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Abstract
In this study, the material point method (MPM) is used to simulate and analyze the onset and evolution of the failure of a sand
dike due to seepage flow. To that purpose, a MPM formulation in conjunction with an elastic-perfectly plastic soil model with
Mohr-Coulomb failure criterion is used. For comparison, the onset of failure is also simulated with the standard finite element
method. The results show that the double-point MPM formulation can satisfactorily model the essential features of the failure
mechanism of the dike.
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1. Introduction
The safety of dams, dikes and embankments is an important issue in many areas worldwide. In particular, in the
Netherlands the problem has a great impact because three major European rivers (the Rhine, Meuse, and Scheldt)
flow through the country protected by over 18000 km of dikes. The failure of a dike may compromise the safety of
the country, since approximately 27 percent of the Netherlands is below sea level and in this area over 60 percent of
the country's population (almost 16 million people) lives.
The failure of a dike can be caused by several mechanisms, e.g. macro-stability, overtopping, heave, piping,
erosion (internal and external) which can be studied by using numerical or analytical methods. Some of these
methods are mainly focused to identifying the conditions which lead to the onset of failure. However, nowadays the
interest is extended to quantify the risks related to each failure mechanism, and for this reason methods that can fully
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describe the entire failure process from the beginning, where the displacements are small, to the very end after
extremely large deformation are foremost important.
This paper describes the failure of a sand dike induced by seepage flow. This is a soil-liquid interaction problem
which includes large deformation of soil, possibly together with fluidization and sedimentation of sand. Fluidization
and sedimentation occur in the contact zone between soil and free surface water, where the conventional concepts of
soil mechanics, based on the existence of a soil skeleton, do not longer apply and there is a transition zone between
free surface water and solid skeleton. Such processes may occur in case of erosion of a dike induced by water flow,
and the prediction of the final configuration is strongly related to the ability to correctly simulate both the failure
mechanism together with fluidization-sedimentation processes.
Hence, the simulation of the entire process cannot be carried out using small-deformation analysis methods. The
use of a large deformation analysis approach such as the recent advances of material point method (MPM) that can
take into account the interaction of soil and water is rather more appropriate.
The original formulation of MPM was developed by Harlow (1964) [1] for fluid mechanics and then applied to
solid mechanics [2] and dry granular materials [3, 4, 5]. Later, the method was extended to handle saturated soils [6]
with a numerical approach which uses the velocity of both solid and liquid constituent as the primary unknowns.
This formulation was applied to several small and large deformation problems and is able to capture the physical
response of saturated soil under dynamic loading. However, only one set of material points is used for both the solid
and the liquid phase; therefore groundwater flow and the transition between free surface water and groundwater
cannot be captured as well as fluid-like behavior of the soil, which is typical for fluidization and sedimentation
problems. Recently, a formulation with two sets of material points (so-called double-point formulation) was
proposed [7, 8, 9, 10] to overcome such difficulties. Extensions to the original double-point formulation were first
presented in [11] and then extended in [12].
Since the sand dike failure due to seepage flow is not only a soil-liquid interaction problem which includes large
deformation of soil but also involves fluidization and sedimentation of sand, the double-point formulation [12] is
used in the current study. Concepts of the double-point formulation are summarized in the following section.
2. Concepts of the double-point MPM
The motion of both solid and liquid material points is described by the system of momentum balance equations,
using the velocity fields v S and v L for solid and liquid constituents, respectively:

Ñ × s 'S + (1 - n )Ñ × s L + r S g + f d = r S
n (Ñ × s L ) + r L g - f d = r L

D S vS
Dt

D Lv L
Dt

(1)
(2)

