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ABSTRACT: Flow-like landslides may occur when excess pore water pressures develop in liquefiable materials under saturated
or partially saturated conditions, causing rapid movement of the failed mass and long run-out distances. Its modelling requires a
numerical method able to deal with large deformations combined with an advanced constitutive model to simulate the liquefac-
tion process of mobilized mass during landsliding. This study focuses on the Ta-Ger constitutive model, based on critical state
theory, to demonstrate its capabilities to capture characteristic features of sand behaviour including the liquefaction potential
under saturated and partially saturated conditions. The model is incorporated into a large deformations numerical code based on
the Material Point Method (MPM) and verified by reproducing undrained triaxial test paths of loose and dense soils. The numer-
ical tool proposed is, then, applied to investigate a real case of flow-slide induced by static liquefaction. Data from field and
laboratory tests confirmed the liquefaction susceptibility and the contractive tendency of the material involved and allowed to
calibrate Ta-Ger model parameters. The results contribute to understand the complex behaviour of a natural flow-slide, charac-
terized by transient generation and dissipation of excess pore pressures that affect the evolution of soil shear strength in the post-

failure stage.

Keywords: flow-slide; material point method; constitutive modelling; liquefaction.

I INTRODUCTION

Flow-like landslides are characterized by large displace-
ments and velocities resulting from a transitional mech-
anism between solid and fluid of the mobilized mass.
They are a consequence of the initial liquefaction of
low-density granular soils when they are exposed to a
rapid cyclic load, typically an earthquake.

Liquefaction is also observed during the motion of land-
slides triggered by another “loading” (an initial instabil-
ity, external forces, or increase in water level). In these
cases, liquefaction is attributed to the contractive behav-
iour of the soil that facilitates the generation of excess
pore pressures due to the rapid straining process (Gabet
& Mudd, 2006; Iverson & George, 2016).

One approach to analysing flow-slides is to apply
fluid mechanics techniques. In this approach, the soil is
defined by rheological rate-dependent constitutive mod-
els (Huang et al., 2011; Cascini et al., 2014; Zhang et
al., 2015). Soil mechanics-based approaches are proba-
bly more satisfactory because they can incorporate well-
established soil mechanics concepts (hardening — sof-
tening, dilatancy) and water-soil interaction, including
consolidation. In addition, soil properties may be de-
rived from accumulated geotechnical field experience
and laboratory testing.

In the literature, a number of successful models are
available to simulate the liquefaction process of the mo-
bilized mass during the landslide. Examples include the
multi-surface plasticity model (Prevost, 1977, 1978), the
generalized plasticity (Pastor e al., 1990), the Nor-Sand
(Jefferies, 1993), the UBCSAND (Beaty & Byrne,
1998), the SANISAND (Taiebat & Dafalias, 2008) and
the Ta-Ger (Tasiopoulou & Gerolymos, 2016a, 2016b).
These models share some features (critical state con-
cepts).

This paper shows the capabilities of the Ta-Ger
model and its performance once it was included in a Ma-
terial Point Method (MPM) computational program.

The case analysed is a recent flow-slide (Valarties)
located in the southern flank of the Pyrenees. Ta-Ger
was selected for the advantages it offered for its imple-
mentation into the calculation method, for the reduced
number of parameters and the possibility of calibrating
them by standard (static) field and laboratory tests. Di
Carluccio et al. (2023) describe in detail the Valarties
case.

2 THE MATERIAL POINT METHOD

MPM was developed to model fluid dynamics by Har-
low et al. (1964) and later extended to history-dependent
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materials by Sulsky et al. (1994). The MPM-based ap-
proach describes the domain as a continuum media
through a set of Lagrangian material points that can
move with the material through a computational mesh
that covers the initial domain of the material and the ex-
pected domain invaded during calculation. Each mate-
rial point represents a portion of the domain and carries
all the information of the material while the governing
equations are solved at the nodes of a fixed computa-
tional mesh. This double discretization allows the com-
bination of positive features of Eulerian and Lagrangian
approaches and makes the method reliable for solving
the governing equations under the hypothesis of small
strains and for modelling large deformation problems in
history-dependent materials.

The calculations carried out in this paper were per-
formed using the Anura3D software (Anura3D MPM
Research Community, 2022). This is an open-source
code programmed in FORTRAN and developed by the
"MPM Research Community", constituted by several
international universities and research centres.

