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Abstract:

Mud and debris ows are natural hazards of hydrometeorological and geological origin. Geological threats originate from terrestrial 
processes such as earthquakes, volcanic emissions and mass movements; hydrometeorological threats are of atmospheric and 
hydrological origin, and they contribute signicantly to the generation of geological threats. A ow of mud and debris can originate 
from a combination of geological and hydrological events. In some countries, this phenomenon causes large amounts of economic 
and human losses each year, and with the effects of climate change, these losses could increase; therefore, evaluating the threat 
and its study and modeling are important for adequate risk management. e objective of this study was to review in detail the 
methodologies and models currently used in the study of mud and debris ows and their scope and limitations; to do this, an 
extensive bibliometric review of the models and studies in which these methodologies were applied was carried out. e analysis of 
the phenomenon requires an integrated approach to hydrological, geotechnical and hydraulic aspects. Some models can be used to 
describe the rheological behavior and conditioning factors associated with climate and soil; however, the characterization of other 
aspects, such as entrainment and changes in uid properties, is still limited.
Keywords: Landslides, Computational Models, Disaster Risk, Rheology.

Resumen:

Los ujos de lodos y detritos son amenazas naturales de origen hidrometeorológico y geológico; las amenazas geológicas son 
aquellas originadas por procesos terrestres como terremotos, emisiones volcánicas y movimientos en masa; mientras que las 
amenazas hidrometeorológicas son de origen atmosférico e hidrológico y contribuyen de forma importante a la generación de 
amenazas geológicas; por lo que un ujo de lodos y detritos se origina por una combinación de eventos geológicos e hidrológicos. 
En algunos países este fenómeno genera muchas pérdidas económicas y humanas cada año y con los efectos del cambio climático 
estos podrían aumentarse. Evaluar la amenaza, su estudio y modelación es importante para una adecuada gestión del riesgo, por 
lo que el objetivo del estudio fue revisar detalladamente las metodologías y modelos utilizados actualmente en el estudio de
ujos de lodos y detritos, su alcance y limitaciones, para lo cual se realizó una revisión bibliométrica extensa de los modelos 
y estudios en los cuales se aplicaron estas metodologías. Se encontró que el análisis del fenómeno requiere una aproximación 
integrada de aspectos hidrológicos, geotécnicos e hidráulicos, algunos modelos permiten describir su comportamiento reológico 
y factores condicionantes asociados al clima y suelo, sin embargo, la caracterización de otros aspectos como arrastre y cambios en 
las propiedades del uido son aún limitados.
Palabras clave: Deslizamientos, modelos computacionales, riesgo de desastres, reología.

Introduction

According to the Special Report: Global Warming 1.5 °C prepared by the IPCC, 2018[1], the temperature 
of the Earth's surface could increase more than 2 °C above preindustrial levels by the end of the century,
which would cause nonlinear alterations in the patterns of natural hazards in terms of their geographical
distribution, frequency and intensity. is is due to changes in the volume, intensity and frequency of rainfall,
which will cause droughts, oods, cyclones, tropical storms and increasingly frequent mud and debris ows.
As a consequence, there will be an increase in deaths, losses and material damage, which will exceed the
capacity of risk mitigation and response mechanisms, especially in poor and developing countries [2].
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e Global Assessment Report on Disaster Risk Reduction of the United Nations, 2009 [3] shows that the
risk of disasters of meteorological origin is already disproportionately concentrated in developing countries,
specically in their poorest populations. e risk of natural disasters is related not only to the threat of the
disasters but also to the vulnerability of the populations; in turn, this is associated with their livelihoods,
which are unable to sustain minimum levels of quality of life, especially in rural areas where houses and other
infrastructures are built with materials and techniques that are not very resistant to threats; additionally, weak
government in urban centers and inadequate territorial planning increases the exposure of populated centers
to extreme natural events. us, a feedback relationship is generated between losses due to natural disasters
associated with extreme events, which are exacerbated by climate change and increased poverty, which in turn
leads to greater vulnerability of populations to natural hazards.

To reduce climate risk, as well as its socioeconomic impacts, it is necessary to implement prevention
measures such as adaptation strategies such that long-term risk management allows the possibility of losses
and damage caused by the effects of climate to be reduced. e evaluation of the threat is the rst step to
achieve this goal, and it can be carried out from the characterization of its location, intensity or magnitude
and its frequency or probability of occurrence. e magnitude can be expressed qualitatively, in terms of
scales of high, medium and low, or quantitatively, in terms of the affected area, depth and ow velocity. e
frequency can be associated with different return periods or probabilities of occurrence.

Mud and debris ows are sequential and combined natural threats because, on the one hand, they are
hydrometeorological threats since they are of atmospheric and hydrological origin and, in turn, are closely
related to geological threats such as landslides [4]; however, there is still no consensus on their denition.
According to the Peril Classication and Hazard Glossary [5], mud and debris ows are a type of landslide
that occurs when heavy rains send large amounts of vegetation, mud, or rocks downhill by gravitational forces,
whereas for the Disaster Inventory System belonging to the Sendai Framework for disaster risk reduction, it
is a violent ow of water in a basin, sometimes reported as sudden rising, or as a torrent that can transport
tree trunks and/or abundant sediments from ne to rock blocks; this ow can be generated by rain, by the
rupturing of dams or by abundant landslides in a basin [6]. Although mud and debris ows are increasingly
frequent phenomena that have generated great economic and life losses, they are still rarely studied, so threat
assessment through modeling, including both climatic and geological conditioning factors in a joint and
coupled way, can become a very useful tool for risk management and adaptation to climate change.

Conditioning factors of mud and debris flows

Mud and debris ows typically occur in steep basins with little vegetation and in areas that are highly
susceptible to landslides and that are inherently unstable. A common way mud and debris ows form is that
during intense rains, usually preceded by dry season, surface faults or landslides are generated due to soil
saturation with little cohesion are generated. e subsequent detachment of this soil contributes materials,
from ne to thick, to the beds of nearby channels, and these materials ow immediately through the steepest
sections and stop in areas where the slope decreases. As the rain continues or becomes more intense, the
material can accumulate in the less steep sections, which can generate temporary dams [7], which can cause
the accumulation of water in natural reservoirs that break due to a gradual increase in pore pressure or a
sudden increase in drainage.

Although a less frequent way that debris and mud ows can also be generated by basal erosion of
the riverbed. is process of lateral and bottom scour can also occur during an event caused by another
conditioning factor, generating a greater contribution of sediment to the ow and possibly altering the
rheological behavior. Finally, some events can be triggered by the melting of snow peaks and pyroclastic ows
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or by a shallow seismic event of great magnitude that, in combination with a period of intense rains, causes
generalized landslides throughout the basin [8].

Classification of mud and debris flows

In general, ows can be classied into 3 types: mud ows, hyperconcentrated ows and debris ows. Mud
ows are ows with high concentrations of ne sediments, specically silt and clay, with high viscosity and
shear stress [9]; this type of ow can transport large blocks of rock during otation. Mud ows behave as a
single mass, and when they settle, they do not do so in a stratied way (deposit rst the thickest and then the
ne sediments), and these sediments form lateral deposits along the main channel [10].

Second, there are hyperconcentrated sediment ows, also called mud oods, which can contain a
concentration of sediments of up to 60% between ne and coarse; the main sediments are sand, gravel,
pebbles and blocks, and there is little cohesion between them. In these ows, the sediments move partially as
a bottom load and are partially suspended, and sedimentation of the ow occurs in a classied way, rst the
thickest and then the nest ones [8]. Hyperconcentrated ows are turbulent, and ow resistance depends on
roughness, as is the case for clear water ows [9].

Finally, debris ows contain sediment concentrations greater than 60%, and the predominant sediment
is coarse solids, mostly of the gravel- type. ey can transport large blocks in suspension [10], and energy
dissipation occurs mainly because of the high collision between sediment particles [9].

Flow classication does not depend only on sediment concentration but also on the predominant type of
sediment, so in some cases, its classication is more difficult, and there is no single criterion to perform it.
Table 1 shows the references of some proposals made by various authors for the classication of this type of
ow.

TABLE 1
Reference criteria for the classification of mud and debris flows

Source: Own elaboration.

Rheology

Rheological models describe the behavior of uids in terms of their viscosity, plasticity and elasticity, which
are properties that are described by shear stress. Considering that mud and debris ows do not necessarily
behave like Newtonian uids do, mainly because of their high concentration of sediments, it is convenient
to use different rheological relationships for their modeling. Next, the mathematical structure of some of the
most commonly used rheologies for the modeling of mud and debris ows is presented.



Newtonian fluids

These fluids follow Newton’s law of viscosity, in which there is a linear relationship between the viscosity 
μ and the shear stress τ, the latter represented as the variation in the strain rate v with respect to depth y.