The terms r S and r L are respectively the partial densities of the solid and liquid, computed as the ratio of the
mass of each constituent with respect to the reference volume; n is the soil porosity, and s 'S and s L are
respectively the effective stress tensor for solid and the stress tensor for liquid. g is the gravity vector. Da va Dt
indicates the material time derivative of va with respect to the movement of the constituent a .
In equations (1) and (2), f d is the drag force vector exerted by the liquid on the solid part, and the Forchheimer [12]
equation is used to compute it as:

f d = n2

F 3
m
n r L | v L - v S | (v L - v S )
(v L - v S ) +
k
k

(3)

where m is the dynamic viscosity of liquid and k is the soil intrinsic permeability. The first term in equation (3) is
commonly named the Darcy term whereas the second term describes the additional drop of the hydraulic head
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observed at high flow velocities, which is common in soils with large porosity. The Kozeny-Carman formula [13] is
used to update the soil intrinsic permeability as follows

k=

D 2p

n3
A (1 - n) 2

(4)

where Dp is the grain size diameter and the coefficient F is computed as:

F=

B
An 3/ 2

(5)

where A and B are constant values set respectively to 150 and 1.75 [8].
The fluidization and sedimentation process can be described in this formulation by defining first the behavior of
fluidized and non-fluidized mixtures. The soil porosity n is the parameter used to distinguish between the two
aforementioned states. In low-porosity mixtures, the grains of the solid skeleton are in contact and the behavior is
described by constitutive models developed for granular materials (solid-like response). Conversely, in high-porosity
mixtures the grains are not in contact and float together with the liquid phase. In this case, the effective stresses are
equal to zero and the response of the mixture is described by the Navier-Stokes equation (liquid-like response). The
two aforementioned states are distinguished through the maximum porosity nmax, which is the maximum value of the
porosity for a given soil in its loosest state. In case of solid-like response, the effective stress rate in solid MPs is
calculated using the soil constitutive law. In case of liquid-like response, the effective stress in solid MPs is set to
zero. The fluidization occurs only if the grains are significantly separated, so that the porosity is larger than nmax. In
the reverse process, i.e. the sedimentation of a fluidized mixture, the porosity decreases due to the fact that the solid
grains get closer to each other. However, the effective stresses recur only if the porosity is smaller than nmax, i.e. the
grains are close enough to be in contact.
3. The failure of a dike due to seepage flow
The double-point MPM formulation is used to model the failure of a dike due to seepage flow. The problem
refers to a small-scale dike and the geometry is shown in Fig. 1. The height of the dike is 1 m, the base is 4.2 m and
the slope angle is approximately 27 degrees. The dike is made of homogeneous monogranular sand (Dp = 2 mm)
with absence of fines, and is built on a stiff and impermeable rock layer. The height of the upstream reservoir is
assumed to be 0.8 m at the beginning of the simulation. The hydraulic head is initialized as shown in the figure.
Only the downstream side of the dike is studied, considering the domain A-B-C, and the hydraulic head is
assumed equal to the reservoir on the line A-B (i.e. no head loss in the upstream part of the dike with respect to the
line A-B).
A linear elastic perfectly plastic constitutive model with a Mohr-Coulomb failure criterion is used for the solid
skeleton and a Newtonian compressible constitutive model is used for the liquid. The parameters for both
constitutive models are listed in Table 1.
The Anura3D [17] code is used for the simulations and it has only tetrahedral elements. Plane-strain conditions
are assumed in the simulation by considering only one row of tridimensional elements. The computational mesh
shown in Fig. 2 consists of 16695 4-node tetrahedral elements.
At the beginning of the calculation, 8 material points (MPs) per element (4 liquid and 4 solid MPs) are assigned
to the soil domain and 10 MPs are assigned to the free water. The upstream and downstream water reservoirs have a
width respectively 2 m and 1 m. No inflow or outflow boundary condition can be specified in the current version of
Anura3D [17], i.e. material points cannot be added or removed during the simulation in order to keep the upstream
water level constant. For this reason, the water level changes in the reservoirs during the simulation as the liquid
material points move from the upstream to the downstream side.
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At all boundaries the displacements are constrained in normal direction and free in the longitudinal one. The rock
surface is modeled as fully rough, so that the solid displacements are fully constrained in horizontal direction. The
horizontal displacements are also constrained for the solid material points along the cross section A-B.

