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Levees are essential structures in flood defense systems, and their failures can lead to devastating
consequences on the surrounding territories. One of the failure mechanisms mostly controlled by the
foundation soil stratigraphy is the instability of the land side slope, triggered by the development of high
uplift pressures in the foundation. This complex phenomenon has been investigated experimentally with
centrifuge tests or large-scale tests and numerically with the limit equilibrium method (LEM) and the
finite element method (FEM). In this work, we applied a multiphase formulation of the material point
method (MPM) to analyze the development of toe uplift instability mechanism, from the onset of failure
to large displacements. The numerical model is inspired by an experiment carried out in a geotechnical
centrifuge test by Allersma and Rohe (2003). The comparison with the experiment allows for under-
standing critical pore pressure triggering large displacements in the foundation soils. Moreover, we
numerically evaluated the impact of different values of foundation soils’ hydraulic conductivity on the
failure mechanism. The results show that hydraulic conductivity mainly influences the time of failure
onset and the extension of shear localization at depth. Finally, the advantages of using large displacement
approaches in the safety assessment of earth structures are discussed. Unlike FEM, there are no issues
with element distortions generating difficulties with numerical convergence, allowing for full post-
failure reproduction. This capability permits precise quantification of earth structure damages and
post-failure displacements. The ensuing reinforcement systems’ design is no longer over-conservative,
with a significant reduction in associated costs.
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1. Introduction

Levees are essential structures in flood defense systems, and
their failures can have devastating consequences on the sur-
rounding territories. Levees’ failures have different types and their
instability mechanisms can be subdivided into hydraulic failures
where internal or external erosion processes govern the instability
evolution, and macro-instabilities where soil strength reductions
control failure triggering. Despite this classification can aid in
preliminary recognition, it is far from understanding the
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complexity of stability analysis and support design in serviceability
and ultimate limit state conditions, especially when several phys-
ical processes concur to the levee stability. As a water-retention
earth structure, levees exhibit a geotechnical behavior strongly
controlled by hydromechanical interactions evolving over elapsed
time. These interactions depend, for example, on the combination
of hydraulic loads, the unsaturated soil state, and the hydrome-
chanical responses, in addition to the heterogeneities of the levee
and foundation soils.

One of the failure mechanisms most controlled by the founda-
tion soil stratigraphy is the instability of land side slope triggered by
the development of high pressures in the foundation, which is often
accompanied by the formation of sand boils. This can occur when
there is a foundation layer with high hydraulic conductivity relative
to the embankment and in communication with the water basin.
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The development of uplift pressure at the toe of the embankment
can lead to failure by triggering two different mechanisms: (i)
backward erosion piping, i.e. an internal erosion process due to
seepage forces, and (ii) global instability caused by a localized
decrease of soil shear strength in the foundation. The focus of the
present research work is on the second mechanism.

One of the first documented cases of collapse due to pressure
uplift was reported in Cooling and Marsland (1953), who showed
that the embankment failure at Dartfort Creek (UK) in 1953 was
caused by the development of high pore-water pressure in the
underlying layers of permeable sandy gravel. In the Netherlands,
the failures of Wolpherense dike in 1981 and Streefkerk dike in
1984 could be attributed to uplift pressures (Van et al., 2005).
Amabile et al. (2020) showed that the large deformations devel-
oped at the levee crest of the Adige River near San Floriano (Italy) in
1981 was triggered by pore pressure build-up at the toe. The pore
pressure build-up was driven by two-dimensional (2D) seepage
effects due to high contrast in permeabilities on the land side.
Furthermore, according to Van et al. (2005), the uplift stability
mechanism is dominant for more than 50% of the dikes in the
Netherlands and the frequency is increasing due to the natural land
subsidence and water level rise.

Experimental and numerical approaches have been applied in
understanding the toe-uplift failure mechanism, including
geotechnical centrifuge tests (e.g. Hird et al., 1978; Padfield and
Schofield, 1983; Allersma and Rohe, 2003) and large scale field
test (e.g. Koelewijn et al., 2004; Van et al., 2005). In centrifuge tests,
the control of geometry, materials, boundary conditions, and the
possibility of monitoring displacements with pictures taken from
the model side (cross-section of the embankment) allow a better
understanding of types of failure mechanism.

Among the numerical tools used to investigate these full-scale
test and centrifuge test results, the approaches available are
based on the limit equilibrium method (LEM) (Bishop, 1955; Van
et al., 2005), and the finite element method (FEM) (Allersma and
Rohe, 2003; Redaelli et al., 2011). The factor of safety (FS) is
commonly defined as the ratio between the maximum available
shear strength and the mobilized shear stress. Using LEM, the FS is
generally calculated based on equilibrium of driving and resistance
forces assuming an arbitrary shape of the failure surface and rigid-
plastic soil behavior. Bishop’s method is one of the most widely
used LEMs; however, due to the assumption of a circular failure
surface, it cannot accurately represent the uplift mechanism. In
contrast, Van’s method accounts for a non-circular slip surface (Van
et al., 2005) and thanks to its simplicity, this method has progres-
sively gained popularity in the geotechnical community. In FEM,
the FS calculation is implemented with the strength reduction
method (SRM). The failure surface is a result of the model and does
not need to be defined a priori as that in LEM because the model
considers the stressestrain behavior of the soil (Griffth and Lane,
1999). Koelewijn et al. (2004) observed that there are two main
issues in reproducing the toe-uplift failure mechanism with com-
mercial FEM software (e.g. Plaxis): (i) in cases with a safety factor
(defined as the vertical weight divided by the water pressure in the
sand layer) lower than 1.04 (Van et al., 2005), numerical difficulties
occur; and (ii) additional assumptions and parameters are required
such as elastic moduli, initial stress state.