(1)

In some cases, debris ows have been modeled as Newtonian uids by implementing the Manning 
equation and assigning a “pseudo-Manning” value n, which is much greater than the values commonly used 
above, to simulate the dissipation of energy generated by collisions between sediment particles. However, this 
is a methodology with little physical basis since the mechanisms of energy dissipation by friction of a debris
ow are very different from those that act in turbulent water ows for which the Manning equation was 
established [15].

Non-Newtonian fluids

Non-Newtonian fluids can be represented by adding components of shear forces; the forces included in the 
equation depend on the type of fluid, be it turbulent, pseudoplastic or viscous, and can include the yield stress 
τc for viscous fluids, the cohesive limit stress τo, the Mohr-Coulomb stress τmc, the viscous shear stress τv, the 
turbulent stress τt or the dispersive shear stress τd, among others [9]. The Bingham model and the Herschel 
Bulkley model are some of the most widely used rheologies to characterize viscous flows such as mud flows, 
whereas the Voellmy model has been used more for debris flows. These and other rheologies included in the 
simulation models of flow propagation in the flood valley are briefly described below.

Bingham model

The Bingham model introduced by Bingham & Green, 1919 [16] is used to characterize viscous fluids, which 
behave as a solid until a minimum shear stress or yield stress is exceeded τo. From that point on, the 
relationship between the deformation     and the shear stress τ can be linear or nonlinear. A characteristic of 
this type of fluid is that it can flow on flat surfaces, unlike nonviscous fluids, which can only flow through a 
slope.

(2)

Herschel Bulkley model

The model of Herschel & Bulkley, 1926 [17], very similar to the Bingham model, is also used to represent the 
rheological behavior of viscous fluids, including a yield shear stress τo, a consistency factor k, representing the 
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viscosity of the uid and a ow index n  that indicates the degree to which the uid is thinning or 
thickening, that is, it indicates the linear or nonlinear behavior of the ow deformation.

(3)

Quadratic model

The quadratic model introduced by O'Brien et al., 1985 [18] divides the yield stress τc in cohesive yield effort 
τo and the effort of Mohr–Coulomb τmc. This model also includes the dispersive and turbulent shear stresses 
represented by the coefficient of inertia stress C, which in turn depends on the density of the mixture ρm, the 
Prandtl mix length lm, the diameter of the sediment ds and a function of the volumetric concentration of 
sediment Cv [19].

(4)

Bagnold model

The model of Bagnold, 1954 [20] with dilating behavior (the fluid flows more easily at higher applied shear 
stresses) differentiates three types of flows: the macroviscous regime, transitional regime and inertial granular 
regime. The regime to which the flow belongs can be determined by the Bagnold number Ba, which depends 
on the diameter of the sediment C, the volumetric concentration of the sediment C, the maximum sediment 
concentration C0, the dynamic viscosity μ and the density of the sediment particles ρs . For Bagnold numbers 
less than 40, the corresponding regime is the macroviscous regime, whereas for Bagnold numbers greater than 
450, the regime corresponds to the granular-inertia regime, and in intermediate values, the transition regime 
is found.



(5)

According to the above, an equation describes the shear stress as a function of the deformation of the uid
for each regime, where av  and ai   are experimental constants and where a1 is the dynamic friction angle, which
is different from the internal friction angle.

Macroviscous regime

(6)

Granular-inertial regime

(7)

Takahashi model

Takahashi, 1978 [21] developed a model from Bagnold's model, introducing variations to the parameter ai #,
and incorporating an equation that allows calculating the value of the dynamic friction angle a1 as  a  function of

 the  volumetric  concentration  of  sediments  C,  the  maximum  concentration  of  sediment  C 0 and the  angle of
 internal  friction    .
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(8)

(9)

In 1977, Takahashi developed an equation to determine the equilibrium concentration or maximum 
concentration of sediments in a debris ow, which depends on the density of the water # , sediment density 
##, angle of inclination of the terrain # and angle of internal friction # [22]

(10)

Mohr-Coulomb model

e Mohr‒Coulomb model  was  proposed  by  Johnson  &  Kehle,  1972  [23]  and  is  based  on  the  Coulomb model
 for  soil  movement  and  includes  parameters  of  the  Bingham  model.  In  this  model,  yield  stress  is included

 
as

 
a

 function  of  ow  cohesion   C and  includes  normal  effort  #  related  to  the  angle  of  internal  friction   .

(11)

Voellmy model

The Voellmy, 1955 [24] model was initially developed for snow avalanches and was later implemented by 
Körner, 1976 [25] for rock avalanches. This model can be used for a wide range of sediment concentrations 
and takes into account the Chezy coefficient of friction. Cz, flux density ρ, angle of internal friction ϕ, angle 
θ defined by gravity, flow velocity V and pressure gradient.

(12)



Methodologies for modeling mud and debris flows

ere are multiple approaches for the modeling of mud and debris ows, from the way triggering factors
are modeled to the propagation of the ow, including empirical approaches to physically based and highly
complex models in their mathematical scheme. Some of the methodological approaches are focused on a
simplied regional or local scale, in which hydrological modeling or trigger mechanisms are not necessarily
carried out; in contrast, ow volumes are estimated through geomorphological analysis [26], interpretation
of satellite images and collection of eld information, and modeling focuses solely on ow propagation [27].
Other approaches attempt to simulate in detail all the processes involved from the antecedent rain to the
detonation of landslides and all the processes that occurred during propagation until their deposition in the
ood valley.

In general, the modeling of mud and debris ows can be divided into 4 phases, some of which can
be approached in a simplied way depending on the goal of study: 1. characterization of the basin and
triggering factors, 2. hydrological modeling, 3. modeling of triggering mechanisms, and 4. modeling of ow
propagation. e rst phase is carried out mainly by collecting eld information and analyzing satellite and
cartographic information.

In cases in which the triggering factors are directly related to rainfall, hydrological analysis is a necessary
step for the subsequent modeling of triggering mechanisms such as landslides and dam failure, in addition to
providing information on the liquid ows of the avenue. Finally, ow propagation can be carried out through
different types of models, including empirical approaches to one-dimensional, two-dimensional models of
1, 2 or 3 phases, and incorporating processes such as watercourse erosion and changes in the rheological
characteristics of the ow. Table 2 presents some references to the modeling of mud and debris ows, in
which different methodological approaches and computational models are used, and each phase or step in
the modeling is detailed later, as well as the different options available for its development.
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TABLE 2
Mud and debris flow modeling references

Source: Own elaboration.

Hydrological modeling

Hydrological rain-runoff modeling not only allows the determination of liquid ows but also is an
essential input for the modeling of triggering mechanisms such as landslides or the failure of natural dams.
e hydrological models can be classied by the conceptualization of the modeled processes, the spatial
distribution and the temporal variability. According to the conceptualization of the processes, 3 types of
models are distinguished: empirical or "black box" models, in which the model is based on an input‒output
relationship without describing the behavior of each of the processes (this category includes inltration
models such as the Green Ampt or SCS curve number method); conceptual or "gray box" models, in which
some of the internal relationships or processes are known and in which physical laws are considered in a



simplied way; and nally, physically based or “white box” models, which are those in which all the 
processes involved are known and are simulated in a detailed way for which they are supported by 
physical

 
laws [44]. 

Furthermore, according to their spatial representation, hydrological models can be aggregated, 
semidistributed and distributed. In the aggregated models, the basin is represented as a single element 
with homogeneous and constant characteristics, which are valid for very small basins. For larger basins 
with soil characteristics, slopes, covers and other variable physiographic characteristics, semidistributed 
models can be used, in which zones with similar behavior or characteristics are distinguished, either by 
subbasins or by smaller units called units of hydrological response (HRUs). Finally, for basins with very 
heterogeneous characteristics, to achieve greater representativeness of the characteristics of the basin, 
distributed models can be used, in which the basin is divided into much smaller elements of uniform 
geometry called grids or cells, each of which includes the specific characteristics of the soil, humidity, 
coverage, and slope, among other features [44].
Hydrological models are classified according to their temporal variability or time scale into event models 
and continuous time models. Storm histograms hietograms are simulated that can be obtained from 
pluviographic records, forecast meteorological models [40] or synthetic storms built with methods such 
as alternate blocks or Basto-Salazar curves [37], and their time intervals are on the order of minutes or 
hours. These rains can be associated with different return periods, events that have occurred in the past, 
or thresholds that trigger landslides. With these models, flood hydrographs are obtained that are included 
as liquid flows in the flow propagation modeling. In continuous time models, a period of time that can be 
from days to years is simulated, with a time interval usually daily. Continuous time models allow the 
determination of the characteristics of the antecedent humidity that increases triggering events such as 
landslides and the generation of natural dams, as well as the determination of rainfall on the day of the 
event; however, if a continuous time model is used, a synthetic flood hydrograph must also be generated 
via methods such as the triangular hydrograph of the United States Soil Conservation Service [39] to 
incorporate it as liquid flow in the flow propagation model.
Within the wide variety of hydrological models, some have the advantage of explicitly calculating the 
subsurface flow; this is the type of flow that increases the pore pressure, triggering instability in the slopes. 
With a single model, the value of the rainfall–runoff flow of the event can be obtained, as can the 
antecedent subsurface water flows that can trigger landslides, without the need to develop separate 
infiltration models, such as the model of O'Loughlin, 1986 [35] or the Richards model, to determine the 
level of soil saturation or level of the water table that generates soil saturation, nor is it necessary to later 
couple these models with the landslide models. The TOPMODEL model developed by Beven & Kirkby, 
1979 [45] calculates subsurface flow as a function of hydraulic transmissivity To, a parameter that 
describes subsurface flow behavior with depth m, flow accumulation area a and slope S [46].

