
ORIGINAL PAPER

SPH-based numerical investigation of mudflow and other
complex fluid flow interactions with structures

Dominique Laigle & Philippe Lachamp &

Mohamed Naaim

Received: 6 September 2006 /Accepted: 10 May 2007 / Published online: 31 July 2007
# Springer Science + Business Media B.V. 2007

Abstract The understanding of mudflow–structure interac-
tions and debris–flow structure interactions is of paramount
importance for the rational design of technical counter-
measures. However, to date, only a limited number of studies
have investigated this subject. We propose here a numerical
approach to this topic using a 2D vertical numerical model
based on the smoothed particle hydrodynamics (SPH)
method. First, we will test the capacity of the model to
simulate unsteady free-surface flows of water and viscoplastic
fluid in comparison to laboratory experiments. Then, we will
use it prospectively, based on a series of simulations of
Bingham fluid free-surface propagations, to determine the
momentum reduction resulting from the presence of a simple
obstacle perpendicular to the direction of propagation and to
determine the characteristics of stresses applied to this
obstacle in terms of peak pressure and evolution over time.
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1 Introduction

Mudflows and debris flows are rapid gravity-driven
unsteady flows of highly concentrated mixtures of water

and solid material with large grain size distribution. These
flows can cause major damage to human infrastructures,
especially damage resulting from the impact force poten-
tially exerted by the flow front. Many structures protecting
against mudflows and debris flows are installed in torrent
channels [8], and for the most part, are submitted to normal
impacts. These technical protection structures are set up to
reduce the flow dynamics and the subsequent destructive
effects. In addition, they have to be designed to resist the
force of the impact generated by the flow. However, to date,
the interaction between mud or debris flows and these
structures has rarely been studied in detail [1, 26]; as a
result, these structures are still designed mainly on the basis
of empirical rules. In this context, the first goal of the study
reported herein was to characterize the influence of
protection structures on mudflows and debris flows, mainly
to quantify the momentum reduction caused by the
structure. It is also necessary to characterize the force of
the impact applied on the structure. The resistance of
structures submitted to dynamic impacts depends upon the
peak intensity of applied stresses, their spatial distribution,
but also their evolution over time, which must be compared
with the structure’s specific reaction time. The second goal
of the present work was to study flow characteristics in the
vicinity of the structure to deduce features of the stresses
applied to it by mudflow or debris-flow impacts. This study
can also help in estimating potential damage to buildings or
other human infrastructures.

Most of the existing models simulating mudflow and
debris-flow propagation (see [24], for examples) are based
upon the depth-averaged approach [9]. The most sophisti-
cated of these models have proved their ability to accurately
simulate flows of fluidized granular masses [5] or dry
granular avalanches [6, 10, 21] across complex three-
dimensional terrain, showing that the influence of many
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types of structures on the flow can be captured by these
models. Furthermore, the interaction of granular free-
surface flows with obstacles was investigated in detail by
Gray et al. [7], who proved, by comparison with laboratory
experiments, that the depth-integrated approach can accu-
rately simulate the features of the flow in the vicinity of a
three-dimensional obstacle, and in particular, it can simulate
complex processes such as the formation of shock waves,
dead zones, or particle-free regions. However, the depth-
integrated approach suffers from a major limitation: only
depth-integrated values of velocities or pressures, for
instance, are computed, and all information on local values
along the vertical direction is lost. As a consequence, the
distribution of stresses applied to the upstream face of a
structure submitted to a normal impact cannot be studied in
detail when using this type of model. For this reason, a
modeling approach taking the vertical direction explicitly
into account has been preferred.