Modeling the slope deformation beyond the onset of failure is
not possible with both LEM, Van’s method and FEM. However,
quantifying the deformations occurring in these structures is
important for a reliable risk assessment. This requires simulation of
large displacements, which is possible using other methods such as
material point method (MPM), smoothed particles hydrodynamics
(SPH), arbitrary Lagrangian-Eulerian methods (ALE), among others.
The MPM is a continuum, particle-based technique suitable to
Please cite this article as: Girardi V et al., Failure of levees induced by t
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model history-dependent materials (Sulsky et al., 1994) like soils,
and themethod is very popular in the geotechnical community (e.g.
Fern et al. (2019)). In recent years, several multiphase formulations
have been proposed to describe the behavior of saturated and un-
saturated soils (Abe et al., 2013; Jassim et al., 2013; Martinelli, 2016;
Yerro et al., 2015, 2022; Kularathna et al., 2022), and unsaturated
MPM was applied to predict the behavior of water retention earth
structures (e.g. Ceccato et al., 2019a, 2021; Girardi et al., 2021). In
this paper, the toe-uplift instability process is simulated with MPM,
showing that the kinematic behavior of the slope can be predicted
from failure onset to large displacements. The MPMmodel refers to
as the centrifuge experiment performed by Allersma and Rohe
(2003) and the experimental and simulated results are compared
with respect to the critical water levels and the associated failure
mechanism.
2. Uplift mechanism

Levees failure induced by toe uplift is a macro-instability
mechanism triggered on the land side, but in some instances it is
able to spread to the entire levee and finally results in a massive
collapse of the earth structure. This mechanism occurs in a specific
stratigraphic condition, as shown in Fig.1. In the levee foundation, a
layer with high permeability, usually a coarse material, has hy-
draulic continuity from riverside to land side. When the water level
increases, the pressure in the coarse layer rises accordingly, and
high excess pressure can be reached if the layer is confined by a low
permeability layer. The confining layer, typically a soft material like
clay or peat, is characterized by a very low mechanical strength.

As a result of increased pore pressures at the base of the
confining layer, the shear strength at this location is significantly
reduced. In these conditions, sliding takes place along the interface
between the two materials, while uplift near the toe area occurs
(see Fig. 1). When the contribution to the sliding resistance from
the toe is missing from the overall strength, the levee slope may
start translating toward the land side, with displacements of the
order of meters (Bezuijen et al., 2005).

It is noted that when the pore pressure at the interface between
the coarse and soft layers counterbalances the weight of the soft
layer above it, the uplift occurs and a thin space between the two
soils is created (visible in Fig. 1) which is then filled with pressur-
ized water. It is conventional to define as uplift length the thin
water zone forming between coarse and soft layer, characterized by
constant pore pressure which is equal to the overburden of the soft
layer. This length was analytically analyzed by Barends (1988)
considering stationary and nonstationary flow below the
embankment, with infinite or finite extension of the land side.
Barends (1988) concluded that the analytical expression provides
only an order of magnitude for the uplift length, since it tends to
overestimate 25%e100% of the actual length.

The toe-uplift failure mechanism is more likely to occur in high
levees, where the high water levels necessary to generate uplift
pressures can be reached without overtopping. Moreover, this
mechanism occurs in stratigraphic conditions very similar to those
characterizing backward erosion piping, but the two mechanisms
should not be confused. Backward erosion piping is a type of in-
ternal erosion that occurs in coarse soils, such as fine- andmedium-
sand, including silt fraction as well. The erosion pipe propagates
below the embankment towards the upstream side, and free water
flowing in the pipe can cause a local reduction in soil strength and
an excessive enlargement of the pipe, often followed by embank-
ment failure (Cola et al., 2021). The sand boiling at the land slide
during flood is a clear evidence to distinguish this phenomenon
from the one under analysis.
oe uplift: Investigation of post-failure behavior using material point
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Fig. 1. Schematic process of uplift induced slope failure in the stratigraphic setting of a sand layer under a clay or peat layer in the levee foundation (Adapted from Van et al., 2005).
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3. Material point method

The MPM was initially developed for monophase materials in
solid mechanics applications (Sulsky et al., 1994), and it was later
extended to multiphase mixtures for soil mechanics applications
(Abe et al., 2013; Jassim et al., 2013; Martinelli, 2016; Yerro, 2015;
Ceccato et al., 2021). In the MPM, two discretizations are presented.
On one hand, each continuum body is discretized with a cloud of
material points (MPs), which store all material properties, stresses,
and kinematic variables. On the other hand, a computational mesh
covers the entire domain of potential movement and guarantees
the resolution of governing equations at the mesh nodes. A map-
ping procedure is used to pass information from the mesh nodes
and to theMPs and vice versa. Large displacements are simulated as
the positions of the MPs are updated independent of the mesh.

At the beginning of a computational step, the material infor-
mation, kinematic and stress variables are stored in the MPs.
Therefore, this information needs to be mapped from the MPs to
the background mesh nodes by means of shape functions (Fig. 2a).
Then, the momentum balance equations can be solved at the nodes
and accelerations (primary unknowns) are obtained (Fig. 2b). The
solution of the momentum balance equation system is followed by
the update of kinematic quantities at MPs, using interpolation
functions. In this manner, it is possible to update strains and
Fig. 2. Computational scheme of MPM: (a) Information mapping to the nodes; (b) Resolutio
housekeeping update (i stands for the node entity).

Please cite this article as: Girardi V et al., Failure of levees induced by to
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stresses (secondary unknowns) at MPs, according to a predefined
constitutive model (Fig. 2c). Lastly, the MPs positions are updated,
and the mesh is reset to the original location (Fig. 2d).

