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Abstract: Debris flows (DFs) are dangerous events that can cause the complete destruction of build-
ings and infrastructure, such as bridges; DFs therefore represent a high risk to public safety in exposed
areas. The impact pressures due to these flows are essentially determined by the flow height, velocity
and density, but other parameters that are less often considered are also involved. We developed a
numerical model to evaluate the impact pressure of mass flows, focusing on a better description of
the influence of the blocks transported in these flows: the block size strongly influences the impact
pressure, which has a strong effect on structural damage. The numerical model proposed considers a
staggered, loosely one-way granular–fluid coupling based on a distinct-element-method code, using
the separate simulation results of a computing fluid dynamics code used to model the fluid phase.
This model estimates the impact pressure distribution due to blocks at the local scale of the obstacle;
the pressure due to the fluid phase can be added afterwards. The pressure applied by the DF increased
with the maximum block size for a given set of DF characteristics: velocity, height and apparent
density. The vulnerability of a given structure depends on the intensity of DFs: the pressure applied
on the structure is one of considerable intensity. The existing vulnerability functions are interpreted in
the light of the results obtained with the numerical model. This interpretation highlights the need to
integrate new parameters in the intensity to better evaluate structures’ vulnerability to debris flows.

Keywords: debris flows; numerical modeling; impact pressure; block size; vulnerability

1. Introduction

Debris flows (DFs) are rapid mass movements of mixed debris and water in river
channels that are common in mountainous terrains. They most often occur after heavy
rainfall, when rainwater can mobilize large amounts of sediment. Due to their high mobility,
debris flows can travel long distances, up to tens of kilometers [1]. The different types of
DF can be distinguished according to the sediment concentration, particle size distribution,
bulk flow density, and triggering phenomena. Debris flows are hazardous events that can
result in the complete destruction of civil structures such as buildings or bridges. A proper
assessment of the vulnerability of these structures should make possible more efficient risk
assessment, emergency management and mitigation measures [2–5].

Many flow simulation models exist, such as VolcFLOW [6], FLO-2D [7], LaharZ and
Titan2D [2,8]. They are useful for improving understanding of flow behavior and predicting
its spatial distribution in areas and for developing hazard and risk maps when coupled
with exposure challenges [9]. These digital programs or codes are used to simulate flows
and reproduce some of their effects. For example, [1] have distinguished at least three types
of numerical codes (1) statistical models, such as LAHARZ and DAN-W, which simulate
the “runout” distance [10,11]; (2) 2D models based on “depth-averaged shallow water”
equations by means of the conservation of mass and momentum by depth equations, such
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as TITAN2D [12] and VolcFlow [6]; and (3) 3D hydrological approach models based on a
Lagrangian code, such as “Smoothed particle hydrodynamics” (SPH) [13].

The literature provides several numerical approaches that are able to evaluate the
impact of a DF on a barrier or obstacle [14–16]. It can be modeled by continuum or discrete
approaches. In continuum approaches, the flow is often treated as a viscous fluid [17]. In
discrete approaches, the DF is modeled by an assembly of discrete particles [16,18,19]. The
motions of the particles and their interactions obey the fundamental laws of motion. The
interaction between the flow and the structure is always a challenge due to the complexity
of the problem.

In phenomenological terms, DF-induced damage results from three main forces:
(1) hydrodynamic pressure; (2) hydrostatic pressure; and (3) collision forces [20]. Density,
velocity, flow depth, and the minimum impact angle on the obstacle are all significant
parameters of impact forces, but some authors have added more parameters to this list
(see [1]). For instance, the block sizes carried by the flow and collisions with obstacles are
parameters that are not well studied in the literature, even though they have a significant
influence on the impact pressures [21].

The most recent simulations of DFs [3,17] focus on the hydraulic effect of the flow
without considering the contribution of the solid fraction. However, several authors em-
phasize the importance of this parameter in their research [22,23]. Our approach considers
a discrete method (DEM) with coupled computational fluid dynamics (CFD): the sensitivity
of the impact pressure results as a function of macroscopic flow parameters were evaluated
and validated [24]. Several parameters of the model related to the flows, such as the grain
size distribution and the shapes of the particles, or related to the structure, such as shape,
orientation, and number, remain insufficiently studied in the literature, in terms of their
influence on the impact pressure. In this paper, we focus on the influence of the block size
to better evaluate how it can influence the impact pressure on a structure, and suggest that
the block size can be utilized for better assessing the vulnerability of structures.