The theoretical study of the flow–structure interaction
that we present in this paper is based on the 2D vertical
model developed by Lachamp [14]. This model stems from
the smoothed particle hydrodynamics (SPH) numerical
method. SPH is a particle method for treating fluid
mechanics equations, typically Navier–Stokes equations
[20]: particles used in the method are not physical, they
must be considered as a means of representation of a fluid
having rheological characteristics given by an apparent
viscosity. This apparent viscosity makes it possible to
handle different types of fluids. In the present study, we
considered viscoplastic fluids with a Bingham or Herschel–
Bulkley type of rheological behavior suitable for mudflows
or viscous debris flows [4, 11, 23]. But other types of
rheology, suitable for granular flows, for example, have
been successfully tested, as reported by Lachamp et al.
[13], who use an approach similar to that proposed by Jop
et al. [12], or as reported by Rodriguez-Paz and Bonet [25].
After specific treatment of the fluid–channel bed interaction
[19], SPH is suitable for computing highly transitory free-
surface flows of complex fluids in complex geometries. The
present model presents similarities with the one proposed
by Rodriguez-Paz and Bonet [25]. These authors use a
slightly different cut-off function and equation of state (see
below) and also consider the generalized viscoplastic fluid
model proposed by Chen [2]. As pointed out by Rodriguez-
Paz and Bonet [25], several other numerical methods could
have been used to simulate mud or debris-flow–structure
interactions, especially the particle in cell method, the finite
difference, finite volume or finite element methods. Using a
computation mesh structure, these methods all present the
time-consuming problem of remeshing the flow domain as
the solution advances in time. In addition, other mesh-free
methods, such as the discrete element method, adopt a
noncontinuum approach that does not allow a fluid

constitutive equation to be introduced. In that context,
SPH can be seen as an alternative to other more classical
methods, presenting the advantage of solving the fluid
mechanics equations with relative simplicity, without the
problem of mesh structure and the ability to compute free
surfaces and flows easily across complex geometries.

This paper first presents the main features of the SPH
model with specific attention given to the treatment of
boundary conditions and rheological behavior. SPH simu-
lations of unsteady free-surface flows of water and visco-
plastic fluids are compared to experimental flows, with no
obstacle, of water and kaolin clay–water mixtures, respec-
tively. Then we present a series of numerical simulations of
Bingham fluid transitory flow–obstacle interactions. The
influence of the obstacle on both flow depth and momen-
tum is analyzed. Results are systematically compared to
reference flows (the same conditions but with no obstacles).
The evolution of local dynamic pressures applied to the
obstacle over time is also simulated. Values of the peak
intensity of pressures applied to the structure are given and
compared to those of the reference flow. Finally, the
evolution of the pressures over time is analyzed.

2 The SPH method

2.1 Presentation

SPH is a particle Lagrangian method that solves the
classical equations of fluid dynamics. It was originally
developed to simulate astrophysical phenomena [16, 18]. A
great deal of research has been conducted on compressible
fluids, but there are fewer studies on incompressible fluids
in the literature. To simulate incompressible fluid flows, the
most common technique consists in considering them as
weakly compressible fluids [20]. The momentum equation
for incompressible fluids [Eq. (1)] is thus solved; in the
meantime, the continuity equation for compressible fluids
[Eq. (2)] is solved. This method is the most frequently used,
even when compressible fluid flows are considered [17,
18]. The SPH method is able to compute the position of the
free surface of gravity-driven flows without specific
treatment (Fig. 1). The model computes local values of
pressure and velocity, two essential variables in the study of
flow–structure interactions. Pressure is computed using a
state equation, taking into account both hydrostatic and
dynamic effects. The model presented here is two-dimen-
sional in the vertical direction, and extension to a full 3D
model presents no theoretical problem. Only the treatment of
boundary conditions is slightly more difficult. However, for
reasons of computation time, we preferred to refrain from
using 3D analysis.
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2.2 SPH equations

2.2.1 Classical formalism

Equations of motion are based upon the classical continuity
and momentum equations for fluids interpolated between
unphysical particles, which have to be considered as a
discrete representation of a continuum. The interpolation is
based on a classical quadrature technique using a cut-off
function whose limit is a Dirac around the particle
considered. The most common cut-off function [19] is
written:

W sð Þ ¼ C

h1

1� 3s2

2 þ 3s3

4 ; 0 � s � 1
1
4 2� sð Þ3; 1 � s � 2

0; s � 2

8<
: ð1Þ

where s ¼ rj j
h r ¼ r!�� ���

is the distance between two
particles, and h depends on the initial spatial step Δx: for
the 2D case, h≅1.2Δx), 1 is the dimension of space, and C
takes the values 2

3 ;
10
7p ;

1
p , respectively, for 1=1, 2, and 3.