The behavior of levees and, more generally water retention
earth structures, is strongly governed by hydromechanical in-
teractions. When considering the levee body, the unsaturated
conditions generally prevail most of the time, while the levee
foundation can be either unsaturated or fully saturated in normal
conditions. A recent unsaturated formulation proposed by Ceccato
et al. (2021) and implemented in the open-source code Anura3D
(2022) is used to study the toe-uplift failure mechanism to ac-
count for this complex multiphase behavior.

The set of governing equations is the momentum balance of the
liquid and of the mixture (Eq. (1) and (2)), the mass balance for
liquid and solid (Eq. (3) and (4)), the constitutive law for the liquid
which is assumed weakly compressible in Eq. (5), the constitutive
model for the solid in incremental form expressed in Eq. (6), and
the compatibility equations (Eqs. (7) and (8)):

rLaL ¼ VpL � f dL þ rLg (1)

nSrSaS þ nLrLaL ¼ divðsÞ þ rmg (2)
n of momentum balance equations at the nodes; (c) MP quantities update; and (d) MP

e uplift: Investigation of post-failure behavior using material point
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vðnSrSÞ = vt þ divðnSrSvSÞ ¼ 0 (3)

vðnLrLÞ = vt þ divðnLrLvLÞ ¼ 0 (4)

vrL = vpL ¼ �rL=KL (5)

Dss
�
Dt ¼ Dep�Ds

ε

�
Dt

�þ h0�Dss
�
Dt

�
(6)

Ds
εL

.
Dt ¼ 1

.
2
h
V� vL þ ðV� vLÞT

i
(7)

Ds
εS

.
Dt ¼ 1

.
2
h
V� vS þðV� vSÞT

i
(8)

where aL and aS are the accelerations of the liquid and the solid,
respectively; f dL is the interaction force between the phases,
expressed as f dL ¼ ðnLmL =kLÞðvL � vSÞ, under the validity of Darcy’s
law; nL ¼ nSL and nS ¼ ð1 � n) are the volumetric concentration
ratios, in which SL is the saturation degree and n is the porosity; mL
is the dynamic viscosity of the liquid and kL is the intrinsic
permeability; vL and vS are the velocities of the liquid and the solid,
respectively; g is the gravity vector, rL and rS are liquid and solid
densities which are used to compute the mixture density; rm ¼
nSrS þ nLrL; KL is the bulk modulus of the liquid; Dsð ,Þ= Dt is the
material derivative with respect to the solid motion; Dep is the
tangent stiffness matrix; h0 is a constitutive vector. ε is the strain
tensor; V ¼

�
vð,Þ
vx ;

vð,Þ
vy ;

vð,Þ
vz

�T
is the operator of partial derivatives,�

indicates the cross product and T indicates the transpose of a vec-
tor; pL is the liquid pressure.

The total stress s is related to the liquid pressure pL considering
Bishop effective stress principle (Eq. (9)):

s ¼ s0 þ SLpLm (9)

wherem is a unit vector, s0 is the effective stress and the saturation
degree SL is a function of suction using the soil water retention
curve (SWRC).

The hydraulic model consists of the SWRC and the hydraulic
conductivity curve (HCC), the latter expresses hydraulic conduc-
tivity as a function of the saturated hydraulic conductivity and
degree of saturation. Detailed explanations about the SWRC and
HCC implemented in Anura3D can be found in previous studies (e.g.
Ceccato et al., 2021; Girardi et al., 2021). Eqs. (1) and (2) are dis-
cretized in space using the Galerkin approach and solved for the
nodal accelerations. Eqs. (3)-(8) are solved at the MP level. The
semi-explicit Euler-Cromer time discretization scheme is adopted
and the critical time step size is determined according to the
studies of Mieremet (2015) and Yerro et al. (2022).

Boundary conditions for the solid are fixities and tractions,
while for the liquid are impermeable boundaries, pressures or total
heads, rainfall/evaporation, and potential seepage face. The
Fig. 3. Sketch of the principal features of the baseline centrifuge test (model sc
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potential seepage face is applied at the borders where it is un-
known whether the condition is a flux or a pressure. With this
condition, the liquid can flow out of the soil at zero pressure and
cannot enter in unsaturated conditions. Additional information on
implementation strategies related to each condition can be found
in Ceccato et al. (2021).

4. Investigation of levee failure and post-failure with
centrifuge tests and MPM simulations

4.1. Baseline physical test

In this section, we introduce the physical test used as a reference
to apply MPM in the study of the toe uplift mechanism. The
reference experiment is part of a series of tests conducted by
Allersma and Rohe (2003) in a geotechnical centrifuge at Delft
University of Technology, in 2003. These experiments aim at
reproducing in a controlled environment the conditions triggering
toe uplift collapse mechanism, in order to improve our under-
standing of the phenomenon. The presence of berms and trenches
is tested experimentally. The standard dike test (without rein-
forcement systems) is considered here as a reference for the MPM
model.

In the centrifuge test, the levee is built at the model scale, with
dimensions reported in the sketch of the experimental configura-
tion in Fig. 3 (dimensions of the levee at prototype scale are also
added in parentheses). In the selected case, the levee and the
shallow foundation layer are built with the same material (kaolin
clay), while the deep layer is made of sand. Strength parameters are
computed based on consolidated undrained triaxial tests (see
Table 1).

The reservoir (in Fig. 3 referred to as water tank) representing
the riverside is progressively filled with water; this is hydraulically
disconnected from the levee body due to the presence of a plastic
membrane that prevents seepage in the levee body and in the clay
foundation. The reservoir is connected to the deep sandy layer with
a tube. A small vertical polystyrene wall is placed on top of the
levee, allowing water levels higher than the levee’s crest to
generate higher pressure in the sand layer. At the other end of the
layer, the total head in the sand is controlled with a height-
adjustable drain, at a fixed height of 2 cm above the ground level
(Rohe and Allersma, 2000).