(13)

Table 3 presents some hydrological models that can be used for the modeling of mud and debris ows, as
well as their classication, modeled processes and main parameters. e choice of the model depends on the
temporal scale of available climatological information, the characteristics of the event being simulated and
the approach of the modeling, considering whether it is necessary to represent the entire process of generating
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the event from the days prior to the event or if the model is intended only to simulate the effects of the ow
in the ood valley.

TABLE 3
Hydrological models that can be used for modeling mud and debris flows

Notes. FB: Physically based; CP: Conceptual; EM: Empirical or stochastic; TC: Continuous time; EV: Events;
P: Precipitation; ETP: Potential evapotranspiration; CL: Climatic information (relative humidity, wind speed,

solar radiation and/or temperature); LAI: Leaf area index; Es: Surface runoff; In: Infiltration; Pe: Percolation; Iv:
Interception by vegetation; Ex: Exfiltration; Sbp: Subsurface flow; Fsub: Underground flow; Ad: Depression storage.

Source: Own elaboration.

Landslide modeling

Landslides are the most recurrent triggering mechanism for mud and debris ows, generated by either short
and very intense rainfall or by moderate-intensity rainfall that lasts for several days, especially when preceded



by dry periods during which the cohesion of the river has decreased. is is why a comprehensive landslide
threat analysis is essential for determining the magnitude of a mud and debris ow event, as well as the type
of ow that would be generated in future events. Landslide hazard analysis can be carried out in different
ways by implementing statistical methods, heuristic methods, deterministic methods, or a combination of
these methods. e method and/or model to be selected depends on the quantity and quality of information
available, as well as the level of detail required for the analysis.

For its part, the heuristic method performs an analysis of cartographic and geomorphological information
and weighs the factors causing instability according to the criteria of experts; the method can be
complemented by statistical methods of inventory analysis of mass removal events. is type of methodology
has been widely used for risk analysis due to mud and debris ows, as is the case of Sepúlveda et al., 2016 [38],
who analyzed susceptibility to landslides from maps of events, lithology, soil cover, slopes, curvature and soil
thickness; Kain et al., 2018 [41], who mapped erosion and deposition patterns using remote sensing images;
and Bertoldi et al., 2012 [33], who used it in combination with eld studies and the developed magnitude‒
frequency relationships to evaluate future scenarios from empirical geomorphological relationships.

Furthermore, there are deterministic models that are physically based and generally determine the threat
from landslides by calculating the factor of safety. Importantly, although these models can have a high level
of detail in terms of the amount of slipped mass (which allows the determination of the concentration of
sediments and, in turn, the type of ow and its behavior with greater certainty), they are highly complex.
Additionally, some of these models include vertical inltration models with complicated mathematical
solutions that require high computational effort and are highly susceptible to uncertainty, which in turn is
a function of the quality of the eld information. is is why when a study of this type is carried out, it
must be weighted according to the level of detail required if a heuristic–statistical analysis is sufficient or if,
on the contrary, it is justied to invest greater computational and economic effort in the gathering of eld
information for the construction of a deterministic model, which must also be calibrated with historical
data. Next, the mathematical structure of some of the deterministic models used in various studies for the
simulation of mud and debris ows with landslides as a conditioning factor generating the event is presented.

SHALSTAB model

is model is based on the Mohr‒Coulomb failure law, in which the shear stress necessary for the slope to fail
is equal to the  resistance  generated  by  the  cohesion  of  the  soil   C and frictional resistance due to normal stress.
e model calculates the soil saturation in terms of the  relationship  between the subsurface ow  q and the
hydraulic transmissivity of the  soil   T required for  the  ground  to  fail.  is  relationship  depends  on  the  slope #,

 the  accumulated  drainage  area   a per  unit  width  b,  the  angle  of  internal  friction  of  the  material  #, the soil
density #,  the  density  of  water  # ,  the  thickness  of  the  soil   z and  cohesion  C.  Stability  can  be  classied  from
unconditionally stable saturated (the soil will not fail under any precipitation) to unconditionally unstable
dry (the soil will fail even if it is completely dry), which possibly are rocky outcrops [59].

(14)

Ingeniería y Universidad, 2025, vol. 29, ISSN: 0123-2126 / 2011-2769



Jessica Paola Páez Pedraza. Mud and Debris Flow Modeling as a Hazard Assessment Tool

Infinite slope model

e innite slope model combines the Mohr‒Coulomb failure mechanism with the saturation of the soil
generated by the horizontal ow of water or subsurface ow, determining the stability by calculating the
factor of safety.  e  model  has  as  an  input  parameter  the  value  of  the  water  table  Dw,  which  can  be  calculated
by means of subsurface ow from a hydrological or inltration model [45]

(15)

Bishop’s method - limit equilibrium

e limit equilibrium method of Bishop, 1955 [60] is used for failures of the circular type, in which the 
failure surface is divided into a series of vertical slices. e simplied Bishop method assumes that the lateral 
forces between the slices are horizontal and that the shear forces are neglected; calculating the safety factor 
iteratively [10] considers the equilibrium of moments in relation to the center of the circle for each one. 
of the slices. Additionally, this method allows the effects induced by the evolution of the limits where ow 
propagation occurs, that is, the failure of the riverbed itself [36].

STEP TRAMM model

The STEP TRAM model allows modeling of the chain reactions of small faults that generate landslides, in 
addition to the mobilization of the material to the drains. By means of the landslide modulus, the table of 
water in the soil column that affects the resistance of the soil is calculated, considering that an imbalance of 
driving forces and resistance must exist [61]. The tensile strength τt  is calculated using the Mohr−Coulomb 
criterion; in this case, the total cohesion C, which differentiates between the cohesion of the roots Cr and 
the cohesion of the soil Cs, also includes the term capillary pressure hc and a coefficient χ, which defines the 
relationship between the capillary force and capillary pressure.

(16)

The compressive strength τco is calculated by the following expression:

(17)

Once the imbalance of forces generated by the small faults is calculated, the model represents the
mechanical interactions of the soil with its neighboring columns by means of conceptual mechanical links



called FBMs or “ber bundles” that are composed of numerous mechanical elements called bers that break to
a predened threshold redistributing the load on the other bers, triggering local failure of the entire column
[61].

TRIGRS model

e transient rainfall inltration and grid-based regional slope-stability model (TRIGRS) was developed by
the United States Geological Survey (USGS) to determine progressive changes in pore pressure and changes
in the factor of safety due to inltration of rain, both for wet initial conditions and for unsaturated initial
conditions [62].

e model for wet initial conditions is based on the solution of Iverson, 2000 [63] of the Richards vertical
inltration equation, in which the inltration depends on the depth of the water table and a constant
inltration rate, with a vertical hydraulic gradient, which is also constant and depends on the inltration rate
and the saturated hydraulic conductivity [62].

Furthermore, for initial unsaturated conditions, the model divides the soil into two layers: the saturated
zone up to the water table and an unsaturated upper layer up to the soil surface. A part of the inltrated water
reaches the saturated zone that raises the water table, generating a load that propagates downward as waves
of diffusive pressure increase the pore pressure; this process is described by a one-dimensional form of the
Richards equation [62].

Dam failure modeling

Another triggering mechanism for recurrent mud and debris ows is the breaking of natural dams, which are
generally formed by landslides, and the accumulation of plant material, in which water accumulates for several
days before breaking due to excess pore pressure, or by erosion in the dam by tubing or overow. Importantly,
the simulation of the dam failure must be complemented with an adequate identication of the possible dam
sites by analyzing the topography of the channel, as well as possible landslides of great magnitude that could
generate obstruction of the channel.