This polynomial form provides a strictly compact support
to the cut-off function W (Fig. 2).

Let us consider the classical momentum equation of
incompressible fluid mechanics:

d u!
d t
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σ
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and the continuity equation of compressible fluid mechanics:
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For free-surface flows, the source term F
!

reduces to
gravity g!. u! is the velocity vector, and s is the full
Cauchy tensor.

Using SPH formalism, the momentum equation is
expressed as:
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and the continuity equation is expressed as:

@ρα
@t

¼
X
β2G

mβ u
!

αβ:r!αWαβ ð5Þ

where exponents i and j stand for any coordinate with i≠ j.
Each particle α (resp. β) has a mass ma (resp. mb), a
velocity vector given by its coordinates uia (resp. uib, with
u!αβ ¼ u!α � u!β), a stress tensor s að Þ (resp. s bð Þ), and a
density ra (resp. rb). G is the set of particles in the domain
of interest. The derivative of W versus coordinates of
particle α is written as:

@Wab

@xi
¼ @

@xi
W

rab
h

� �
ð6Þ

where rαβ ¼ r!αβ

�� �� is the distance between particles α and
β. After Monaghan and Gingold [17], 9αβ is a numerical
viscous pressure possibly used when, for example, shocks
are considered:

9αβ ¼
�acμαβþbμ2

αβ

ρ�αβ
; u!αβ � r!αβ < 0

0; u!αβ � r!αβ � 0

(
ð7Þ

with:

μαβ ¼ h u!αβ � r!αβ

r2αβ þ η2
ð8Þ

and the average value of the density of particles α and β:

r�ab ¼
mara þ mbrb
ma þ mb

ð9Þ

0 h 2h

W

Fig. 2 Cut-off function W, illustration of the intensity of the
interaction of the central particle (left) with its neighbors versus their
respective distance

Fig. 1 Schematic view of SPH
particles constituting the fluid
domain submitted to a gravity-
driven flow. Inside the circle:
particles that have an influence
on the central particle
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For the treatment of free-surface flows, we adopt a=
0.01, b=0, and η=0.1 h [20]. c is the “average speed of
sound” of particles α and β.

2.2.2 Equation of state

As pointed out by Monaghan [20], one possible technique
to simulate incompressible flows with SPH would be to
work directly with the constraint of constant density.
However, considering that real fluids, such as water, are
compressible is generally preferred, with the assumption
that their speed of sound is much greater than the speed of
bulk flow. In fact, compressibility and speeds of sound and
bulk flow are linked by Δρ

ρ ¼ M2 (M is the Mach number
and is defined as M ¼ u!�� ��

c ). Thus, when the speed of sound
(∼103 m s−1 for water) is ten times the maximum bulk flow
velocity, the maximum compressibility is 1%.

SPH requires computing the pressure of each particle. To
achieve this, an equation of state is used that computes the
pressure value on the basis of density. We have adopted the
following simple expression, which gave satisfactory
results [12]:

Pa ¼ P0 þ c2 ra � r0ð Þ ð10Þ

where Pa and ra are the pressure and density of particle α,
P0 and ρ0 are constants generally taken as equal to the
initial pressure and density, respectively. First, it can be
noted that the relation @Pa

@ra
¼ c2 is verified. We can then

define the dynamic pressure as Pa ¼ ra u!a

�� ��2 and note
that it does not depend on the speed of sound, so that we
are allowed to choose a low, nonphysical value of c to
increase the time step in the application of SPH, provided the
adopted speed of sound value is sufficiently higher (at least 10
times, according to Rodriguez-Paz and Bonet [25]) than the
maximum speed of the bulk flow considered. In fact, this
technique has limited influence on computed velocities, but
greatly affects computed densities and therefore pressures.
Without further treatment, the pressure of each particle varies
rapidly around a mean value. To obtain a realistic pressure
distribution, it was necessary to adopt a smoothing technique.
This technique consists in regularly imposing (every n time
steps), to each particle, a density value equal to the mean
value over these n time steps of densities associated with this
particle. A typical value of approximately 20 for this
parameter n gave precise representations of the hydrostatic
distribution of pressures inside a steady flow and realistic
pressure distributions inside a highly transitory flow. As a
consequence, one can deduce that the physical significance of
local and instantaneous values of some of the flow variables
and particularly the pressures, can be uncertain. We will come
back to this problem in the Section 4.