The numerical modelling of multiphase materials
with MPM can be performed through two different ap-
proaches: the 1-point formulation which assumes that
each material point carries the properties of all the
phases of the continuum (solid, liquid, and gas); and the
2-point formulation which assigns to each phase (solid
and liquid) a set of material points that can move and
interact with each other. In this work, the first approach
is adopted. In particular, to account for the saturated and
partially saturated states of the soil, the MPM “2 phase
— 1 point” formulation with suction effect (Ceccato et
al.,2021) is used. This is a simplified approach to solv-
ing unsaturated problems in which the gas phase is not
explicitly included: the mass balance equation of gas is
neglected and the gas pressure is assumed to remain
constant. Unsaturated conditions are considered by in-
cluding in the formulation the degree of saturation, S,.,
to account for the liquid phase when it does not fill the
voids entirely.

The calculations are performed with the mixed inte-
gration MPM (Zabala and Alonso, 2011; Al-Kafaji,
2013) to control numerical instabilities when material
points cross element boundaries. The artificial damping
proposed by Cundall (1987) is included in the calcula-
tion to simulate the natural energy dissipation due to in-
ternal friction in the material during dynamic analysis
and to speed up convergence in quasi-static calculation
stages. MPM can suffer from kinematic blocking, which
consists of the accumulation of fictitious stiffness due to
the inability of an element to deform correctly when re-
stricted by neighboring elements. To limit this problem,
the Mixed Nodal Discretization proposed by Detournay
and Dzik (2006) is used in this work, when necessary,
which consists of smoothing the volumetric defor-
mations over neighboring elements.

3 MODELLING LIQUEFACTION: TA-GER
MODEL

3.1 Model description

Ta-Ger model was developed by Tasiopoulou and
Gerolymos (2016a, b) to reproduce the soil liquefaction
under static and dynamic loading. It is based on the crit-
ical state theory and on a reformulation of perfect elasto-
plasticity that provides hardening/softening characteris-
tics. The model does not include a yield surface to define
the elastic region, which is trivialized to a single point at
the beginning of loading, unloading and reloading,
where elastic behaviour is expected. In the implemented
version, an open-ended cone type bounding surface is
defined, expressed in the triaxial space as:

q—p'M; =0 (1)

The ratio between the deviatoric stress, g, and the mean
effective stress, p’, is limited by the bounding stress ra-
tio M, that represents the ultimate strength (Figure 1).
This is ensured by controlling a dimensionless parame-
ter ¢ that ranges between [0, 1] and tracks the distance
of the current state from the ultimate state. When the
stress point reaches the ultimate state, ¢ is equal to one
while all its values from zero to one correspond to inter-
mediate stress states.

qA
M, Bounding

Critical state

Phase transformation

>
]

p

Figure 1. Bounding, phase transformation and critical state
lines in p’ — q space.

The plastic flow rule is based on Rowe’s anisotropic di-
latancy theory (Rowe, 1962). In the conventional p’ — g
space, the dilatancy, d, is expressed as the difference be-

tween the current stress ratio % and the phase transfor-

mation line My,; (Eq. 2). This line corresponds to the
stress state at which the soil response passes from con-
tractive to dilative behaviour (Ishihara et al., 1975).

q
d= Mpt—g 2)

In loose materials it generally occurs that L < M,, and
pl pt

d > 0, which correspond to contraction, whereas dense
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materials have a contractive behaviour for stress ratio
states below the phase transformation (i, < Mp; and
P

d > 0) and dilative behaviour for stress ratio states
above (z% > M, and d < 0). Both the bounding (M;)

and the phase transformation (M) stress ratios tend to
converge, upon deformation, to the critical state stress
ratio, M in which no change in volume occurs despite
the continuous increase of shear strain. Such evolution
with the accumulation of deviatoric strain increments,
2.dgg, is controlled by the model parameter c:

M, =M +
(M + (Meg = Myp)e ™% — Mi]e=e%% G)
My = Mys + (Mo — Mes)e 05¢2%a 4)

where

Msp = ZMspeak - M+

2
O'SJ(ZMCS - 4Msveak) - 16M50 (Msveak - Mcs) - 4MCSZ (5)

In previous equations M, and M,y are the initial values
of Mg and My,;, Mg, is the maximum value that can be
potentially reached before the critical state, Mpeq is
the value of M at peak strength.