For the simulation of dam failure, there are multiple types of soware that allow the determination of both
the liquid and solid hydrographs of failure, including DEBRIF1D, NWS-DAMBRK, BOSS-DAMBRK,
and BREACH, among others. For its part, DEBRIF1D was rst used as a model to simulate the dynamics
of snow avalanches; later, in 2000, it was used as a model for mud and debris ows detonated by dam failure.
Četina et al., 2006 [28] implemented it in the modeling of two consecutive debris ows that occurred due to
the failure of a natural dam and the additional contribution of ow due to the obstruction of a bridge in the
city of Gorenji Log, Slovenia. is model solves the conservation equations of momentum and the continuity
equation by means of a nite difference scheme and can consider the energy loss generated by the wave front.
An advantage of the model is that it allows the initial ow hydrograph to be determined just at the instant
aer the dam collapses. In addition, the BREACH model was implemented by Páez, 2016 [39], to simulate
the failure of a natural dam that generated a mud ow in Utica, Cundinamarca; it is a physically based model
designed to simulate the breaking of earth dams and has the ability to simulate the outlet ow of the spillway
if it exists, the ow rate of the rupture either by tubing or overow and the transport of sediments in the gap
generated by erosion by overow on the crest of the dam.
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Flow propagation modeling

Flow propagation is the nal  step  necessary  in  determining  the  threat  from  mud  and  debris  ows  in  terms of
 


ooded  area,  depth  and  ow  velocity.  For  this  purpose,  there  is  a  wide  variety  of  options  from  simplied empirical

 relationships  that  calculate  the  travel  distance  and  ow  volume  to  one-  and  two-dimensional models
 

that
 

involve
 1,  2  or  3  phases  (liquid  and  solid)  and  include  rheological  relationships  and  channel erosion.

 
e

 
choice

 
of

 
the

 model  to  be  used  depends  on  the  level  of  detail  to  be  obtained  in  the  results  and  the scale
 

applied,
 

whether
 regional  or  local,  since  the  higher  the  level  of  detail  is,  the  higher  the  eld  information requirements,

 computational  effort  and  associated costs.

Empirical relationships

ere are empirical relationships, such as those presented in Table 4, that allow the determination of different 
ow  parameters,  such  as  the  length  of  the  ow,  the  length  of  the  ood  valley  or  the  volume  of  the  ow.  ese types

 of  relationships  are  established  using  large  datasets  of  debris  ows  that  can  be  analyzed  while  considering the
 characteristics  of  the  basin  and  implemented  to  generate  preliminary  hazard  maps  or  complement  eld analyses

 
[

64],  and  they  can  also  be  built  from  machine  learning  algorithms  [65][66].
Hürlimann et al. (2008) [27] implemented several empirical relationships to generate hazard maps for the

Guingueta Basin, Spain, for which they used the longitudinal prole of the ow path and the volume of
the event. Furthermore, Bertoldi et al., 2012 [33] applied the methodology of D'Agostino & Marchi, 2003 [
67]  to  determine  approximate  volumes  of  debris  ows  in  the  Bondes  and  Tracuit basins in Switzerland,
supported by geomorphological data, geological  analysis,  analysis  of  aerial  photographs  and  eld  inspection,
this as a complement to a two-dimensional model for the delimitation of threat areas. Tin such a way that
those generated by the two-dimensional models and medium and low threat were delimited as areas of high
and very high threat those calculated through empirical relationships.

Some empirical relationships have also been incorporated into computational models, such as Bernard et al., 
2020 [68] and the DFLOWZ model modified by Berti & Simoni, 2007 [69] from the LAHARZ algorithm 
developed by Schilling, 1998 [70], which uses empirical relationships to simulate pyroclastic flows. The 
DFLOWZ model also simulates the unconfined deposition of the flow, which done based on the use of two 
empirical relationships for the cross-sectional area of the flow A and the planimetric flood area Af from the 
flow volume together with uncertainty adjustment factors a and b [71]. The above, which is based on a digital 
elevation model and a flow path, allows the delimitation of deposition areas for a range of probable events.

(18)

(19)



TABLE 4
Empirical relationships for the characterization of mud and debris flows

Notes. V=Total flow volume m3, A=Basin area  (km2), S=Slope of the basin (degrees), L=Flow travel distance from
where it begins to deposit, O=Channel slope (degrees), E= Erosion classification (1 erosion, 2

no erosion), R28-day cumulative precipitation, k1=1.788, k2= 0.185 B=Lateral flow extension, Bc= Channel width.
Source: Own elaboration.

is type of approximation, although simplied, can include great uncertainty, since the determination of
the starting point of the ow and the deposition zone can be difficult; like the intensity of the ow, the depth
and speed can be quantied only indirectly, and the rheological behavior of the ow cannot be considered.
erefore, this type of method must be complemented with good eld exploration and geomorphological
and topographic analysis to determine with some certainty the volume and path of the ow; similarly, these
relationships are clearly limited to providing an initial and very general estimate of potential threat areas.

One-dimensional models

e empirical relationships do not consider the rheology of the ow, so a simple way to incorporate it into
the propagation analysis is through numerical or analytical one dimensional models, which allow simulation
of the total travel distance of the ow, as well as the depth and velocity at each point of the trajectory.
Some of them have incorporated rheology through the Voellmy frictional–turbulent model, either with an
analytical or numerical solution. e one-dimensional Voellmy analytical model (Equation 20) incorporates
the curvilinear  distance  that  the  ow  travels  s,  the  slope  of  the  channel  #,  and  two  coefficients  of  friction; the

 


rst  is  called  the  coefficient  of  sliding  friction  # ,  and  the  second  turbulence  coefficient  is  called  the  mass‒
drag relationship, which was originally applied to snow avalanches by Perla et al., 1980 [80].

(20)
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Furthermore, the Voellmy numerical model (Equation 21) can be expressed in terms of the total friction
slope Sf , which is a function of the dry friction coefficient # , the pseudo Chezy coefficient  C and the hydraulic
radius R.

(21)

e previous one-dimensional models have been used to delimit threat zones on the basis of a previous
multidisciplinary analysis that includes geomorphological analysis, interpretation of satellite images, analysis
of historical events, determination of susceptibility maps due to mass movements and estimation of event
volumes from geomorphological relationships and eld studies; the obtained results are quite close to the
reality of historical events [27] [81] [36].

One-dimensional models can be good tools for assessing the risk associated with mud and debris ow
events, incorporating the behavior of the uid. However, if the desired analysis is one in which the possible
damage associated with the magnitude of the event is known with some certainty, this type of model is
insufficient, and a complete modeling of factors is advisable. Instead, is it preferable to use conditioning
factors and ow propagation with two-dimensional models that consider the behavior of the ow in the ood
valley and the entire process of deposition.

Two-dimensional hydraulic models

Two-dimensional hydraulic models make it possible to determine the ooded area, as well as the depths and
velocities of the ow at any point in the riverbed or alluvial valley, which is why these models are very useful
for developing hazard maps for different return periods on the basis of depth and ow velocity on the basis
of the denition of criteria or thresholds of affectation according to these variables [27].

Among the two-dimensional hydraulic models are those whose mathematical approximation is that of the
hydrodynamic transport of a single phase; that is, all the ows behave as a single mass, and the model is based
on the solution of the Navier–Stokes equations or shallow water equations integrated in the vertical direction
and solved under a scheme of elements or nite volumes for a triangular or rectangular mesh that can be
of variable size. Shallow water equations are described by means of the conservation of momentum and the
conservation of mass equations in two dimensions.

(22)

Although many two-dimensional models exist that solve the Navier–Stokes equations, not all of them
include rheological models that characterize the non-Newtonian behavior of a mud or debris ow. erefore,
when the model to be used for the simulation of ow propagation is chosen, the type of ow and the



most appropriate rheology must be considered because there may be substantial differences in the results
of the propagation model. is was reported by Páez, 2016 [39], who compared important differences in
ow depths and velocities for the same event for the Bingham, quadratic and pseudo-Manning models. e
rheology of the ow could make it convenient to compare the results of the modeling for different rheological
models, since the uncertainty also generates uncertainty with regard to the possible damage that a population
affected by a mud or debris ow could receive.

Furthermore, there are two-dimensional models of two phases, such as OpenLISEM [42], and three
phases, such as AVAFLOW [82]. is type of mathematical approximation divides the ow into the liquid
phase and one- or two-phase solids, for which independent mass and momentum conservation equations are
derived for each phase [83]. According to Pudasaini & Mergili, 2019 [84], the uid phase composed mainly
of water and very ne particles of the type silt and clays or colloids is modeled with a viscoplastic model such
as Herschel–Bulkley or Bingham through a constant yielding effort. Furthermore, if it is a two-phase ow, the
solid phase can be represented by the Mohr‒Coulomb model, whereas if a third phase is added, there would
be two solid phases, one consisting of ne solids and the other consisting of coarse solids. Fine solids include
sands and ne gravels and are modeled with a viscoplastic Coulomb rheology dependent on pressure and
shear stress because the elastic limit could depend on the pressure and friction of the material. While coarse
solids include coarse gravels and boulders, which are modeled with plastic Mohr‒Coulomb laws regardless
of the cutting speed, since coarse particles do not have viscous interactions, the friction force depends on the
normal load and friction resulting from collisions between the particles [84].

In Table 5, some two-dimensional hydraulic models are presented, as well as the rheologies they include
and the modeled processes, among which some models include the transport of bottom and suspended
sediments; however, this type of modeling can only be used as a complement to the pseudo-Manning model,
in which the ow is modeled as a water ow with a high sediment load and a higher Manning n than usual
to represent friction losses due to the interaction and collision of the particles.
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TABLE 5
Hydraulic models used for the simulation of mud and debris flow propagation

Notes. TH: One-phase hydrodynamic transport by Vertical Integration Navier–Stokes equations;
LB: Initiation of movement by block release; TDF: Two-phase flow transport; TMF: Multiphase

flow transport; EB: Basal erosion during torrential flood events; SG: Stop-and-go mechanism; TSF:
Bottom sediment transport; TSS: Suspended sediment transport; CP: Changes in flow properties.