Fig. 1. Geometry of the problem.
Table 1. Parameters of the constitutive models.
Material parameter
Density of grains
Young modulus
Poisson ratio
Initial porosity
Maximum porosity
Grain diameter
Friction angle
Dilatancy angle
Cohesion
Water density
Water bulk modulus
Water viscosity

Symbol
rS
E
n
n
nmax
Dp
j
y
c
rL
KL
m

Value
2700
1000
0.15
0.4
0.5
2
35
5
0
1000
20000
8.905 10-7

Unit
kg/m3
kPa
mm
degrees
degrees
kPa
kg/m3
kPa
kPa s

The initial stress in the soil and free water is calculated during an initial phase by linearly increasing the gravity
acceleration from 0 to 9.81 m/s2, so that the system can gradually update the stress distribution in equilibrium with
the external forces and the boundary conditions. During this phase, the horizontal displacements of the water are
constrained; this boundary condition is removed during the subsequent phases.
The soil permeability is calculated according to Kozeny-Carman formula [13] using the updated porosity,
resulting in k = 5.3 cm/s at the beginning of the simulation. Since Equations (1) and (2) are solved with an explicit
time integration scheme, the bulk modulus of the water is reduced by a factor of 20 in order to reduce the
computational time but still large enough compared to the bulk modulus of the solid skeleton. The results are shown
only over a limited part of the domain labeled as “area of interest” (AOI) as shown in Fig. 2.

Fig. 2. Discretised domain of the simulated problem.

M. Martinelli et al. / Procedia Engineering 00 (2016) 000–000

5

3.1. MPM results
Fig. 3 shows the soil porosity at the location of the solid material points for t = 6, 8, 14 and 23 seconds, together
with the position of the liquid material points. The porosity can vary approximately from 0.4 to 1.0 but the legend
has a narrower limit to focus on the range below the maximum porosity (n <nmax).
The initial porosity is set to 0.4. As soon as the simulation starts, pore pressures at the toe of the dike increase and
the drag forces exerted by the water flow tend to move the solid material points to the right of the domain into the
empty reservoir. Plastic shear strains are induced into the soil and, due to the positive dilatancy angle, the porosity
increases accordingly. Initially (t=6s) the porosity increases only at the toe of the dike whereas, as the simulation
proceeds (t=8s), the change in porosity propagates also along the shear plane. At the toe of the dike, the porosity of
the soil increases until it exceeds the maximum porosity and fluidizes.
As the time passes (t=14s) the extension of the fluidized zone progressively increases, moving backwards from
the toe of the dike towards the crest, and the fluidized material located at the toe of the dike is moved into the
downstream reservoir due to the water flow. Such a movement is very slow in time since the bottom boundary for
the soil is modeled as perfectly rough. Such a boundary condition is rather an extreme case and can represent the
condition offered by a rough and irregular rock surface with many vertical fractures.
Large increase in porosity is also observed along the failure surface (t=23s), where some solid material points
have a fluid-like behavior. This evidence is not realistic and it is associated to the extremely simplified constitutive
model which has a constant dilatancy angle, independent of the plastic strains. Therefore, along the failure surface
where most of the shear strains are concentrated, the response of the constitutive model produces a progressive
increase in volume which leads the soil to overcome the range of solid-like behavior.

Fig. 3. Liquid material points and porosity of solid material points.

3.2. Modeling the onset of failure with FEM
For comparison, the problem is also simulated using the FE method with the commercial code PLAXIS 2D [16],
where the small strain FE formulation is used to model the onset of failure. Figure 4 shows the computational mesh
(1640 15-node triangular elements) together with the two materials defined for this problem, both modeled as soils.
Soil1 represents the dike where the seepage and most of the hydraulic losses take place. Conversely, Soil2 is used on
both sides of Soil1 to fictitiously simulate the reservoirs for the free-water.
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Figure 4: Computational mesh in PLAXIS 2D.