The centrifuge is accelerated in steps of 10g until the final value
of 120g is reached in approximately 15 min. The reservoir level is
initially half the levee height, and it is progressively raised to the
maximum value, along with the gravity increment. From the pic-
tures of the experiment (Fig. 4c), it shows that the maximum level
(H) is between 6.5 cm and 7 cm.

The evolution of collapse is displayed in the centrifuge test with
respective gravity levels (see Fig. 4). This graphical representation
(adapted from Rohe and Allersma (2000)) is done by subtracting
greyscale values of the current phase from the previous phase to
ale). The dimensions at prototype scale are reported in parentheses in red.

oe uplift: Investigation of post-failure behavior using material point
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Table 1
Material parameters for the MPM model of toe uplift induced instability.

Parameter Sand Clay

rS ðkg =m3Þ 2610 2542
rLðkg =m3Þ 1000 1000
n 0.355 0.3
KL ðkPaÞ 60,000 60,000
mL ðkPa sÞ 10�6 10�6

avð1 =kPaÞ 6 � 10�3 4 � 10�4

ksatðm =sÞ 7.44 � 10�3 7.44 � 10�5

E ðkPaÞ 55,860 5520
n 0.33 0.15
40 ð�Þ 37 22
c0 ðkPaÞ 0 10

Fig. 4. Relative displacements at three progressive increments of the gravity level in the ce
Allersma, 2000).

Fig. 5. MPM model of centrifuge test (prototype scale): (a) Boundary conditions for the
initialization; and (c) Boundary conditions for the liquid after initialization.
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highlight deformations. In Fig. 4a, the displacements resulting from
accelerating from 1g to 90g are shown. At this step, the slip surface
is still not visible and the water level is low (half the dike height). In
Fig. 4b, the displacements from 90g to 100g caused by the accel-
eration can be seen. A sliding mass is now visible, bounded by an
active sliding surface. In Fig. 4c, the displacements between 100g
and 120g are shown. Meanwhile, the water level has also increased
at the height of the crest. A secondary shallow slip plane is created
over which the levee slides. Afterward, a passive slip plane arises
due to the increasing horizontal deformation. This slip plane forms
an approximate straight line. On the right side of this line, no
deformation can be recognized anymore.
ntrifuge test: (a) 1g�90g; (b) 90g�100g; and (c) 100g�120g (adapted from Rohe and

solid for the entire simulation time; (b) Boundary conditions for the liquid during

e uplift: Investigation of post-failure behavior using material point
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Table 2
Boundary values of the imposed nodal pressures at the model bottom.

Phase Dt (min) pL jx¼0 m (kPa) pL jx¼50 m (kPa)

1 8 �82 �82
2 45 �102 �82
3 116 �122 �82
4 182 �142 �82
5 202 �162 �82
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4.2. Numerical model set up

The MPM model is built considering the main geometrical fea-
tures of the experiment at the prototype scale, following the well-
known similitude ratio in Eq. (10):

Lm
�
Lp ¼ 1

�
N (10)

where N is the amplification factor of gravity, which in the refer-
ence experiment assumes a final value of 120; and Lm and Lp are
geometrical lengths in the model and the prototype, respectively.
Plain strain conditions are assumed. The geometry of themodel and
the mesh discretization are reported in Fig. 5. The mesh is made of
3-noded triangular elements with an average edge size of 0.8 m. At
the beginning of the simulation, 3 MPs are assigned to each
element.

The properties of the two materials are listed in Table 1. Liquid
bulk modulus KL is reduced to 60,000 kPa. This assumption is made
to speed up the computation and numerical stability. Preliminary
analyses showed that the bulk modulus is still sufficiently high to
not affect the physics of the phenomenon under analysis. Thewater
retention properties are not reported in the reference paper, so
simplified linearized SWRCs (Eq. (11)) are used:

SL ¼ 1� avpL (11)

where av is calibration parameter, which is based on the literature
for similar materials (Lu and Likos, 2004).

The hydraulic conductivity function for each material is
assumed constant (not changing with the saturation degree), equal
to the saturated hydraulic conductivity value. In the experiment,
the saturated hydraulic conductivity of clay is kc ¼ 1:16�
10�9 m=s, while in the numerical model a higher value is used, as
reported in Table 1. The final value of clay hydraulic conductivity in
Fig. 6. Imposed nodal pressure along the bottom edge of the model during the five
subsequent phases.
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Table 1 represents a compromise between minimizing the
computational cost and best matching with the experimental
outcome. In Section 5, the impact of hydraulic conductivity of the
clay layer on the MPM simulation is investigated.

An elastic-perfectly plastic Mohr-Coulombmodel is used for the
soil response of both materials, with parameters based on the
experimental values (Allersma and Rohe, 2003). The Young’s
modulus is selected considering the unloading path which is most
representative of the phenomenon under analysis. A mass scaling
of 100 is used to reduce the computational cost and a small value of
damping, equal to 0.05, is used to guarantee numerical stability
(Ceccato et al., 2019b).

The boundary conditions for the solid phase are shown in
Fig. 5a, which remain constant for the entire simulation. The choice
of fixing the inner slope is related to the experimental configura-
tion, where the reservoir, gradually being filled, acts in a stabilizing
manner for the riverside slope, which otherwise would tend to
collapse before the maximum water level is reached. The bottom
edge of the model is fully fixed, whereas the other lateral edges are
normally fixed. Pressure and stress are initialized with the
K0-procedure (K0 ¼ 0.5), assuming that the water table is at the
interface between sand and clay. The initial location of the water
table guarantees the unsaturated conditions of the levee body and
the clay foundation layer. One load step of quasi-static gravity
loading is run after the K0-procedure to improve the stress distri-
bution. During initialization, the bottom is impermeable (see
Fig. 5b). The hydraulic boundary condition on the inner slope is
impermeable, resembling the plastic membrane effect, while on
the land side a potential seepage face is assumed. After initializa-
tion, only the bottom boundary condition for the liquid is changed
to an imposed pressure (see Fig. 5c). The applied pressure has a
linear distribution with a maximum on the left side pLjx ¼0 m and a
minimum on the right side pLjx¼50 m. The first changes in its
magnitude during simulation, resembling water table rising in the
reservoir, while the latter is constant as the drain height is kept
fixed in the experiment. The term “Phase” in the following is used
to define a part of the simulation characterized by a specific dis-
tribution of nodal pressure at the bottom.