2.2.3 Introduction of fluid behavior in the SPH method

Here, we consider mudflows and viscous debris flows to be
Herschel–Bulkley fluid flows [4, 23]. Within the SPH
approach, this rheology can be implemented using local
apparent viscosity whose value depends on the local shear
rate. To explain the procedure adopted, we first express the
Cauchy tensor used in equation (4), which can be written as:

s ¼ �Pdij þ T ð11Þ
where P is the pressure, δij is the Kroneker symbol, and T is
the deviatoric extra-stress tensor. The constitutive equations
for the rigid-viscoplastic Herschel–Bulkley model (and its
reduction to Bingham’s model) are [22]:

T ¼ 2μD if

ffiffiffiffiffiffiffi
trT2

2

q
> C c

D ¼ 0 if

ffiffiffiffiffiffiffi
trT2

2

q
� Cc

ð12Þ

where D is the rate of deformation tensor and μ is the
apparent local dynamic viscosity given by:

m ¼ K
ffiffiffiffiffiffiffiffiffiffiffi
2trD2

q n�1ð Þ
þ tcffiffiffiffiffiffiffiffiffiffiffi

2trD2
q ð13Þ

which combines the yield stress τc, the power-law index
n, and the liquid consistency K. In the special case of n=1,
the Herschel–Bulkley model reduces to the Bingham model.
Numerically, it is necessary to adopt a maximum value μmax

of the viscosity when the shear rate γ
� ¼

ffiffiffiffiffiffiffiffiffiffiffi
2trD2

q
becomes

very small. An example of the evolution of apparent viscosity
versus shear rate is given in Fig. 3. It should be noted that this
concept of apparent local viscosity can be used to simulate a
large number of fluids. One can consider that the viscosity
depends upon the local shear rate, as is done here, but also for
example on normal stresses, as would be required to simulate
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granular flows. In addition, it is possible to simulate several
fluids showing different features inside the same computation
domain, as has been done by Lachamp [14].

2.2.4 Boundary conditions

Let us consider here the influence of walls limiting the flow
domain. First, it is necessary to ensure that fluid particles close
to the wall are submitted to a repulsive force depending upon
the distance to the wall [20]. For the viscous fluids considered
here, it is also necessary to ensure a no-slip condition of the
flow at the wall.

In our case, the treatment adopted for boundary conditions
consists in building “ghost” particles, symmetrical to fluid
particles with reference to the wall, whenever they are at a
distance lower than 2 h [see Eq. (1)] from the wall. To ensure
a no-slip condition, the ghost particle velocity is opposite its
symmetrical fluid particle (Fig. 4). Pressure and viscosity of
ghost particles must also be defined. For example, when
considering free-surface flows, adopting the same pressure
and viscosity for fluid and ghost particles would lead to a
breakpoint in the pressure and viscosity gradients when
crossing the bottom wall. Extrapolating the pressure and
viscosity beyond the wall and imposing subsequent values to
ghost particles is then preferred (Fig. 5).

3 Comparison to experiments with no obstacles

The goal of this study was to compare SPH simulations to
experimental unsteady flows of water or viscoplastic fluids
of the dam-break type. Two sets of experimental data were
used. The first set comes from Martin and Noyce (1952)
reported by Monaghan [19]. It concerns water propagation

in a horizontal flume. Available data are the surge front
position and the height of the fluid column collapsing under
gravity versus time. The second set comes from experi-
ments we carried out in an inclined flume, using a
viscoplastic fluid. In this latter case, the experimental
equipment consists of a rectangular cross-section inclined
flume, 5 m long and 0.3 m wide. The model fluid is a
mixture of kaolin clay and water. This mixture is initially
stored upstream of a sluice gate, which is instantaneously
opened when the flow is triggered. The experimental
procedure is similar to that presented in Laigle and Coussot
[15]. Rheological properties of the mixture were measured
independently using a rheometer and parameters of the
Herschel–Bulkley constitutive law fitted to rheometrical
data, assuming a power-law index n=1/3, as proposed by
Coussot [3]. Four experiments were carried out in similar
conditions. Data measured on the viscoplastic fluid flow,
using a video camera, concern only the surge front position
versus time.