The soil parameters (for Soil1) are the same as those used in the MPM simulations. Soil2 is modeled as linear
elastic material and Table 2 shows the mechanical parameters. The Van Genuchten model is used in Soil1 and Soil2
to describe the transient water flow through the dike and the water reservoirs. The parameters of the Van Genuchten
model are listed in Table 3, where ga, gn and gl are fitting parameters: ga is related to the air entry value of the soil,
gn is a function of the rate of water extraction from the soil as soon as the air entry value has been exceeded, and gl
affects the decrease of permeability with suction.
It is worth noticing that only the Darcy term is used in PLAXIS to calculate the soil-water viscous interaction
(first term in equation 3). For this reason, an additional MPM analysis is performed using the Darcy law and the
results are compared in Figure 5. The results are represented only in the “area of interest” (AOI), as shown in Figure
4.
Table 2: Parameters of the constitutive models of Soil-2.
Material parameter

Symbol

Value

Unit

0.01

kN/m3

10.01

kN/m3

Saturated unit weight

gdry
gsat

Young modulus

E

1

kPa

Poisson ratio

n

0.45

-

Dry unit weight

Table 3: Parameters of the van Genuchten model.
Material parameter

Symbol

Value

Unit

Change of permeability

ck

0.875

-

Residual saturation

Sres

0.05

-

Maximum saturation

Ssat

1

-

Fitting parameter

ga

25

1/m

Fitting parameter

gn

3

-

Fitting parameter

gl

5

-

Fitting parameter

gl

5

-

The FE results show the deviatoric strain contour together with the position of the water table for three time
instants: 2, 6 and 14 seconds. As the analysis starts, the pore pressures at the toe of the dike increase and the soil
strength decreases, so that strains are developing. Initially (t=2s) the deviatoric strains are concentrated at the toe of
the dike whereas, as the time proceeds (t=5 and 14s), the shear strains are also propagated along the failure plane.
The failure mechanism described using FE analysis is the same as the one with the MPM. Indeed, initially the
porosity increases (as a result of the positive dilatancy angle) at the toe of the slope and then such a volume change
propagates along the failure surface. The dimension of the soil mass above the failure surface is the same in both
simulations, and the position of the water table throughout the computational domain is approximately the same in
both FE and MPM for each time instant.
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It is worth noticing that the failure process shown in Figure 5 with the Darcy law is faster than the one presented
in Fig. 3, which is computed with the Forchheimer law with Ergun coefficients. In case of Darcy law the complete
failure surface is clearly identified after 6 seconds whereas for the Forchheimer law the same condition occurs only
after 8s. Such a significant difference highlights the importance of using a more advanced expression to calculate the
drag forces (e.g. Forchheimer equation) compared to the Darcy law in order to have an accurate description in time
of the failure process.
Lastly, it is worth mentioning that the FE analysis cannot provide any additional information regarding the
evolution of the failure process after the complete mobilization of the strength along the failure surface. Such
information can be obtained when taking into account large deformations by updating the mesh (UpdatedLagrangian formulation). However, in this case, even the large deformation approach suffers from element
distortion and cannot be used. Therefore, MPM seems to be a suitable approach for this purpose as it can simulate
the problem from the beginning, where the displacements are small, towards the end after extremely large
deformation.

Figure 5: (left) Deviatoric strains obtained from FE simulations. (right) MPM results using Darcy law.

4. Conclusions
The onset and the progression of the sand dike failure due to seepage flow are successfully simulated in this study
using the double-point MPM formulation using Anura3d [17]. It is shown that MPM can satisfactorily simulate the
problem. The onset of failure is also simulated using the FEM to verify the MPM results; however, the small-strain
FEM analysis cannot provide any additional information regarding the evolution of the slope failure, and even the
large deformation FE approach cannot be implemented as it suffers from element distortion.
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It is worth mentioning that the use of Mohr-Coulomb constitutive model is only a first attempt. However, in
future analyses a more advanced critical state constitutive model is necessary for modeling more realistic soil
behavior.
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