Source: Own elaboration.

Modeling the propagation of a mud or debris ow has great challenges because its behavior has
characteristics that are difficult to simulate, such as the generation of lateral erosion during the transit of
the event, the change in the rheological properties of the ow as more sediment is incorporated and the
generation of pulses that can stop and start moving again. For the simulation of this last condition, the
FLATModel includes a “stop and go” algorithm, which denes whether a cell is at total rest according to the
dynamics of its neighboring cells, considering that a cell is in motion if the following three conditions are met: 1.

 e  cell  was  in  motion  in  the  time  interval  just  before,  2.  some  of  the  neighboring  cells  were  in  motion  in the
 time  interval  just  before,  and  3.  the  geometric  slope  of  the  ow  is  greater  than  the  angle  of  internal  friction [29].

 is  last  criterion  is  very  important  since  the  inclination  of  the  nal  deposit  is  similar  to  the  angle  of
internal friction when the Voellmy model is used. However, the initial angle would be that of completely dry
material; as a result, as the ow progresses, the value may vary. To correct this value, FLATModel increases the
angle value if the ow velocity is less than a limit and varies linearly from the initial value for dry material [30].

Basal erosion modeling

In some circumstances in which the slope and the type  of  material  favor  it,  the  shear  stress  generated  by the
 torrential  ood  on  the  bed  is  sufficient  to  incorporate  material  from  the  bed  into  the  ow,  from  a  few cubic

 meters  to  a  volume  of  ten  or  more  times  the  volume  initially  mobilized  in  the  avenue  [92].  Even  if  the carryover
 

of
 the  material  is  very  high,  such  that  the  equilibrium  or  maximum  concentration  described  by Takahashi,

 
1977

 
[

22]  (Equation  10)  is  greater  than  0.4,  this  carryover  of  material  from  the  bed  can  become the
 

trigger
 

for
 

a
 torrential ood.

A rst approximation of the depth of basal erosion was made by Takahashi, 1991 [93], in which it is
calculated from the concentration of sediments in the ow C, the sediment concentration in the bed Cb, the



ow depth h, the slope of the bed #, the angle of internal friction of the bed material ## and the 
density difference ∆ between the sediment # and the water    .  

(23)

Furthermore, FLATModel also incorporates basal erosion and does so from two approaches: the static 
approach considers the balance between the basal resistance forces τres, which can be represented by the 
Mohr‒Coulomb criterion for an infinite slope, and the friction force exerted on the bed τb. The dynamic 
approach consists of considering that the new material incorporated into the flow is accelerated to the 
average speed of the flow, whereby the incorporated mass depends on the availability of momentum or 
momentum. For the static approach, if these forces are not in equilibrium, that is, if the friction force is 
much greater than the resistance force, the model can calculate the basal erosion depth. heb is an expression 
that depends on the cohesion of the bed material c, the angle of internal friction of the bed material ϕb, the 
slope of the bed θ, the flux density ρ, the depth of flow h and the acceleration of gravity   [30]. There are 
other approaches to simulate entrainment, including quasi-mechanical models, empirical equations [94], 
three-dimensional models with SPH [95] and cellular automaton models [96].

(24)

Coupled models

As mentioned above, the modeling of mud and debris ows requires the use of different models that, when
coupled, allow the magnitude of impact by an event to be determined. However, some soware already
includes several models coupled in one, which have been used to determine from the susceptibility of a basin
to landslides and the propagation of ow with a single model on a medium scale or regional scale. Example
models used include for the ASCHFLOW and Flow-R models.

ASCHFLOW is a two-dimensional, one-phase model that simulates material shedding, basal erosion,
transport, and deposition of a mud and debris ow on a regional scale. is model simulates the transport
of slipped material to secondary drains and to a main channel, as well as its deposition in a ood valley;
all of this can be performed from a GIS interface. To determine the slipped areas, ASCHFLOW relies on
the model of innite slopes; it also includes a basal erosion rate calculated from empirical or semiempirical
relationships according to the shear stress, slope and volume of the ow at each instant of time. As material is
incorporated due to erosion of the channel, the model recalculates the depth of the ow. Finally, the transport
and deposition of the ow is calculated from a Bingham or Voellmy rheological model solved by a nite
difference scheme in a square mesh [97].

Flow-R is a spatially distributed empirical model in which the areas susceptible to landslides are determined
from morphological criteria dened by the user, whereas the propagation of the ow is determined from
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friction information and algorithms that determine the direction of the ow will take [98]. is tool allows
for determining susceptibility on a regional scale; however, its is not recommended to use it to carry out a
detailed modeling of a channel and a particular event, since the propagation algorithm generates a wide range
of possible event routes, , it does not consider the rheology of the ow.

is type of coupled model is very useful for determining the basins with the greatest threat within a
region; with these models, not only is the intrinsic susceptibility of the basin taken into account, but a
ow transit is also incorporated. However, these models were initial approximations; today, with a complete
hydrological - geotechnical - hydraulic model, the detailed modeling of the events with a certain return period
can be modeled in detail, and events that occurred in the past can be reconstructed. When this modeling is
performed, large amounts of complexity of the relevant processes that occur during the generation, as well as
the during the transit and deposition of a mud or debris ow, are incorporated. An example of this type of
coupled model is OpenLISEM [42], which was initially developed as an erosion model; it evolved as a two-
dimensional model that combines the model of innite slopes with a hydrological model of events and a 2-
phase ow transit model based on the equations of Pudasaini, 2012 [83].

Scope and limitations of mud and debris flow modeling

As previously described, the modeling of mud and debris ows involves interdisciplinary work to incorporate
all the geological, geotechnical, hydrological and hydraulic aspects involved in the generation of a ow. Most
investigations have focused on the simulation of ow propagation and the simulation of complex behavior of
these ows, achieving great advances in the incorporation of rheological relationships. However, the majority
of computational models include few rheology options, which is involves high uncertainty, considering
that, depending on the selected rheological model, there may be substantial differences in the results obtained
in terms of depth, speed and form of ow deposition. Likewise, hydraulic models are still very limited in
their ability to describe the changes in the characteristics of a ow due to the incorporation of sediments
throughout the transit of a ow, as well as the processes of lateral erosion.

Few studies consider conditioning factors other than landslides, such as volcanic eruptions, earthquakes
and the failure of natural dams. Additionally, studies tend to simplify the modeling of landslides by
incorporating the processes that exert the greatest inuence and ignoring internal processes that can describe
the slope's predisposition to detachment, as well as external factors such as water inltration. In most cases,
is simulated with static inltration models that do not the antecedent conditions of rain, the evaporation of
water from the soil and the transpiration of the vegetation that can be dynamic and that alter the conditions
that pertain to the detachment of the slopes. erefore, computational models alone are insufficient for
performing a complete threat assessment; instead, they must be complemented with exhaustive studies in the
eld. ere is no structured methodology for the coupling of hydrological–geotechnical–hydraulic models.
is coupling would include the integration of the rain preceding the event, the detonation of the ow,
the material that slipped from unstable areas toward the intermittent drains and main channels and the
transit and deposition of this material in the ood valley. However, these processes are usually modeled as
independent processes without a clear interlocking structure.

However, this type of analysis must advance from being purely investigative exercises to becoming true
risk management tools, and guidelines regarding threat scenarios must be established to allow populations
to incorporate prevention measures in their territories. Prevention measures would pertain to territorial
planning and risk mitigation and would address the underlying factors that generate risks, such as
deforestation. Finally, in cases where these measures are difficult to implement, mud and debris ow modeling
should be the rst step in generating early warning strategies that allow populations to live with risk, mitigate
the impacts of mud and debris ows and increase the resilience of these populations.



Conclusions

In some countries, ows of mud and debris have generated great economic and life losses. Due to the effects
of climate change, such as increases in the global temperature and changes in the duration and intensity of
precipitation, in the future Alterations will be generated in the patterns of natural hazards, which will be
increasingly frequent and of greater magnitude in the future. As a result, susceptibility to landslides will be
increased among other conditioning factors of mud and debris ows associated with the climate, especially
in high-slope basins with little vegetation or with high levels of interference from anthropic activities. reat
assessment supported by computational modeling is a tool that will allow populations at risk to implement
prevention measures as well as early warning strategies for risk management and to minimize the impacts of
these events.

However, modeling the ow of mud and debris is an arduous task that requires expertise in several
disciplines, including geology, geomorphology, hydrology, hydraulics and informatics, because of the
multiple conditioning factors and complex behavior associated with high concentrations of sediments.
Hydrological modeling allows simulation of the inltration, evaporation and runoff processes generated in
the basin before and during events and is a fundamental input for landslide analysis; the latter can be carried
out via statistical methods, heuristic methods, deterministic methods, or a combination of methods. Finally,
once a hydrological model is integrated with the conditioning factors and the contribution of sediments to
the ow, the ow must be transited through the main channel to the ood valley where the ow is deposited.
ere are multiple approaches for accomplishing this, such as the use of empirical relationships analyzed with
two-dimensional multistage models and the use of regionally coupled models.