The model used here better accounts for the effect of block size on impact, without
being limited to a simple granular flow model. By using a DEM approach [25], the impact
forces of each block on the structure can be recorded. Thus, the distribution of individual
contacts between the blocks and the pillar can be plotted over time. This analysis provides
the impact pressure applied by the flow on the structure as a function of the particle size
and its position in the flow.

The objectives of this work are to (1) simulate a debris flow with given characteristics
in a channel with an obstacle, (2) show the influence of the block size on the impact pressure
on exposed structures and (3) provide a better estimate of structures’ vulnerability as a
function of this parameter.

2. Methods and Parameters
2.1. CFD-DEM Numerical Approach

Several methods exist to evaluate the impact of DFs on obstacles. These methods
are based on different approaches, ranging from: (1) pure granular models simulating
dry granular flows using DEM [19]; (2) fluid-granular models simulating the fluid–solid
mixture by coupling, for example, DEM and the lattice Boltzman method (LBM) [15];
(3) pure fluid models using, for example, the smoothed particle hydrodynamics (SPH)
method [17]. Single-phase (fluid or granular) approaches are generally numerically efficient,
in contrast to coupled approaches, which need longer computational times.

In this study, a staggered, loosely one-way granular–fluid coupling based on CFD-
DEM model is used to estimate the impact pressure of the DF at the pillar’s local scale by
better describing the effect of blocks [24]. The largest solid phases involved in the flow are
considered as blocks and explicitly modelled using DEM (PFC3D code, Itasca), whereas
the fine-grained solid fraction is integrated in the fluid phase. This simplified coupling is
useful to estimate the impact of DF on a pillar with reasonable calculation time [24].
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In the DEM part of the model, a linear contact law is used in normal and tangential
directions between blocks and between block and wall. A Coulomb friction criterion
is considered to limit the tangential component of contact force, with respect to normal
component. The block shape is spherical, so a linear rolling resistance law is added in the
contact model to mimic the effect of angular blocks by limiting the rolling of spherical
particles [26]. The rolling resistance law applies a moment on the particle, calculated
as follows:

∆Mr = −kr∆θb (1)

where ∆θb is the relative bend–rotation increment and kr is the rolling resistance stiffness.
The two-phase granular–fluid model uses CFD results that are obtained in the first

step and are subsequently used as input in the DEM approach (one-way coupling) in order
to take into account the effect of the fluid motion on blocks. The simulation of the fluid was
conducted with Telemac3d with the following boundary conditions: a constant flow rate Q
at the entrance of the channel and a constant flow depth h at the exit. More details on the
steps of the simulation process can be found in [24].

The fluid phase is considered to be a perfectly mixed system, with constant physical
properties and distribution of fine solids. It generates two effects on the blocks: Archimedes’
force and the drag force (Equation (2)). The drag force is expressed as follows [27]:

Fd =
1
2

cdρ f
πd2

4
‖ v f − vb ‖ (v f − vb)n−ζ+1 (2)

where ρ f is the density of the fluid (kg/m3), d is the block diameter (m), cd is the drag
coefficient, vb is the velocity of the immersed block (m/s), v f is the velocity vector of the
fluid phase (m/s), n is the solid fraction in the flow and ζ is a term ranging between 3.4
and 3.7.

In general, quantifying impact pressure is challenging: pressure depends on the flow
depth, density and flow velocity, but parameters related to the blocks or the structure are
poorly studied even if they are commonly supposed to influence this pressure [20,28,29].
In addition, the quantification of vulnerability depends on the impact pressure. Hence,
it is of interest to show the role of block size and argue that vulnerability functions can
be improved.

2.2. Physical and Mechanical Parameters of the Model

For the particle size distribution, blocks are distributed in four size classes, between
a minimum diameter dmin and a maximum diameter dmax. It is assumed that dmax is the
threshold between the fine-grained particles and the blocks: this threshold is selected to
reduce the number of blocks and, therefore, the calculation time [24]. The velocity field and
the flow depth of the fluid phase depend on the geometry of the channel and are used to
compute drag forces, as described in Equation (2). The model considers the movements of
the blocks and the fluid separately and integrates the effect of the fluid on the blocks.