Characteristic dimensions of both experiments are de-
fined in Fig. 6, and results are plotted in Figs. 7 and 8, using
dimensionless time and length of surge front propagation.
SPH simulations of viscoplastic fluid propagation were

Fig. 4 Computation of boundary conditions with ghost particles
located symmetrically to fluid particles with reference to the wall and
opposite velocity vectors to represent the no-slip condition
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carried out with 2500 particles and water propagation with
900 particles. Figures 7 and 8 show good agreement
between simulated and experimental surge front propaga-
tion versus time for both fluids. Figure 7 shows excellent
agreement between simulated and experimental evolution
of the height of water column versus time. These results
were obtained without calibration of any friction coefficient
or rheological parameter. Monaghan’s [20] computation of
the surge front position does not match the experimental
data as well as our own computation reported in Fig. 7. To
explain the slight discrepancy observed, Monaghan spec-
ulates the effect of basal drag not accounted for in his SPH
calculation. The main differences between Monaghan’s
model and our model bear upon the equation of state and
the treatment of boundary conditions. But while Monaghan
considered only a repulsive force depending upon the
distance of fluid particles to the wall, we adopted techniques

which also ensure a no-slip condition of the flow at the wall
(see Section 2.2.4). One can reasonably assume that this no-
slip condition is more appropriate and explains why our
simulations better match experimental data.

Apart from the results presented in the present paper,
Rodriguez-Paz and Bonet [25] also successfully simulated
experimental and natural avalanches of dry granular
material. Thus, one can consider that the capacity of SPH
to simulate the propagation of surges of various types of
fluids, including viscoplastic fluids, has been proved. This
was a compulsory basis to the numerical investigation of
the flow–structure interaction presented below.

4 Interaction of unsteady flows with obstacles

4.1 Presentation of simulations

This part numerically analyzes the effect of geometrically
simple fixed and rigid obstacles on unsteady flows of yield
stress fluids. Simulations are the result of dam-break-type
propagations carried out in similar conditions with a limited
volume of material and defined as follows.

Only one Bingham fluid is considered with apparent
viscosity (in Pa s) given by: μapp ¼ min 35:

γ
� þ 20:;1000:

� �
. The

steepness of the inclined flume is either 10 or 20%. Initial
depth of material H0=0.3 m (Fig. 6). An obstacle consisting
of a wall perpendicular to the flume bottom is located at
abscissa Xobs ¼ 10

3 H0 ¼ 1:0 m. The height of the obstacle
Hobs=1, 2, 3, 4, or 5 cm. We also define three observation
points or “sensors” downstream from the obstacle at abscissa
X1 ¼ 4:H0 ¼ 1:2 m, X2 ¼ 5:H0 ¼ 1:5 m, and X3 ¼ 6:H0 ¼
1:8 m (Fig. 9). Each of these sensors records the instanta-
neous velocity, discharge, momentum, and kinetic energy
and the momentum and kinetic energy integrated over a
period of time. Computations are limited to a maximum real
flow time Tmax=10 s, which corresponds to a very slow flow,
close to stoppage. The main goals of this prospective part
are, on the one hand, to estimate the influence of the obstacle
on the flow by comparison between flows with and without
an obstacle (the latter called the reference flow) downstream
of the obstacle position. On the other hand, we study the
dynamic pressures applied to the obstacle and compare them
to pressures developed inside the reference flow.
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4.2 Momentum reduction due to structure