References

[1] IPCC, “Special Report: Global Warming of 1.5 .C,” 2018. Accessed: May 12, 2021. [Online]. Available: https:/
/www.ipcc.ch/sr15/.

[2] UNDRR, “Global Assessment Report on Disaster Risk Reduction,” 2019. [Online]. Available: https://gar.unis
dr.org.

[3] United Nations, “Global Assessment Report on Disaster Risk Reduction: Risk and poverty in a changing climate,”
2009. doi: 10.1037/e522342010-005.

[4] UNDRR, “Hazard | UNDRR,” Terminology, 2017. https://www.undrr.org/terminology/hazard (accessed Apr.
14, 2021).

[5] Integrated Research on Disaster Risk, “Peril Classication and Hazards Glossary (IRDR DATA Publication No.
1),” 2014.

[6] Corporación OSSO, “Escudriñando en los desastres a todas las escalas.” p. 123, 1999, [Online]. Available: http://
www.osso.org.co/docu/publicac/1999/escudrinhando/completo.pdf.

[7] T. R. Davies, C. J. Phillips, A. J. Pearce, and X. B. Zhang, “Debris ow behaviour - an integrated overview,” Erosion,
debris flows Environ. Mt. Reg. Proc. Int. Symp. Chengdu, 1992, no. 209, pp. 217–225, 1992.

[8] J. Suarez, Control de erosión en zonas tropicales. 2001.
[9] P. Y. Julien and C. S. León, “Mud oods, mudows and debris ows classication, rheology and structural design,”

Proceedings of International Workshop on the Debris Flow Disaster. p. 15, 2000.
[10] J. Suárez, Deslizamientos: Análisis geotécnico. 2009.
[11] D. Rickenmann, Methods for the Quantitative Assessment of Channel Processes in Torrents (Steep Streams). CRC

Press, 2016.
[12] P. Coussot and M. Meunier, “Recognition, classication and mechanical description of debris ows,” Earth-

Science Rev., vol. 40, no. 3–4, 1996, doi: 10.1016/0012-8252(95)00065-8.

Ingeniería y Universidad, 2025, vol. 29, ISSN: 0123-2126 / 2011-2769

https://www.ipcc.ch/sr15/
https://www.ipcc.ch/sr15/
https://gar.unisdr.org
https://gar.unisdr.org
https://www.undrr.org/terminology/hazard
http://www.osso.org.co/docu/publicac/1999/escudrinhando/completo.pdf
http://www.osso.org.co/docu/publicac/1999/escudrinhando/completo.pdf


Jessica Paola Páez Pedraza. Mud and Debris Flow Modeling as a Hazard Assessment Tool

[13] J. S. O’Brien and P. Y. Julien, “On the importance of mudow routing,” 1997.
[14] O. Hungr, S. G. Evans, M. J. Bovis, and J. N. Hutchinson, “A review of the classication of landslides of the ow

type,” Environ. Eng. Geosci., vol. 7, no. 3, 2001, doi: 10.2113/gseegeosci.7.3.221.
[15] F. Moutarde and A. Ultsch, “1D Modeling of mud/debris unsteady ows,” vol. 125, no. August, pp. 25–32, 1999.
[16] E. Bingham and Green, “Paint, a plastic material and not a viscous liquid; the mesurement of its mobility and

yield value,” Proccedings Am. Soc. Test. Mater., pp. 640–664, 1919.
[17] W. H. Herschel and R. Bulkley, “Measurement of consistency as applied to rubber-benzene solutions,” Proc ASTM

Part II, vol. 26, no. 82, 1926.
[18] J. S. O’Brien, P. Y. Julien, and D. S. Bowles, “Physical Properties and Mechanics of Hyperconcentrated Sediment

Flows, Conference, Delineation of landslide, ash ood, and debris ow hazards in Utah,” in GENERAL
SERIES- UTAH WATER RESEARCH LABORATORY UWRL G, Delineation of landslide, flash flood, and
debris flow hazards in Utah, Conference, Delineation of landslide, flash flood, and debris flow hazards in Utah, 1985,
no. 85/03, pp. 260–280, [Online]. Available: https://www.tib.eu/de/suchen/id/BLCP%3ACN006200643.

[19] FLO-2d Soware Inc., “FLO-2D Reference Manual.” 2019.
[20] R. Bagnold, “Experiments on a gravity-free dispersion of large solid spheres in a Newtonian uid under shear,”

Proc. R. Soc. London. Ser. A. Math. Phys. Sci., vol. 225, no. 1160, 1954, doi: 10.1098/rspa.1954.0186.
[21] T. Takahashi, “Mechanical Characteristics of Debris ow,” ASCE J Hydraul Div, vol. 104, no. 8, 1978, doi:

10.1061/jyceaj.0005046.
[22] T. Takahashi, “A mechanism of ocurrence of mud-debris ows and their characteristics in motion,” Annuals of

Disaster Prevention Research Institute, Kyoto University, 20B-2. pp. 405–435, 1977.
[23] A. Johnson and R. O. Kehle, “Physical Processes in Geology,” Phys. Today, vol. 25, no. 2, 1972, doi:

10.1063/1.3070726.
[24] A. Voellmy, “Über di e Zer störungskra v on Law inen,” Schweizerische Bauzetung, pp. 212–285, 1955.
[25] H. Körner, “Reichweite und G eschwindigkeit v on Bergstürzen und FlieBschneelawinen,” Rock Mech., pp. 225–

256, 1976.
[26] Q. Zou, P. Cui, J. He, Y. Lei, and S. Li, “Regional risk assessment of debris ows in China—An HRU-based

approach,” Geomorphology, vol. 340, pp. 84–102, 2019, doi: 10.1016/j.geomorph.2019.04.027.
[27] M. Hürlimann, D. Rickenmann, V. Medina, and A. Bateman, “Evaluation of approaches to calculate debris-

ow parameters for hazard assessment,” Eng. Geol., vol. 102, no. 3–4, pp. 152–163, 2008, doi: 10.1016/
j.enggeo.2008.03.012.

[28] M. Četina, R. Rajar, T. Hojnik, M. Zakrajšek, M. Krzyk, and M. Mikoš, “Case Study: Numerical Simulations
of Debris Flow below Stože, Slovenia,” J. Hydraul. Eng., vol. 132, no. 2, pp. 121–130, 2006, doi: 10.1061/
(asce)0733-9429(2006)132:2(121).

[29] V. Medina, A. Bateman, and M. Hürlimann, “A 2D nite volume model for debris ow and its application to events
occurred in the Eastern Pyrenees,” Int. J. Sediment Res., vol. 23, no. 4, pp. 348–360, Dec. 2008, doi: 10.1016/
S1001-6279(09)60006-8.

[30] V. Medina, M. Hürlimann, and A. Bateman, “Application of FLATModel, a 2D nite volume code, to debris
ows in the northeastern part of the Iberian Peninsula,” Landslides, vol. 5, no. 1, pp. 127–142, Feb. 2008, doi:
10.1007/s10346-007-0102-3.

[31] F. Bregoli et al., “Development of preliminary assessment tools to evaluate debris ow risks,” Int. Conf. Comput.
Methods Water Resour., pp. 1–9, 2010, [Online]. Available: http://congress.cimne.com/cmwr2010/Proceedin
gs/docs/p284.pdf.

[32] S. M. Mila, “Modelación de ujos de derrubios empleando el método SPH. Aplicación a casos reales,” Universidad
Politécnica de Madrid, 2009.

[33] G. Bertoldi, V. D’Agostino, and B. McArdell, “An integrated method for debris ow hazard mapping using 2D
runout models,” in 12th Congress INTERPRAEVENT, 2012, pp. 435–446.

https://www.tib.eu/de/suchen/id/BLCP%3ACN006200643
http://congress.cimne.com/cmwr2010/Proceedings/docs/p284.pdf
http://congress.cimne.com/cmwr2010/Proceedings/docs/p284.pdf


[34] R. Gomes, R. Guimarães, O. de Carvalho, Júnior, N. Fernandes, and E. do Amaral Júnior, “Combining Spatial
Models for Shallow Landslides and Debris-Flows Prediction,” Remote Sens., vol. 5, no. 5, pp. 2219–2237, May
2013, doi: 10.3390/rs5052219.

[35] E. M. O’Loughlin, “Prediction of Surface Saturation Zones in Natural Catchments by Topographic Analysis,”
Water Resour. Res., vol. 22, no. 5, pp. 794–804, 1986, doi: https://doi.org/10.1029/WR022i005p00794.