The calibration procedure that is used to determine the parameters of the DEM model
is detailed by [24]. We determined the characteristics of the debris flow to be simulated
(Table 1). Next, we implemented some of the physical parameters of the model concerning
the particle size distribution and the proportion of blocks in the experimental debris flow
(Table 2). Finally, the mechanical parameters are set one after the other by order of influence
on the flow characteristics, following the calibration procedure (Table 3).

Table 1. Characteristics of the obtained debris flow.

Solid Fraction Apparent Density Flow Rate

55% 1867 kg/m3 40 m3/s
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Table 2. Input parameters of the numerical model of reference case.

Shape Block Size Porosity Flow Height Flow Velocity Froude Number

Sphere dmin = 0.1 m
dmax = 0.4 m 0.45 1.5 m 3.00 m/s 0.78

Table 3. Mechanical parameters of the model.

Normal
Stiffness

Tangential
Stiffness

Rolling
Resistance

Friction
Coefficient

Fluid
Density

Block
Density

Fluid
Viscosity

107 N/m 5 × 106 N/m 0.2 0.4 1100 kg/m3 2500 kg/m3 0.048 Pa.s

In the simulation runs, we kept the minimum diameter (dmin = 0.1 m) and increased
the maximum block diameter to four values of dmax between 0.4 and 1.5 m, with each value
representing one case (Figure 1). Upon checking the DF characteristics in a channel without
an obstacle, we obtained the same global flow characteristics as those listed in Table 1:
density, flow rate and solid concentration. To be more representative, for the subsequent
numerical results, four runs of the same flow case were simulated: each of the four runs
differed only in the blocks’ representative elementary volume (REV), which was randomly
generated within the corresponding particle size distribution curve.

Figure 1. Particle size distributions of blocks in the debris flow.

3. Results

Once the debris flow is calibrated, it is propagated in a channel with an obstacle for
the purpose of analyzing how the flow interacts with the structure. In this study, a channel
with a laterally centered square pillar was used (Figure 2).
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Figure 2. Example of simulation result of a DF in a linear channel with a centered pillar. Blocks
are colored with respect to their vertical position. The free surface of the fluid phase, obtained in a
previous CFD calculation [24], is also shown.

We simulated 12 s of flow, which was long enough to fill the channel completely and
to obtain a steady flow. Figure 3 shows the distribution of the average pressure applied
by the blocks on the obstacle as a function of the simulation time, for the four considered
values of dmax (0.4, 0.7, 1.0 and 1.5 m). The average pressure, which is directly provided by
the DEM model, is calculated from the spatial distribution of the contact forces between the
blocks and the pillar as a function of time. The time t1 = 5 s corresponds to the time when
the first block impacting the pillar. For t > 9 s, and disregarding the oscillations associated
with the discrete nature of the numerical model, the pressure seems to reach an average
plateau. Subsequently, for the following analysis of the results, the time-averaged value
of the pressure is calculated between 9 and 12 s. We also note that the dispersion of the
numerical results is higher when the block diameter increases: there are strong temporal
fluctuations of the pressures on the pillar. Indeed, this variability of the pressure can be
linked to the temporal variability of the collisions between the blocks and the pillar, due to
the size and the velocity of the blocks.

Figure 3. Cont.
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Figure 3. Total pressure applied by the blocks on a pillar as a function of simulation time for different
cases of dmax: (a) dmax = 0.4 m, (b) dmax = 0.7 m, (c) dmax = 1.0 m and (d) dmax = 1.5 m.

3.1. Effect of the Block Size

The study of the block size’s effect on the impact pressure was complicated by the
need to vary the block size of the solid phase randomly without changing the macroscopic
scale flow parameters, such as the bulk density, the velocity, etc. Several studies indicate
that particle size distribution remains an important parameter to study in order to highlight
its influence on the force or pressure exerted on an exposed structure [21–23,30].

Regarding the influence of the block size, we normalized the results as follows:

• To estimate the total pressure, the pressure applied by the blocks on the obstacles were
measured and added to the effect of the fluid phase through hydrostatic pressure. The
mean total pressure was calculated between t = 9 s and t = 12 s.

• The pressure was normalized to the density of the DF and the velocity (ρv2) with
ρ = 1867 kg/m3 and v = 3 m/s. We noted p̃ = pmax

ρv2 .