We define the instantaneous momentum as follows: as the
flow is almost one-dimensional, only the component u of
the velocity parallel to the bed is considered, and its product
to density is integrated on flow depth h. Thus, the
momentum is written as:

mom ¼
Zh

0

ru zð Þ: d z ð14Þ

In fact, numerically, it is computed in 2D by summing
all miui of particles i present in a band perpendicular to the
bed whose width is given by Δx, the initial spatial step.
Figure 10 gives an example of this type of result at sensor
position X1. It should be noted that we consider here local
and instantaneous values of particle velocities. The time-
scale of records is thus relatively small compared to the
smoothing time scale presented in paragraph 2.2.2. This
explains the rather noisy signal observed in Fig. 10. In fact,
this observation of local and instantaneous flow variables
takes place at a scale, which given the inevitably limited
number of particles, is at the limit of SPH capacity to
simulate real flows. Results obtained at this spatial and time
scale have to be considered carefully. To reduce this
problem and also to better estimate the influence of the
obstacle by comparison to the reference flow, it is worth con-
sidering the momentum integrated on time and defined as:

imom Tð Þ ¼
ZT

0

mom tð Þ: d t ð15Þ

Using this expression, the difference between flows with
and without an obstacle is clearly shown, and when the
flow stops, the difference of integrated momentum is
actually the momentum absorbed by the obstacle. An

example of the evolution of the integrated momentum over
time is given in Fig. 11, which shows the general trend of a
momentum reduction that clearly depends upon obstacle
height (in the range 0≤Hobs≤5 cm). An overview of the
results obtained for various slopes and sensor positions is
given in Table 1, which compares integrated momentum of
flows with an obstacle to the reference flow at time Tmax=
10 s. We first note that the relative influence of an obstacle
with a given height is systematically lower at the steeper
slope. For example, with an obstacle height Hobs=5 cm,
integrated momentum reduction ranges from 56 to 86% on
a 10% slope, whereas it ranges from 27 to 33% on a 20%
slope. We also note that the reduction in integrated
momentum increases with the distance between the obstacle
and the sensor considered, so that at a similar slope, this
reduction is systematically higher at sensor position X3 than
at X1. As the results in Table 1 are established at a given
time, it may be that a longer simulation time would reduce
the difference between successive sensor positions. To
check this, a few simulations with a much longer maximum
time of 120 s were carried out, but we concluded that
increasing the time does not substantially modify the
results.
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Fig. 11 Examples of the evolution of integrated momentum versus
time

Table 1 Influence of obstacle height Hobs on the flow momentum
downstream of the obstacle, comparison to the reference flow
momentum

Slope 10% 20%

Sensor X1 X2 X3 X1 X2 X3

Hobs=1 cm 0.77 0.65 0.46 0.89 0.86 0.82
Hobs=2 cm 0.69 0.58 0.37 0.86 0.83 0.78
Hobs=3 cm 0.62 0.51 0.27 0.82 0.79 0.74
Hobs=4 cm 0.53 0.38 0.14 0.77 0.75 0.70
Hobs=5 cm 0.44 0.31 0.14 0.73 0.71 0.67
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The momentum reduction can originate in the flow depth
reduction or in the flow velocity reduction. In fact, it was
noted that the presence of an obstacle tends to reduce the
flow depth at sensor positions in a range generally between
0 and 20%, while the reduction in integrated momentum
can, for example, reach values as high as 86% at sensor
position X3 on a 10% slope and height of obstacle Hobs=
5 cm. Consequently, the presence of the obstacle essentially
tends to reduce the flow velocity.

4.3 Stresses applied to the structure

Because of the unsteady nature of the flows considered, the
pressure applied to structures is rather dynamic. In this
sense, the design of protection structures should consider
the evolution of pressure over time, especially its rising
phase, as well as its maximum value. All results presented
here consider the dynamic pressure in the vicinity of the
upstream face of the obstacle.