[36] A. D’Aniello, L. Cozzolino, L. Cimorelli, C. Covelli, R. Della Morte, and D. Pianese, “One-dimensional
Simulation of Debris-ow Inception and Propagation,” Procedia Earth Planet. Sci., vol. 9, pp. 112–121, 2014,
doi: 10.1016/j.proeps.2014.06.005.

[37] Ministerio de Minas y Energía and Instituto Colombiano de Geología y Minería, “Formulacion de una guia
metodológica para la evaluacion de la amenaza por movimientos en masa tipo ujo#: caso piloto cuenca quebrada
La Negra , Útica – Cundinamarca.” 2009.

[38] A. Sepúlveda, J. Patiño Franco, and C. Rodríguez Pineda, “Metodología para evaluación de riesgo por ujo de
detritos detonados por lluvia: caso Útica, Cundinamarca, Colombia,” Obras y Proy., no. 20, pp. 31–43, Dec.
2016, doi: 10.4067/S0718-28132016000200003.

[39] J. P. Páez, “Modelación matemática de ujos de avalancha.” Bogotá D.C, 2016, [Online]. Available: http://hdl.
handle.net/1992/13751.

[40] P. U. Javeriana and UNGRD, “Proyecto Consultoría de los estudios de diseño del sistema de alerta temprana para
avenidas torrenciales y crecientes súbitas generadas por precipitaciones de la microcuenca de los ríos Mulato,
Sangoyaco, quebradas Taruca y Taruquita, municipio de Mocoa.” Bogotá D.C, 2018, [Online]. Available: http
://hdl.handle.net/20.500.11762/27207.

[41] C. L. Kain, E. H. Rigby, and C. Mazengarb, “A combined morphometric, sedimentary, GIS and modelling analysis
of ooding and debris ow hazard on a composite alluvial fan, Caveside, Tasmania,” Sediment. Geol., vol. 364,
pp. 286–301, Feb. 2018, doi: 10.1016/j.sedgeo.2017.10.005.

[42] B. Bout, L. Lombardo, C. J. van Westen, and V. G. Jetten, “Integration of two-phase solid uid equations in a
catchment model for ashoods, debris ows and shallow slope failures,” Environ. Model. Sow., vol. 105, pp.
1–16, 2018, doi: 10.1016/j.envso.2018.03.017.

[43] C. Gregoretti, L. M. Stancanelli, M. Bernard, M. Boreggio, M. Degetto, and S. Lanzoni, “Relevance of erosion
processes when modelling in-channel gravel debris ows for efficient hazard assessment,” J. Hydrol., vol. 568, no.
September 2018, pp. 575–591, 2019, doi: 10.1016/j.jhydrol.2018.10.001.

[44] J. Cabrera, “Modelos hidrológicos,” Instituto para la mitigación de los efectos del fenómeno El Niño - IMEFEN. p.
8, 2012, [Online]. Available: http://www.imefen.uni.edu.pe/Temas_interes/modhidro_1.pdf.

[45] K. J. Beven and M. J. Kirkby, “A physically based, variable contributing area model of basin hydrology / Un modèle
à base physique de zone d’appel variable de l’hydrologie du bassin versant,” Hydrol. Sci. Bull., vol. 24, no. 1, pp.
43–69, 1979, doi: 10.1080/02626667909491834.

[46] D. G. Tarboton, Rainfall - Runoff Processes. 2003.
[47] US Army Corps of Engineers - Hydrologic Engineering Center, “Hydrologic Modeling System Technical

Reference Manual,” no. Marzo. 2000.
[48] S. . Neitsch, J. . Arnold, J. . Kiniry, and J. . Williams, “Soil & Water Assessment Tool eoretical Documentation

Version 2009,” Texas Water Resources Institute. pp. 1–647, 2011, doi: 10.1016/j.scitotenv.2015.11.063.
[49] Universidad Politécnica de Valencia, “Descripción del modelo conceptual distribuido de simulación hidrológica

TETIS.” p. 86, 2008, [Online]. Available: http://lluvia.dihma.upv.es/ES/software/software.html.
[50] C. Perrin, C. Michel, and V. Andréassian, “Improvement of a parsimonious model for streamow simulation,” J.

Hydrol., vol. 279, no. 1–4, pp. 275–289, 2003, doi: 10.1016/S0022-1694(03)00225-7.
[51] N. Ajami, H. Gupta, T. Wagener, and S. Sorooshian, “Calibration of a semi-distributed hydrologic model for

streamow estimation along a river system,” J. Hydrol., vol. 298, no. 1–4, pp. 112–135, 2004, doi: 10.1016/
j.jhydrol.2004.03.033.

[52] DHI, “MIKE SHE Volume 1: User Guide. e Experts in WATER ENVIRONMENTS,” DHI Soware Licence
Agreement, vol. 1, no. 1. p. 420, 2017.

Ingeniería y Universidad, 2025, vol. 29, ISSN: 0123-2126 / 2011-2769

https://doi.org/10.1029/WR022i005p00794
http://hdl.handle.net/1992/13751
http://hdl.handle.net/1992/13751
http://hdl.handle.net/20.500.11762/27207
http://hdl.handle.net/20.500.11762/27207
http://www.imefen.uni.edu.pe/Temas_interes/modhidro_1.pdf
http://lluvia.dihma.upv.es/ES/software/software.html


Jessica Paola Páez Pedraza. Mud and Debris Flow Modeling as a Hazard Assessment Tool

[53] L. Ciarapica and E. Todini, “TOPKAPI: A model for the representation of the rainfall-runoff process at different
scales,” Hydrol. Process., vol. 16, no. 2, pp. 207–229, 2002, doi: 10.1002/hyp.342.

[54] C. Mazzetti, “TOPographic Kinematic APproximation and Integration Technical References.” 2015.
[55] S. L. Markstrom, S. R. Regan, L. E. Hay, and E. Al, “PRMS-IV Precipitation-Runoff Modeling System,” in

Modeling Techniques, 2015.
[56] A. P. J. De Roo and R. J. E. Offermans, “LISEM: a physically-based hydrological and soil erosion model for basin-

scale water and sediment management,” in Proc. Modelling and Management of Sustainable Basin-scale Water
Resource Systems Symposium, Boulder, 1995, no. 231, pp. 399–407.

[57] A. P. J. De Roo, C. G. Wesseling, V. G. Jetten, and C. J. Ritsema, “LISEM: a physically-based hydrological and soil
erosion model incorporated in a GIS,” in Application of geographic information systems in hydrology and water
resources management. Proc. HydroGIS’96 conference, Vienna, 1996, 1996, no. August, pp. 395–403.

[58] Hydronia LLC, “RiverFlow2D Two-Dimensional Flood and River Dynamics Model,” no. September. 2020.
[59] W. E. Dietrich and D. R. Montgomery, “SHALSTAB A digital terrain model for mapping shallow landslide,”

1998. http://calm.geo.berkeley.edu/geomorph/shalstab/index.htm.
[60] A. W. Bishop, “e use of the Slip Circle in the Stability Analysis of Slopes,” Géotechnique, vol. 5, no. 1, pp. 7–

17, 1955, doi: 10.1680/geot.1955.5.1.7.
[61] Soil and Terrestrial Environmental Physics Research Group - ETH Zurich, “STEP-TRAMM,” 2021. https://e

meritus.step.ethz.ch/step-tramm.html.
[62] R. L. Baum, W. Z. Savage, and J. W. Godt, “TRIGRS — A Fortran Program for Transient Rainfall Inltration and

Grid-Based Regional Slope-Stability Analysis, Version 2.0,” U.S. Geological Survey Open-File Report, no. 2008–
1159. p. 81, 2008.

[63] Iverson, “Landslide triggering by rain inltration,” Water Resour. Res., vol. 36, no. 7, pp. 1897–1910, Jul. 2000,
doi: https://doi.org/10.1029/2000WR900090.

[64] W. Zhou, J. Fang, C. Tang, and G. Yang, “Empirical relationships for the estimation of debris ow runout distances
on depositional fans in the Wenchuan earthquake zone,” J. Hydrol., vol. 577, no. July, p. 123932, 2019, doi:
10.1016/j.jhydrol.2019.123932.

[65] J. Huang, T. C. Hales, R. Huang, N. Ju, Q. Li, and Y. Huang, “A hybrid machine-learning model
to estimate potential debris-ow volumes,” Geomorphology, vol. 367, p. 107333, 2020, doi: 10.1016/
j.geomorph.2020.107333.

[66] D. H. Lee, E. Cheon, H. H. Lim, S. K. Choi, Y. T. Kim, and S. R. Lee, “An articial neural network model to
predict debris-ow volumes caused by extreme rainfall in the central region of South Korea,” Eng. Geol., vol. 281,
no. December 2020, p. 105979, 2021, doi: 10.1016/j.enggeo.2020.105979.

[67] V. D’Agostino and L. Marchi, “Geomorphological estimation of debris-ow volumes in alpine basins,” in
International Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction, and Assessment, Proceedings,
2003, vol. 2, pp. 1097–1106.