In the MPM model, a uniform initial distribution of imposed
nodal pressure equal to �82 kPa is assumed (Phase 1), which cor-
responds to a water column of 2.4 m above ground level and equals
to the height of the drain. This condition is maintained for 8 min. In
the MPM code used (Anura3D), compressive stresses have a
negative sign, and the same convention stands for pressures (in
fact, suctions are positive pressures).

The values at the extreme nodes of the model having the linear
distribution, i.e. x ¼ 0 m and x ¼ 50 m, are reported in Table 2. Each
new pressure distribution defines a new phase of the simulation
with a certain duration, also reported in Table 2. The horizontal
pressure gradient at the bottom boundary tends to become steeper
progressively, as displayed in Fig. 6.

From Fig. 4, the position of the maximum water level is identi-
fied during the experiment (H¼ 7.8e8.4m), which corresponds to a
pressure of approximately �120 kPa at the interface between sand
and clay. This means that the critical pressure distribution capable
of triggering the instability should be between Phase 3 and Phase 4.
Phase 5 does not have an experimental counterpart and is carried
out to numerically explore the evolution of failure in the event of an
additional pressure increase.

TheMPs near section S1 are highlighted in Fig. 5c. Information is
extracted from the S1 MPs to monitor the stresses and pressures at
the interface between sand and clay. Furthermore, in the same
figure, three locations are selected (crest, interface, and toe) to track
the evolution of MPs kinematic variables in the next section.
oe uplift: Investigation of post-failure behavior using material point
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4.3. Results

As introduced in the previous sections, the problem under
analysis is strongly controlled by three main aspects: stratigraphy,
material properties, and variation of hydraulic boundary conditions
(mainly the pressure in the sand layer). Among the objectives of the
MPM model, we aim at identifying the critical pressure gradient at
the interface between sand and clay, triggering failure, and the
consequent displacements. These displacements can be completely
reproduced by the MPMmodel, in response to each modification of
the boundary conditions.

Figs. 7 and 8 illustrate stress and deformation, respectively. It
should be noted that the pressure at the interface between sand
and clay does not correspond to the imposed pressure at the bot-
tom. Therefore, it is necessarily decreased by a factor (gwh), where
gw is the water specific weight and h is the thickness of the sand
layer. This pressure, stored at the MPs, is computed along the
interface section S1 at each computational step and compared with
the total vertical stress along the same section in Fig. 7. The over-
burden stress on the land side, considering a clay thickness of 3.6m,
outside the load footprint of the levee, is equal to 73.44 kPa. As a
reference, this value is reported in Fig. 7 with a horizontal red line.

Each panel of Fig. 7 shows the stresses along S1 corresponding
to the end of each phase. It is visible that, starting from t ¼ 169 min
(end of Phase 3), the liquid pressure values approach the total
vertical stress values near the toe between x ¼ 30 m and x ¼35 m,
thus uplift occurs. Consequently, a shear failure surface develops,
and acceleration of displacements is observed. This is visualized in
Fig. 8 which reports contours of deviatoric strain and norm of
displacements. At t ¼ 169 min, high deviatoric strains are observed
near the interface between sand and clay and extend both toward
the land side toe and the river side crest.

For the corresponding displacements, the displacement vectors
near the land side are oriented upward and toward the land side,
with maximum displacements equal to 13 cm. The direction of
movement appears as the onset of a rotation. At the same time,
along the interface, between x ¼ 20 m and x ¼ 25 m, vectors are
horizontal and directed toward the land side, showing a trans-
lational movement. Lastly, the vectors along the surface of the land
side show an upward movement. At t ¼ 170 min (beginning of
Phase 4), pressure increases and the failure process is fully trig-
gered (Fig. 8). At this time, the slip surface is more marked and
continuous, with an overall increment of strain. The displacement
vectors show that themovement is characterized by a translation in
the foundation, near the levee’s toe, and a roto-translation of the
levee slope. This result is distinctive of the phenomenon under
analysis, and well captured by the MPM.

During Phase 4, the process evolves, with displacements even
higher than 1 m. Consistently, in the range 25 < x < 35 m, the total
stress and pressure are approximately equal along S1, as visible in
Fig. 7 at the end of Phase 4 (t¼ 351min). The subsequent increment
of pressure (Phase 5) triggers additional movements and larger
displacements, resulting in a more irregular stress distribution on
the land side, with oscillations typical of MPM (see Fig. 7). In
Anura3D, stress oscillations are mildly mitigated with the MPM-
MIXED procedure, which is also used in the simulations in this
study. The MPM-MIXED procedure averages the stresses of all the
MPs in an element (Anura3D MPM Research Community, 2022).
Althoughmore advanced strategies have been proposed to mitigate
stress oscillations (e.g. Steffen et al., 2008; Sadeghirad et al., 2011;
Fig. 7. MPs stress variables along section S1 at five instants, corresponding to the end
of each phase: (a) t ¼ 8 min; (b) t ¼ 53 min; (c) t ¼ 169 min; (d) t ¼ 351 min; and (e)
t ¼ 553 min.

e uplift: Investigation of post-failure behavior using material point
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Fig. 8. Contours of deviatoric strain (left column) and norm of displacements (right column) for five instants of time: (a) t ¼ 169 min; (b) t ¼ 170 min; (c) t ¼ 351 min; (d)
t ¼ 352 min; and (e) t ¼ 553 min.
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Zhang et al., 2011; González-Acosta et al., 2020), the issue has not
been fully solved yet. In the present study it does not seem to
impact the key failure mechanism and final displacement.