• The height was normalized to the flow height h in cases without obstacles.

Figure 4 shows the distribution of the total stress normalized by ρv2 as a function of
the vertical position in the flow measured from the bottom of the channel and normalized
by the total flow height against the obstacle ( z

h ) for different dmax: 0.4 (reference case), 0.7,
1.0, and 1.5 m. Considering the maximum pressure for each case, we note that the dynamic
pressure coefficient p̃ varies between 6.5 (for dmax = 0.4 m) and 9.5 (for dmax = 1.5 m). Indeed,
the maximum pressure exerted by the blocks on the pillar increases with the block size, for
which this coefficient p̃ increases. These results are in accordance with findings published
by [23,31], who reported that the highest maximum impact forces resulted from larger
blocks. These plots also show that the accumulation height of the blocks upstream of the
pillar (x = 15 m) is related to their size when the ratio z

h is equal to 1. The damming up of
the flow upstream of the pillar is relatively high in all cases and a value of z

h = 1.75 holds
for all cases, except for dmax = 1.5 m, for which z

h = 2.0.
Figure 5 shows the evolution of the average pressure applied by the simulated DF

on the pillar, according to the maximum diameter dmax. The standard deviation of each
pressure is calculated between t = 9 s and t = 12 s when the flow reaches a steady state. We
note that while keeping the same macroscopic flow characteristics (height and velocity),
the average pressure on the obstacle clearly increases with the size of the blocks.
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Figure 4. Normalized stress p̃ induced by DF versus normalized flow height on the pillar, for four
different dmax.

Figure 5. Average pressure applied by the blocks on the pillar as a function of the maximum diameter
of the blocks in the simulation (the standard deviation for the mean pressure is shown).

We can assume that the size, volume and mass of blocks indirectly influence their
position in the flow and their kinetic energy, which modifies the impact pressure measured
on obstacles and, therefore, has an impact on the vulnerability of structures.
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3.2. Influence of Individual Impacts on the Structure

The DEM provides information on every contact between elements developing in the
simulation, which enables us to analyze the individual impacts of the blocks on the pillar.
This model records the following data about contacts between the blocks and the pillar: the
size of the block involved in the contact, the position of the contact point, the time at which
the contact occurs, and the contact’s duration.

All the impact forces between t = 9 s and t = 12 s were stored and analyzed. Figure 6
shows the distribution of the maximal value of contact forces as a function of the block
diameter for four different dmax. In this time window, a total of 698 collisions occurred for
the coarser particle size distribution (dmax = 1.5 m) and up to 9618 collisions for the case of
dmax = 0.4 m. We note that blocks of the same size conveys stronger forces to the obstacles
when the particle size distribution is more extended: the effect of the large blocks is then
reflected in the smaller blocks, since they transmit greater impact forces directly to the
pillar, but also to the surrounding blocks. Additionally, for each case, it was shown that the
block size induces variation in the individual impact forces on the structure. As expected,
the force exerted by a block on the pillar increases with its size. For example, we note that
for dmax = 0.4 m, with a block that is 0.12 m in diameter, the contact force between the block
and the pillar is ten times that of a block of 0.38 m: this proves the need to consider the
block diameter in the calculation of the impact force before evaluating the vulnerability of
a structure.

Figure 6. Maximal impact force versus block diameter for h = 1.5 m and v = 3 m/s.

4. Discussion

In the literature, the empirical models used to predict pressure do not explicitly
consider the block diameter. The results of this study show the following: (1) the block
size is an important parameter for the measurement of pressure, since the DF pressure on
obstacles increases as the block size increases; and (2) the block size can therefore play a
role in the evaluation of vulnerability. Physical vulnerability is the degree of loss of a given
element located within a zone affected by a hazard: it is quantified on a scale of ranging
from 0 (no loss) to 1 (total loss) [32]. Numerous vulnerability functions are available: they
are generally based on macroscopic flow parameters, such as the flow height, velocity and
density [33–35].
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The results of our numerical model can be used to address some limitations linked to
existing vulnerability functions: for example, one flow characteristic alone (height, velocity
or pressure) is not sufficient to realistically calculate vulnerability [21,36]. However, it is
possible that other parameters have a greater influence on the evaluation of the vulnerability
than the studied parameter. The model used in this study can predict the range of pressures
on a structure by integrating a set of the physical and hydrological characteristics of the
flow (height, velocity, density and block size) and of the characteristics of the structure
(orientation and shape). Thus, the pressure and, therefore, vulnerability assessment can be
improved compared to when only one input parameter is considered.