4.3.1 Maximum pressure applied to the obstacle

Pressures are observed here within a rectangular “window”
in contact with the upstream face of the obstacle, with the
same height as this obstacle and a width equal to 2Δx (see
Section 2.2.1). The pressure considered here is, at any time,
the maximum pressure value of any particle inside this
window. In that sense, it must be considered as a local
pressure and not as a mean pressure applied to the upstream
face of the structure. The evolution of the maximum
pressure over time is given in Fig. 12 for an obstacle
height of Hobs=5 cm and a 20% slope and compared to the
pressure of the reference flow with no obstacle at the same
location. In fact, the pressure of the reference flow is
always very close to the simple hydrostatic pressure at the
bottom wall and is closely related to the flow depth. Even

for long simulation times, the pressure does not return to
zero. When an obstacle is present, this is due to the mass of
material trapped upstream of the structure, and when there
is no obstacle, it is attributable simply to the effect of the
yield stress governing the thickness of deposits.

In Fig. 12, both obstacle and reference flows show a
pressure peak shortly after the first contact between the
flow and the obstacle. The latter shows a very rapid rise in
the pressure with a high peak value. This peak is followed
by a very rapid drop and a secondary peak. This secondary
peak, however, was not systematically observed in all
simulations. After the peak, both flows show a rapid
decrease in pressure, which then gradually becomes slower
and slower, reaching a quasi-constant pressure value after a
few seconds. It can be noted that the pressure curves in
Fig. 12 are not smooth but present a large number of
oscillations. Once again, as brought out in the Section 4.2,
here we consider local (within a narrow band) and
instantaneous values of particle pressure. The timescale of
the records, relatively small compared to the smoothing time
scale, explains the rather noisy signal observed in Fig. 12.

Several simulations were carried out with different
obstacle heights ranging from 1 to 5 cm, showing that the
peak pressure value increases with this height. It is partic-
ularly interesting to compare the computed peak pressure
value in the presence of an obstacle with pressures that can
be deduced from the reference flow. With this goal in mind,
here, we consider two possible reference pressures:

– the peak pressure value of the reference flow (as
mentioned previously, it is close to the hydrostatic
pressure under the maximum flow depth). This peak
pressure P10%

ref ¼ 2200 Pa on a 10% slope and P20%
ref ¼

1800 Pa on a 20% slope:
– the theoretical dynamic pressure of the reference flow,

defined as Pth ¼ rU
2
with ρ the density and U the mean

velocity over the reference flow cross-section (over the
flow depth in the 2D case presented here). This
theoretical dynamic pressure P10%

th ¼ 1090 Pa on a
10% slope and P20%

th ¼ 1970 Pa on a 20% slope:
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Fig. 12 Evolution of pressure versus time at slope=20%, comparison
between the reference and obstacle flows with an obstacle height of
3 cm

Table 2 Peak pressure applied to the obstacle compared to both
reference pressures

Reference pressure Maximum pressure
of reference flow
Pref

Theoretical
dynamic pressure
Pth=ρU

2

Slope 10% 20% 10% 20%

Hobs=1 cm 1.14 1.39 2.29 1.27
Hobs=2 cm 1.82 1.94 3.67 1.77
Hobs=3 cm 2.5 3.05 5.04 2.79
Hobs=4 cm 3.18 3.61 6.42 3.3
Hobs=5 cm 3.86 3.89 7.8 3.55
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The comparison of the simulated peak pressure value in
presence of an obstacle to both reference pressures is
presented in Table 2. As can be seen in this table, the peak
pressure in the presence of an obstacle is systematically
higher than the peak pressure of the reference flow. The
ratio between these pressures shows moderate values for
the lowest height of obstacle considered, Hobs=1 cm, but
increases regularly with this value up to values of
approximately 4 for the height of the obstacle Hobs=5 cm.
Similar conclusions can be drawn when considering the
theoretical dynamic pressure as the reference pressure. In
that case, however, the ratio between the peak pressure in
presence of an obstacle and the reference pressure can reach
values of approximately 8 in the case of Hobs=5 cm with
slope=10%. In practice, protection structures against mud-
flows or debris flows are often designed by considering the
hydrostatic or the dynamic pressure and multiplying this
value by an empirical safety coefficient. The results
presented here show that actual peak pressures depend a
great deal on flow conditions and reach values roughly five
to ten times the theoretical dynamic pressure. This ratio is
higher than the safety coefficients classically used by field
engineers, which typically range from 2 to 5.