At the end of Phase 5 (t ¼ 553 min), the levee crest of the MPM
model settles approximately 2 m, while the toe reaches a vertical
displacement of approximately 0.8 m (Fig. 8). These displacements
provide a clear picture of the damage to the levee, and this quan-
tification has never been possible until now with other numerical
techniques.

The impact of pressure increments of Phases 3, 4, and 5 on the
displacements is reported in Fig. 9 with relative displacements.
Relative displacements are computed for consecutive instants, thus
for instance, relative displacement vectors at t ¼ 54 min are ob-
tained by subtracting displacement vectors at t ¼ 53 min from
displacement vector at t ¼ 54 min. With this graphical represen-
tation, the increase in the movement due to each new pressure
distribution and the progressive development of the instability
mechanism is quantifiable. As mentioned above, the pressure dis-
tribution of Phase 3 can be defined as “critical”; indeed toe uplift
Please cite this article as: Girardi V et al., Failure of levees induced by t
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and large translational movements occur at the beginning of this
phase.

The dynamic process of levee failure can be additionally
analyzed by considering the kinetic energy of the system (Fig. 10a).
Two peaks of major intensity can be recognized at approximately
t ¼ 180 min and 360 min, immediately after applying bottom
pressures of Phases 4 and 5. The peaks correspond to a rapid ac-
celeration of the soil masses, in response to the applied pressure. In
Fig. 10b, liquid pressure and vertical stresses at MPs on S1 (in the
sand layer) with coordinate x z 30 m are plotted.

Liquid pressure increases in each phase and remains almost
constant throughout the phase. For the first three phases, vertical
total stress is approximately constant, while effective stress de-
creases. At t ¼ 170 min, the liquid pressure and total stress are
approximately equal at x z 30 m, and the resulting effective stress
is nearly zero. As time elapses, the slope deforms, and the total and
effective stresses increase in absolute value. A similar process is
observed in Phase 5. Mild oscillations are visible in the plots of total
and effective stress in corresponding to the increased pressure at
the beginning of Phases 4 and 5.
oe uplift: Investigation of post-failure behavior using material point
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Fig. 9. Relative displacements at three selected instants of time: (a) Passage between
Phases 2 and 3 (t ¼ 54 min); (b) Between Phases 3 and 4 (t ¼ 170 min); and (c) Be-
tween Phases 4 and 5 (t ¼ 352 min).

Fig. 10. (a) Time evolution of kinetic energy of the system; (b) Liquid pressure and stress f
length; (d) Components of MPs displacement at three locations (negative values stand for
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In Fig. 10c, the uplift length at prototype scale is computed from
the simulation result. The numerical uplift length is computed
considering a set of MPs near the interface S1, in a range
11 m < x < 50 m, and evaluating the position of those MPs having
vertical effective stress sv0 z 0. Since t¼ 54min (Phase 3), the uplift
length increases progressively, reaching a maximum value of 7.6 m
at t ¼ 180 min. This value is very close to the experimental uplift
lengthmeasuredw 6 cm (Rohe and Allersma, 2000), corresponding
to 7.2 m at the prototype scale (see Fig. 10c). After this peak, during
the dynamic motion of the slope, the uplift length oscillates, and it
initially decreases during Phase 4, and then increases progressively.
During Phase 5, the uplift length reaches a maximum value of
13.5 m, followed by a decrease around the value of 9 m. This
response is the result of both numerical and physical factors. In fact,
stress oscillations are observed in MPM during the highly dynamic
motion and since stresses are used to compute the uplift length, the
calculated uplift length oscillates too. Therefore, the computation is
indicative and provides a general order of magnitude for Phases 4
and 5, while it is more meaningful in the previous part of the
simulation. Concerning the physical aspects impacting on the trend
of the uplift length during post-failure, i.e. Phases 4 and 5, it is
possible to find an explanation considering Figs. 7 and 10b: during
collapse, the effective stress increases again, thus decreasing the
uplift length.

Fig. 10d reports the time evolution of some components of
displacement d at three locations (indicated in Fig. 3c): the levee
crest, the bottom of the clay, and the toe near the soil surface. These
trends help to accurately quantify the large displacements occur-
ring during levee collapse. During Phases 1, 2 and 3, there is a small
upward movement due to unloading. But in Phase 4 (i.e. the post-
failure stage), the point at the bottom of the clay has a horizontal
movement of approximately 0.2 m, and the toe moves upward
about 0.5 m, while the crest is settled by 0.6 m. This is important in
flood risk management, as it allows quantifying the volume of
water poured into the floodplain.
or a MP at the interface between sand and clay (in sand); (c) Time evolution of uplift
settlement of the levee crest).
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Fig. 11. Comparison between final experimental and numerical configurations.
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In Fig. 11, the experimental result is compared with the simu-
lated norm of displacement at the end of Phase 4. As mentioned
above, boundary pressures in Phase 5 higher than the experiment
are applied to the model, but it is not considered herein. It is
possible to identify the typical triple sliding surface composed by
the active zone, uplift zone, and passive zone. The extension of the
zones is very similar between experiment and numerical results.
Themagnitude and direction of displacements aid in visualizing the
types of movement, showing a rotation in the active area,
Fig. 12. Impact of hydraulic conductivity on uplift failure mechanism. Deviatoric strain and l
with three different permeability ratios: (a) kc/ks ¼ 10�1; (b) kc/ks ¼ 10�2; and (c) kc/ks ¼ 1
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horizontal translation along the uplift length, and a roto-translation
in the passive area.