The elastic response is defined in terms of Poisson
ratio and well-established expression for shear modulus
G as a function of confining stress.

An appropriate diagonal plastic matrix is defined
whose diagonal terms are equal to {", where n is the
hardening exponent parameter that controls the rate of
transition from elastic state to the perfectly plastic one.

The Ta-Ger model shows advantages in its numerical
implementation since the number of model parameters
is reduced to a minimum by incorporating the initial
state of the soil through the relative dilatancy index I,
(Bolton, 1986) which depends on the relative density
D,., the confining pressure p’ and two fitting parameters,
Q and R:

I, =D.(Q-In(»)) —R (6)
This parameter defines the liquefaction potential of soil
by assuming negative or positive values depending on
whether the behaviour is contracting (I, < 0) or dilating
(I, > 0) and is nil in critical state conditions.

The implemented version of the Ta-Ger model has
nine model parameters listed in Table 1.

To facilitate their determination, some correlations
can be considered. The critical stress ratio (M), the in-
itial values (Mp¢o, M) and the maximum (Mg eqr) for
the phase transformation and bounding stress ratio are

defined in terms of critical (¢), initial (¢p5o) and peak
(¢peak) friction angles that can be correlated with the
relative dilatancy index I,.. Regarding the remaining co-
efficients indicated in Table 1, a has values in the range
of 3 to 5 for triaxial and plane strain conditions (Bolton,
1986; Tasiopoulou and Gerolymos, 2016a), k and § can
be determined through a calibration procedure proposed
in Tasiopoulou and Gerolymos (2016b) to fit experi-
mental data resulting from drained or undrained triaxial
compression tests.

Accepting the equations, given in Table 1, depending
on the initial and current state, the application of the
model requires the determination of the following pa-
rameters: Go, m, v, ¢, k, 8, Q, R.

Table 1. Ta-Ger model parameters.

State-dependent

Parameter .
equations

Symbol

Shear
modulus
parameter
Shear (5)
modulus
exponent
Poisson’s
ratio
Critical state
stress ratio
Initial value of

phase

MptO [-]1= f(d)peak) d)peak =¢es T alr = P

transformation
stress ratio

Initial value of

bounding Mso[—] = f(Ps0) P50 = Kpes + 5l
stress ratio
Maximum
value of

. Mspeak [-]1= f(¢peak) d)peak =¢es talr = P
bounding
stress ratio
Hardening
0.4D,¢ + 0.14
exponent
Bounding and
Phase
) 6+ 61
transformation

coefficient

The TaGer model implementation was generalized for
unsaturated conditions in terms of Bishop’s stress o'’
(Bishop, 1959):
c"=0+y"s

(7
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where, 7 is the net stress defined as the difference be-
tween the total stress and gas pressure, s is the suction
defined as the difference between gas and water pressure
and y is assumed to be equal to the degree of saturation
(Alonso et al, 2010). Note that the extension of the
model to unsaturated states includes the effect of suction
on strength and stiffness (but not collapse or swelling
volumetric deformations).

The model was implemented in the open-source code
Anura3D as an external model in the UMAT format
(Bienen et al., 2014). An explicit sub-stepping algorithm
with automatic error control (Sloan et al., 2001) was
used allowing to better track the strong non-linearity of
the constitutive model and to get a more accurate solu-
tion. Moreover, a drift correction scheme (Boulanger
and Ziotopoulou, 2015) was applied to ensure that the
stress state lies inside the bounding surface. The algo-
rithm was verified and validated by simulating with
Anura3D code monotonic triaxial compression tests to
reproduce experimental data obtained by Verdugo and
Ishihara (1996) on Toyoura sand. Figure 2 shows some
results compared with the ones from Ta-Ger authors
(Tasiopoulou and Gerolymos, 2016b) by assuming the
same values for the model parameters.

300 ~ 300
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Ei Dy =15.8%

=

& 200 - 200 -

g
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‘5100 - 100 -
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(a) (b)
Figure 2. Comparison between simulated results and experi-
mental data of drained triaxial tests at various densities and
initial consolidation stress. (a) Deviatoric stress-axial strain
relationship; (b) Deviatoric stress-void ratio relationship.