4.3.2 The pressure rising phase

To investigate precisely the rising phase of stresses applied
to the obstacle, we conducted one simulation with a high
frequency of data storage. For this simulation, presented in
Fig. 13, we stored results every 10−4 s with the obstacle
height Hobs=5 cm and the slope=20%. The timescale
begins at the moment of first contact Tcon of the particles

with the obstacle, and the pressure is scaled by the peak
pressure value Pmax=6,990 Pa. It can be noted that the
pressure jumps very quickly from 0 to the peak pressure
within a period of time of 7.10−4 s. Only two oscillations,
whose intensity is limited, precede the peak value. After the
peak, the pressure immediately drops, showing no constant
phase, so that residual pressure is only 1/4 of the peak
pressure only 0.1 s later. For the same reasons as for the
case illustrated in Fig. 12 (see Section 4.3.1), Fig. 13 shows
large oscillations in the simulated pressure, whose ampli-
tude clearly diminishes with time. The period of these
oscillations varies with the density smoothing time step
adopted, thus, proving the major influence of this param-
eter. However, varying the smoothing time step does not
modify the peak pressure value. In addition, three different
values of the numerical sound speed (c=20, 35, and
150 m s−1) were adopted to carry out the same simulation.
Within this range of variation, the sound speed value
influences neither the peak pressure nor the duration of its
rising phase.

5 Conclusion and perspectives

Understanding and quantifying mudflow–structure interac-
tions and debris flow–structure interactions is of paramount
importance for the rational design of technical counter-
measures against these phenomena, but can also be used for
the assessment of potential damage to human infrastruc-
tures. However, to date, only a limited number of studies
have been conducted on this subject. We have presented
here a numerical approach to this topic using a new
numerical model based on the SPH method. After present-
ing the main features of the numerical model, we showed
how well it simulates experimental, unsteady free-surface
flows of viscoplastic fluids in the absence of an obstacle.
On the basis of this first very positive result, we conducted
a prospective study based only on numerical simulations,
which analyzed the effect of simple obstacles perpendicular
to the main flow direction. Two main topics were
investigated: first, we studied the flow downstream of the
obstacle to compute the momentum reduction attributable
to the presence of an obstacle; second, we studied the
pressure in the vicinity of the upstream face of the obstacle
to compute the stresses applied on this obstacle, their peak
intensity, and evolution over time. It must be noted that the
present study is based on the computation of local and
instantaneous variables at a scale which, given the
inevitably limited number of particles, is at the limit of
SPH capacities. The results presented are valuable but
remain theoretical and still need to be confirmed. In other
words, the numerical model has to be seen as a tool whose
goal is to help us in analyzing impact features but which
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Fig. 13 Evolution of pressure versus time with obstacle height Hobs=
5 cm and slope=20%, detailed part showing the time of the pressure
increase between the first contact and the pressure peak: 7.10−4 s in
this case
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still needs to be validated by further numerical investiga-
tions, and of course, by comparison to experiments. Such
experiments are currently in progress at Cemagref. In these
experiments, we produce a rapid release of a transparent
viscoplastic fluid (mixture of water and Carbopol®).
Internal properties of the flows in the vicinity of obstacles
(immediately upstream or at a distance downstream of the
obstacle) are measured using the Particle Image Velocim-
etry technique and stress sensors installed on the upstream
face of the obstacle measure the pressure and its evolution
over time. However, the experimental study of the
interaction phenomenon is not sufficient for several
reasons: first, it is always difficult to respect similarity
criteria; consequently, results established on a small scale
cannot all be transposed to the real scale. Second,
measurement techniques have their own limitations so that,
for example, it is not currently possible to install a large
number of pressure sensors on the obstacle. Alternatively,
the numerical investigation does not have this type of
limitation, but confidence in the models can only be
obtained when they have been sufficiently compared to
experiments. Consequently, one can reasonably assume that
neither the numerical nor the experimental investigation is
sufficient in itself to fully characterize the impact phenom-
enon. This is why we have adopted a general strategy of
studying mudflow–structure interactions and debris flow–
structure interactions combining experiments and numerical
models. The present paper has essentially presented the
latter tool within the whole approach.
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