The shallower slip surface is responsible for some material
accumulation at the toe, visible as a small bulging at the end of the
slope. This slip surface and its impact on the final profile cannot be
accounted for in the MPM model. This is probably due to the dif-
ference in the loading path between numerical and experimental
models.

In fact, in the experiment, a rise in the amplification factor of
gravity with the progressive rise of water level is carried out, while
the numerical model is already at the final g-level and only the
pressure is progressively increasing. Unlike the numerical model,
the initial vertical settlement of the experimental levee after con-
struction may also have impacted on the formation of this shallow
slip surface.
5. Effect of permeability ratio on MPM

In the previous section, a higher hydraulic conductivity for the
clay layer is assumed to optimize the computational cost. In order
to evaluate the impact of this choice, the effect of foundation soils’
hydraulic conductivity on the collapsemechanism is investigated in
this section. Three different hydraulic conductivity ratios are
considered: kc=ks equals to 10�1, 10�2 and 10�3, where kc and ks
are saturated hydraulic conductivities of clay and sand, respec-
tively. In each model, kc is varying, while ks is kept constant. The
ratio between saturated hydraulic conductivity is considered
representatively because failure starts at the interface between
sand and clay, where the materials are saturated.

Fig. 12 reports the deviatoric strain and liquid pressure contours
for three MPM models with different hydraulic conductivity ratios.
Deviatoric strain and liquid pressure contours at the beginning of
Phase 4 (t ¼ 170 min) are presented in Fig. 12. In the investigated
cases, high shear strains are initially localized at the interface be-
tween sand and clay, and the location of this area is similar. How-
ever, the reduction of hydraulic conductivity ratio modifies the
iquid pressure contours at the beginning of Phase 4 (t ¼ 170 min) for numerical models
0�3.

oe uplift: Investigation of post-failure behavior using material point
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Fig. 13. Onset of failure in terms of deviatoric strain, at different time instants for the
three investigated cases of saturated hydraulic conductivity ratio: (a) t ¼ 171 min; (b)
t ¼ 172 min; and (c) t ¼ 386 min.
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temporal development of the entire slip surface in the active and
passive zones. At t ¼ 170 min, for kc=ks ¼ 10�1, the slip surface is
well developed on both sides of the levee (Fig. 12). The slope
collapse has been triggered, and the crest has settled slightly. In this
scenario, the collapse is more rapid and less extended toward the
land side. For kc=ks ¼ 10�2, the slip surface in the passive zone has
not yet been clearly developed. For kc=ks ¼ 10�3, high shear strains
are visible only in the uplift zone at this stage, and additional time is
necessary to appreciate the entire slip surface formation. The
reduction of hydraulic conductivity ratio implies a slower devel-
opment of the slip surface and evolution of post-failure displace-
ments, plus a slightly more extended uplift length zone.

This behavior is directly linked to the liquid pressure distribu-
tion, which depends on the hydraulic conductivity and degree of
saturation. To visualize this, the pressure distribution at two sec-
tions, S2 and S3, is indicated in Fig. 12. As expected, the sand layer is
characterized by similar values in three investigated cases, favoring
the localization of shear at depth. On the other hand, the levee body
and the clay layer record different values of pressure in the three
investigated cases. The higher suctions in the case with smaller
hydraulic conductivity ratio (kc=ks ¼ 10�3) are counteracting the
development of the slip surface in the levee body. This phenome-
non is of transient nature and the hydraulic conductivity of the clay
layer seems to be playing amajor role in delaying the progression of
movement.

Hydraulic conductivity strongly impacts the time of failure
onset and also the speed of progression of the subsequent post-
Please cite this article as: Girardi V et al., Failure of levees induced by to
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failure. In fact, in Fig. 13, all three investigated cases appear to
show a similar slip surface at different times. This is probably due to
the fact that uplift begins at the interface between sand and clay
due to pressure build-up, then a circular failure surface develops on
the levee, where the shear strength is influenced by partial satu-
ration. In the considered experiment, the levee is protected with a
plastic membrane, preventing seepage to occur in the levee body
and in the shallow foundation soil, thus suction does not change
significantly. In real situations, the progressive saturation of the
levee body, being potentially also affected by rainfall and the his-
tory of water level, may influence the failure mechanism. This
aspect requires further detailed investigation, which is out of the
scope of this study.

6. Van’s method and FEM analysis

In this section, the uplift problem is investigated with the most
commonly used approaches in the state-of-practice, i.e. Van’s
method and FEM, and the advantages and disadvantages of these
approaches are discussed.

6.1. Van’s method analysis

The stability of river levees with respect to toe uplift can be
investigated applying the Van’s method, based on the limit equi-
librium approach (Van et al., 2005). A scheme is reported in Fig. 14,
clarifying the meaning of symbols. The FS is computed by solving
the horizontal force equilibrium in Eq. (12):

Ia þ Ip þ Fs ¼ 0 (12)

where Ia and Ip are the interslice forces of the active and passive
zones, respectively; and Fs is the friction resistance along the
straight segment. Ia and Ip are supposed to act at 1/3 height of the
beam segment above the sliding plane and are computed consid-
ering the moment equilibrium according to Bishop’s method.

For R1 ¼ R2 and L ¼ 0, a completely circular slip plane is ob-
tained, and Van’s Method reduces to Bishop’s method. The software
D-Stability (2021) is used here to calculate the FS for the different
loading phases considered in the MPM simulation. The slope ge-
ometry is identical to Fig. 5a, and the uplift pressure is applied
assigning a total head level to the sand layer with values corre-
sponding to the applied pressure. A horizontal phreatic surface is
applied at the ground level for the clay. Only material unit weight
and strength parameters are necessary for this analysis. In partic-
ular, above the phreatic surface, it is possible to assign a single value
of unsaturated weight, assuming that all the soil masses above the
phreatic surface have the same weight during the analysis.