[68] D. Bernard, E. Trousil, and P. Santi, “Estimation of inundation areas of post-wildre debris ows in
Southern California USA,” Eng. Geol., vol. 285, no. December 2020, p. 105991, 2021, doi: 10.1016/
j.enggeo.2021.105991.

[69] M. Berti and A. Simoni, “Prediction of debris ow inundation areas using empirical mobility relationships,”
Geomorphology, vol. 90, no. 1, pp. 144–161, 2007, doi: https://doi.org/10.1016/j.geomorph.2007.01.014.

[70] S. P. Schilling, “LAHARZ; GIS programs for automated mapping of lahar-inundation hazard zones,” 1998. doi:
10.3133/ofr98638.

[71] M. Berti and A. Simoni, “DFLOWZ: A free program to evaluate the area potentially inundated by a debris ow,”
Comput. Geosci., vol. 67, pp. 14–23, Jun. 2014, doi: 10.1016/j.cageo.2014.02.002.

[72] H. Ikeya, “A method of designation for area in danger of debris ow,” in Erosion and sediment transport in Pacific
rim steeplands. Proc. Christchurch symposium, January 1981, 1981, pp. 576–588.

http://calm.geo.berkeley.edu/geomorph/shalstab/index.htm
https://emeritus.step.ethz.ch/step-tramm.html
https://emeritus.step.ethz.ch/step-tramm.html
https://doi.org/10.1029/2000WR900090
https://doi.org/10.1016/j.geomorph.2007.01.014


[73] D. Rickenmann, “Empirical Relationships for Debris Flows,” Nat. Hazards, vol. 19, no. 1, pp. 47–77, 1999, doi:
10.1023/A:1008064220727.

[74] J. Corominas, “e angle of reach as a mobility index for small and large landslides,” Can. Geotech. J., vol. 33, no.
2, pp. 260–271, May 1996, doi: 10.1139/t96-005.

[75] A. Lorente, S. Beguería, J. C. Bathurst, and J. M. García-Ruiz, “Debris ow characteristics and relationships in
the Central Spanish Pyrenees,” Nat. Hazards Earth Syst. Sci., vol. 3, no. 6, pp. 683–691, 2003, doi: 10.5194/
nhess-3-683-2003.

[76] M. Cesca, “Studio dei meccanismi di deposizione dei debris ow#: Integrazioni tra esperienze di laboratorio,
analisi di Campo e modellazioni numerechi. PhD esis,” Universitá Degli Studi Di Padova, 2008.

[77] V. D’Agostino and M. Cesca, “Reologia e distanza di arresto dei debris ow: sperimentazione su modello sico
a piccolo scala,” 2009.

[78] L. Marchi and V. D’Agostino, “Estimation of debris-ow magnitude in eastern italian Alps,” Earth Surf. Process.
Landforms, pp. 207–220, 2004.

[79] C. R. Chhorn, G. Kim, C. Y. Yune, and S. W. Lee, “Analysis of the Magnitude of Debris Flows in Korea,” Nat.
Hazards Rev., vol. 16, no. 4, p. 04015001, 2015, doi: 10.1061/(asce)nh.1527-6996.0000175.

[80] R. Perla, T. T. Cheng, and D. M. McClung, “A Two–Parameter Model of Snow–Avalanche Motion,” J. Glaciol.,
vol. 26, no. 94, pp. 197–207, 1980, doi: DOI: 10.3189/S002214300001073X.

[81] M. Hürlimann, R. Copons, and J. Altimir, “Detailed debris ow hazard assessment in Andorra: A
multidisciplinary approach,” Geomorphology, vol. 78, no. 3–4, pp. 359–372, Aug. 2006, doi: 10.1016/
j.geomorph.2006.02.003.

[82] M. Mergili, “r.avaow e mass ow simulation tool r.avaow 2.3 User manual,” 2020. https://www.avaflow.o
rg/manual.php.

[83] S. P. Pudasaini, “A general two-phase debris ow model,” J. Geophys. Res. Earth Surf., vol. 117, no. F3, p. n/a-n/
a, Sep. 2012, doi: 10.1029/2011JF002186.

[84] S. P. Pudasaini and M. Mergili, “A Multi‐Phase Mass Flow Model,” J. Geophys. Res. Earth Surf., vol. 124, no. 12,
pp. 2920–2942, Dec. 2019, doi: 10.1029/2019JF005204.

[85] P. Bartelt et al., “RAMMS - Rapid Mass Movements Simulation User Manual.” 2017.
[86] T. Baggio, M. Mergili, and V. D’Agostino, “Advances in the simulation of debris ow erosion: e case study of

the Rio Gere (Italy) event of the 4th August 2017,” Geomorphology, vol. 381, p. 107664, 2021, doi: 10.1016/
j.geomorph.2021.107664.

[87] G. Rosatti, N. Zorzi, D. Zugliani, S. Piffer, and A. Rizzi, “A Web Service ecosystem for high-quality, cost-
effective debris-ow hazard assessment,” Environ. Model. Sow., vol. 100, pp. 33–47, 2018, doi: 10.1016/
j.envso.2017.11.017.

[88] G. Rosatti and L. Begnudelli, “Two-dimensional simulation of debris ows over mobile bed: Enhancing the
TRENT2D model by using a well-balanced Generalized Roe-type solver,” Comput. Fluids, vol. 71, pp. 179–195,
Jan. 2013, doi: 10.1016/j.compuid.2012.10.006.

[89] S. Beguería, T. W. J. Van Asch, J.-P. Malet, and S. Gröndahl, “A GIS-based numerical model for simulating the
kinematics of mud and debris ows over complex terrain,” Nat. Hazards Earth Syst. Sci., vol. 9, no. 6, pp. 1897–
1909, Nov. 2009, doi: 10.5194/nhess-9-1897-2009.

[90] H. An, M. Kim, G. Lee, Y. Kim, and H. Lim, “Estimation of the area of sediment deposition by debris ow using
a physical-based modeling approach,” Quat. Int., vol. 503, no. September 2018, pp. 59–69, 2019, doi: 10.1016/
j.quaint.2018.09.049.

[91] S. M. Tayyebi, M. Pastor, and M. M. Stickle, “Two-phase SPH numerical study of pore-water pressure effect on
debris ows mobility: Yu Tung debris ow,” Comput. Geotech., vol. 132, no. October 2020, p. 103973, 2021, doi:
10.1016/j.compgeo.2020.103973.

Ingeniería y Universidad, 2025, vol. 29, ISSN: 0123-2126 / 2011-2769

https://www.avaflow.org/manual.php
https://www.avaflow.org/manual.php


Jessica Paola Páez Pedraza. Mud and Debris Flow Modeling as a Hazard Assessment Tool

[92] S. Egashira, N. Honda, and T. Itoh, “Experimental study on the entrainment of bed material into debris ow,”
Phys. Chem. Earth, Part C Solar, Terr. Planet. Sci., vol. 26, no. 9, pp. 645–650, 2001, doi: https://doi.org/10.
1016/S1464-1917(01)00062-9.

[93] T. Takahashi, Debris flow. Rotterdam, Netherlands: IAHR/AIRH, 1991.
[94] P. Shen et al., “Debris ow enlargement from entrainment: A case study for comparison of three entrainment

models,” Eng. Geol., vol. 270, no. September 2019, p. 105581, 2020, doi: 10.1016/j.enggeo.2020.105581.
[95] Z. Han, B. Su, Y. Li, J. Dou, W. Wang, and L. Zhao, “Modeling the progressive entrainment of bed sediment by

viscous debris ows using the three-dimensional SC-HBP-SPH method,” Water Res., vol. 182, p. 116031, 2020,
doi: 10.1016/j.watres.2020.116031.

[96] Z. Han et al., “Hydrodynamic and topography based cellular automaton model for simulating debris ow run-out
extent and entrainment behavior,” Water Res., vol. 193, p. 116872, 2021, doi: 10.1016/j.watres.2021.116872.

[97] B. Quan Luna, J. Blahut, T. van Asch, C. van Westen, and M. Kappes, “ASCHFLOW - A dynamic landslide run-
out model for medium scale hazard analysis,” Geoenvironmental Disasters, vol. 3, no. 1, p. 29, Dec. 2016, doi:
10.1186/s40677-016-0064-7.

[98] P. Horton, M. Jaboyedoff, B. Rudaz, and M. Zimmermann, “Flow-R, a model for susceptibility mapping of debris
ows and other gravitational hazards at a regional scale,” Nat. Hazards Earth Syst. Sci., vol. 13, no. 4, pp. 869–
885, 2013, doi: 10.5194/nhess-13-869-2013.

Notes

* Research article

Licencia Creative Commons CC BY-NC 4.0

How to cite this article: J. P. Páez Pedraza, “Mud and Debris Flow Modeling as a Hazard Assessment 
Tool” Ing. Univ. vol. 29, 2025. https://doi.org/10.11144/Javeriana.iued29.mdfm

https://doi.org/10.1016/S1464-1917(01)00062-9
https://doi.org/10.1016/S1464-1917(01)00062-9
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.11144/Javeriana.iued28.mdfm



