, in
which the uncertainty of the geomechanical parameters of the soil
was not considered. The applied methodology is able to simulate
rainfall-induced landslides, but it remains difficult to predict the
exact time when the slope is prone to instability. In addition, rainfall
data can influence the model simulation, especially at the time when
landslides occur.
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The reliability of the propagation results depends on the
determination and calibration of debris flow model parameters
that more closely represent the ground conditions and flow
characteristics of the material, this process can be performed
using two approaches: In the first approach, soil parameters can
be obtained from laboratory tests of data collected in the field and
are appropriately used and processed for early warning
calibration. field observations of debris flow
behavior and rheology are difficult and still scarce and
laboratory experiments are difficult to translate to field
(Von Boetticher et al, 2017). In the second
approach, a retrospective analysis of well-documented past
debris flow events is carried out, in which the source zone and
propagation zone of the mass movement can be clearly identified
to obtain the flow intensity parameters in which calibrated values

However,

situations
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of the input parameters can be used to predict the parameters of
the potential debris flow in the future, however, in the study area
there are no historical records that allow carrying out this
analysis, leaving an open path for future research in cases
where there are no precedent events for the calibration of the
models. The challenge in the application of dynamic models is the
estimation or calibration of key model parameters.

The delay or detention times of the river flow upstream of the
catchment and the temporary variation of the flow downstream
of the obstruction can be critical for the hydroelectric generation
of a project, as well as for the supply of a population downstream
of the obstruction. This would imply a shortage in the water
catchment, which could be reflected in the reduction of energy
generation by the hydroelectric plants or the shortage of the
aqueduct of a community, which is recommended for further
study. As well as the study of possible obstructions that could
obstruct and collapse the catchment. This is an issue that should
be addressed more rigorously in the future, in the scope of this
study it is not possible determine the real impact that this event
could have on the generation of energy or the supply of
communities.

The evaluation of landslide mitigation measures is very
complex and must consider more aspects. In this article, we
do not intend to make an exhaustive review of the landslide dam
that may be generated. To offer a deeper discussion, we only
focus on the chain as such that can be triggered and its possible
effects, especially to the water supply shortage of the SHP under
study or in other possible small hydroelectric powers and
communal aqueducts, which are the main users of rural basis
in this type of mountainous areas, which can be a good attempt
to encourage the scientific communities as potential future
research step.

6 Conclusion

In this work, a comprehensive assessment of landslide dam by
the occurrence of rainfall induced landslide debris flow hazard chain
using deterministic method was presented. SLIDE model was
implemented for develop a stability analysis in terms of FoS
through multiple rainfall return periods, identifying high hazard
zones that may detach sliding material and generate obstructions in
the river channel. Medium and high hazards were observed in the
areas of geological units of recent colluvial deposits that are
coincident with high slopes. Hazard increases as the return
period increases. It is important to note that although slopes are
a factor that probably have a high degree of influence, they do not
control the hazard zoning and are affected by soil parameters,
including the thickness susceptible to landslide. The lower FoS
values are mainly distributed towards areas with thicker
landslide-susceptible soils, where more intense precipitation
events progressively affect soil saturation and possible collapse,
which is consistent with the model and its intention to simulate
natural events. For all the scenarios analyzed, there is a
predominance of low to exceptionally low hazard levels in the
Antioquia Batholith.
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RAMMS-DF was used to simulate debris flow. The sources
identified as high hazard zones propagated the material until it
reached the riverbed, generating partial obstructions in the analysis
section located near the water intake structure for the Small
Hydropower Plant. However, in not one of the scenarios
analyzed was there a total obstruction of the river cross section
according to the morphology of the channel and the heights
deposited on the riverbed.

The hazard of obstruction of water sources due to the occurrence
of landslides dams was evaluated in terms of the retention of the
flow. It was found that when evaluating the hydraulic behavior of the
river channel against landslide dams generated by the occurrence of
rainfall-induced landslide and debris flow hazard chain for the
different return periods, the obstructions were sufficient to
change the hydraulic regime of the study river corridor showing
longer delay times in the flow transit, in addition to the decrease in
the specific flow. For average flow conditions with obstructions in
the riverbed, the specific flow rate showed reductions of more than
50%. For hydrographs of different return periods, the results show a
decrease in specific flow in all scenarios analyzed, up to 20%.
Additionally, for these hydrographs, the results show that the
transit time increased by up to 11%.

These results have potential application in the management of
slope disaster prevention and the assessment of the hazard chain of
rainfall-induced shallow landslides and the consequent generation
of debris flows. (Han et al., 2021).
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