Fig. 15 shows the results obtained with Van’s method. In Phase
2, the FS value is greater than 1, thus the slope is stable. In Phase 3,
FS is slightly lower than 1, which means that failure could occur.
This result agrees with theMPM simulation, inwhich an increase of
kinetic energy and large displacements are observed at the end of
this phase. Even lower FSs are obtained for Phases 4 and 5 due to
the increase of pressure in the sand layer; these results are not
representative of real conditions because the geometry of the slope
will change during the collapse, as can be observed with MPM.

The Van’s method has the advantage of requiring a limited
number of parameters and allows determining the slip surfacewith
the lowest FS (critical slip surface). Since it enforces only force
equilibrium disregarding the slope deformation, FS lower than 1
can be obtained as an output, but post-failure displacement cannot
be inferred. The consequences of FS < 1 in terms of damage to the
performances of the earth structure cannot be quantified. In a
commonpractice, FS< 1 leads to classifying the levee as unsafe; but
e uplift: Investigation of post-failure behavior using material point
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Fig. 14. Triple sliding zone scheme according to Van’s Method (adapted from Van et al.
(2005)).

Fig. 15. Slip surface and FS with Van’s Method for (a) Phase 2; (b) Phase 3; (c) Phase 4;
and (d) Phase 5.
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in a real scenario, the displacements may be limited, without
affecting its normal functioning as shown in Fig. 10. The direct
consequence may be an over-conservative design, with associated
cost increases. On a positive note, the method is very simple and
computationally inexpensive, thus well suited for projects that
require a large number of simulations.

6.2. FEM analysis

FEM is a more advanced procedure compared to LEM and it can
be used to simulate the progressive increase of pressure in the sand
layer below the embankment and the induced deformations up to
the onset of failure. Beyond this point, standard Lagrangian FEM
will not converge due to excessive element deformation.

In this section, the problem is investigated with the FEM pro-
gram MIDAS GTS (2020) applying a one-way coupled approach, in
which the seepage analysis determines the pressure distribution
used in the following non-linear stress analysis to update the stress
state and the soil displacements. With this approach, changes in
water pressures influence the soil effective stresses, but not vice
versa, i.e. soil loading does not generate excess pore pressures. The
SRM is applied to determine the FS of the slope.

The slope geometry is identical to theMPMmodel. The presence
of the water reservoir on the left-hand side is simulated with a
linear elastic material. The mesh is composed by 6-node triangular
and 8-node quadrilateral elements. Discretization and boundary
conditions are represented in Fig. 16.

The material parameters are consistent with the MPM simula-
tions, only the permeability of the clay is reduced to 1.18� 10�9 m/s
and it is therefore identical to that in the experiment. In MIDAS GTS
NX, a linear distribution of pressure cannot be applied at the bot-
tom of the model as in MPM, thus it is generated with seepage
analysis in which appropriate total head levels are applied at the
left and right boundaries of the sand layer in order to obtain the
same pressure distribution shown in Fig. 6. For Phases 1 and 2, the
safety factors obtained with the SRM in these phases are 1.38, and
1.18, respectively. Fig. 17a and b shows the equivalent strain ob-
tained at the end of the stability analysis, and this identifies the
failure surface. It can be seen that the failure surface is circular in
Phase 1 (Fig. 17a), while in Phase 2, the horizontal sliding surface at
the interface between sand and clay is more evident due to the
larger uplift pressure (Fig. 17b).

Convergence cannot be reached for Phase 3, when the uplift
zone starts to develop, and some elements have zero effective
stresses. Therefore, the total head on the left side of the sand layer is
progressively reduced to find the closest FEM solution to Phase 3.
The maximum pressure at the bottom left corner that brings the
Please cite this article as: Girardi V et al., Failure of levees induced by t
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model to convergence is 112 kPa, lower than the value applied in
MPM simulation (122 kPa). The displacements calculated at the end
of this phase are shown in Fig. 17c. The SRM gives a FS of 1.09. The
equivalent strain contour plotted in Fig. 17c shows the circular slip
surface across the embankment and the horizontal slip surface of
the uplift zone, while the circular passive zone is not clearly visible.

The advantage of FEM is that the failure mechanism is the
analysis results without assumption like in LEM. The simulation
complexity and the computational cost are higher than LEM, but
lower than MPM. Unfortunately, stress conditions close to failure
and the post-failure behavior of the slope cannot be simulated.
oe uplift: Investigation of post-failure behavior using material point
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Fig. 16. Discretization and boundary conditions of FEM model.

Fig. 17. FEM simulation outcomes: (a) Phase 1: equivalent strain after SRM; (b) Phase
2: equivalent strain after SRM; (c) Phase 3: equivalent strain after SRM; and (d) Phase
3: displacement.
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7. Concluding remarks

This work explores the use of a multiphase MPM formulation to
assess the safety of levees at risk of uplift failure. Modeling the
hydromechanical coupling is fundamental to describe this process.

The method is proved to be an efficient numerical technique for
simulating this failuremechanism from the onset of motion to large
displacements. The advantages compared to other conventional
methods, like Van’s method and FEM, are discussed comparing the
results obtained simulating the same experiment. The Van’s
method and FEM can be used up to the onset of failure and tend to
be over-conservative in the levee safety assessment, providing
FS < 1 that may not be directly correlated with large displacements
and irreparable damage to the structure of the earth. Moreover,
FEM suffers from convergence issues when high gradient of
Please cite this article as: Girardi V et al., Failure of levees induced by to
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deformations develops, making the final prediction even less reli-
able. The use of FEM is suggested in combination with MPM: the
computational efficiency of FEM allows for the pre-failure investi-
gation, then MPM may be used to describe the entire failure and
post-failure.

This study may lay the foundations for the use of MPM for
advanced safety assessments of earth structures, providing quan-
tification of slope displacements, thus giving the opportunity to
implement optimized protection strategies.
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