The treatments of physical vulnerability (V) with curves and functions vary from
one study to another [21,36,37]. Hence, the first step is to choose an existing vulnerability
model from the literature. From this vulnerability function, we can compare the results
of the numerical model and, thus, estimate the damage level of the structure. It is also
possible to show that for the same DF, and depending on the flow characteristics (height,
velocity or pressure), three different values of vulnerability V are obtained. For example,
to apply the [33] model, which presents the three intensities of the flow (Table 4) we use
the flow height h to calculate a first value of vulnerability V1, the velocity v to calculate V2
and, finally, the mean pressure p to calculate V3. These functions confirm that a single DF
flow—here, h = 1.5 m and v = 3 m/s, resulting in an average pressure of 72 kPa—may result
in different vulnerability assessments, depending on the parameter considered, such as
V1 equal to 0.272, V2 equal to 0.179 and V3 equal to 0.489, for the same structure exposed.
As the impact pressure indirectly integrates other variables, such as the height, velocity
and, also, block size, it is a parameter of choice to characterize the intensity associated with
a flow.

Table 4. Vulnerability function proposed by [33] for reinforced concrete structures.

Intensity Vulnerability Function Case Study Example

Height h (m) V1 = 1− exp
(
−0.0005 h1.537) h = 1.5; V1 = 0.272

Velocity v (m/s) V2 = 1− exp
(
−0.0005 v2.775) v = 3 m/s; V2 = 0.179

Impact pressure p (kPa) V3 = 1− exp
(
−0.0005 p1.690) p = 72 kPa; V3 = 0.489

To better quantify the flow intensity and to improve the existing vulnerability function,
we should consider additional parameters, such as the block size, which is a parameter that
affects impact forces [21,28,38,39].

We have shown previously that the particle size distribution has an important influence
on the pressures induced by the flow on impacted structures. Table 5 shows an example of a
DF with fixed macroscopic characteristics (height and velocity), for which the vulnerability
V3 varies between 0.48 and 0.77, thus moving from a state of moderate damage (V = 0.3 to
0.6) to one of almost extensive damage (V = 0.6 to 0.8). This difference shows the importance
of the size of the blocks present in the flow and of taking into account the value of dmax.
This shows that a precise quantification of the impact pressure is necessary to better assess
the vulnerability of structures.

Table 5. Influence of maximal diameter dmax on average pressure Pmoy and vulnerability V.

h (m) v (m/s) dmax (m) Pmoy (kPa) V3

1.5 3

0.4 72 0.489
0.7 81 0.568
1 83.5 0.587

1.5 102 0.710

It is noticed that a vulnerability calculation based on flow velocity, height or pressure
will not give the same result when the particle size varies. Therefore, it is important
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to improve vulnerability calculations and to quantify the effect of the impact pressure
on vulnerability.

5. Conclusions

Debris flows are influenced by both solid and fluid forces, making them particularly
destructive phenomena. A CFD-DEM model was developed and used for evaluating debris
flow impact on structures on a local scale. The influence of the block size on the impact
force generated on the pillar was investigated.

We highlight the following results:

• The CFD-DEM model provides a precise average pressure value as a function of the
flow height, the flow velocity and the block size.

• The effect of the block size on the impact pressure is that the highest maximum impact
pressures resulted from coarser particle size distributions. There is a cumulative effect
of a high number of collisions on the impact pressure on the obstacle.

• The same flow, with given macroscopic characteristics (height, velocity, density),
induces different impact pressures depending on the particle size distribution of the
blocks transported and affects the distribution of the individual contact forces on
the obstacle.

• When the grain size distribution is spread out towards larger diameters, the temporal
variation in the pressure applied on the obstacle increases. Furthermore, blocks of a
given size imply greater contact forces when the maximum block size is greater. The
biggest blocks also affect the impact forces of the smallest blocks; therefore, they can
also exert stronger forces on the pillar.

A better understanding of the role of blocks in impact pressure mechanisms offers a
better form of analysis in the evaluation of vulnerability.
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