3.2 Simulation of undrained triaxial compression
tests

The aim of this section is not to model a particular set of
results but to demonstrate the capability of the formula-
tion implemented in Anura3D code to reproduce char-
acteristic features of loose and dense sand behaviour by

simulating a triaxial undrained response in saturated and
partially saturated conditions.

Saturated

Consider a sandy soil characterized by e, = 0.977
and e,,;;, = 0.597 at two initial relative density, D, =
73% and 15%. The model parameters are indicated in
Table 2. The saturated undrained triaxial paths are sim-
ulated assuming a confining pressure of 300 kPa which
corresponds to different values of initial relative dila-
tancy index I of 1.4 and —0.51.

Table 2. Ta-Ger model parameters for dense and loose sand
used in monotonic triaxial tests simulations.

Symbol Unit Value
G, - 2000
m - 0.4
v - 015

Pes ° 32

K ° 095
1) - 3
Q - 9
R - 1

Figure 3(a) and (b) show the deviatoric stress-strain re-
lationship and the saturated undrained triaxial path for
the case of D,y = 73%. The stress state is initially on

the contractive side (i < M,;) and hence positive ex-
p p

cess pore pressure develops from point P1 to P2. At
point P2 the stress path crosses the phase transformation

line and after that it passes on the dilative (i > My,.)
P! p

side and negative excess pore pressure are generated.
The excess pore pressure decreases (Figure 3(¢)) and the
mean effective stress increases together with the devia-
toric stress. The stress path continues to rise and lies on
the bounding line until reaching the critical state at P3.
The evolution of phase transformation M,,; and bound-
ing stress M ratios are illustrated in Figure 3(d) as a
function of deviatoric strains.

For the case of D, = 15% (Figure 4(b)) the stress
ratio is always smaller than the phase transformation
line exhibiting a contractive behaviour. From point P1
to P2 the mean effective stress decreases because of
growing of positive excess pore water pressure (Figure
4(c)). The reduction in mean effective stress is accom-
panied by the reduction in deviatoric stress (Figure 4(a))
and hence the path softens from point P2 to point P3 un-
til reaching the critical state. The evolution of phase
transformation M,,; and bounding stress Mj ratios for the
looser sand case are indicated in Figure 4(d) as a func-
tion of deviatoric strains.
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Figure 3. Results of simulation of monotonic undrained load- Figure 4. Results of simulation of monotonic undrained load-

ing on saturated dense sand (Dyo = 73%): (a) deviatoric ~ g on saturated loose sand (D,o = 15%): (a) deviatoric
stress-strain relationship, (b) stress path in the triaxial plane;

(c) evolution of pore water pressure; (d) evolution of bound-
ing, phase transformation and critical state stress ratios.

stress-strain relationship, (b) stress path in the triaxial plane;
(c) evolution of pore water pressure; (d) evolution of bound-
ing, phase transformation and critical state stress ratios.
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Unsaturated

In the following, examples of undrained triaxial stress
paths of a loose sand are reported for different initial
values of degree of saturation.
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(d)
Figure 5. Results of simulation of monotonic triaxial loading
on unsaturated loose sand (D,o = 15%). (a) deviatoric
stress-strain relationship; (b) stress path in the triaxial plane;
(c) suction-deviatoric strain relationship; (d) degree of satu-
ration-deviatoric strain relationship.

The Van Genuchten model (Van Genuchten, 1980) has
been selected for the water retention curve (Symin= 0;
Srmax=1; o = 10 kPa; A= 0.1). Figures 5(a), (b), (c) and
(d) show the predicted response of the loose sand in
terms of stress-strain relationship, stress path, suction
and degree of saturation. In the first stage, as a result of
progressive volumetric contraction during shearing, the
sample becomes saturated and suction reduces to zero
(from P1 to P2). The subsequent compressive volumet-
ric strains result in an increase of pore water pressure
that leads to reduce effective stress and strength (from
P2 to P3).

4 FLOW-LIKE LANDSLIDE MODELLING
The numerical tools proposed above, the MPM and the

Ta-Ger model, are applied to simulate a real case of
flow-like landslide occurred in Catalunya (Spain).

(b)
Figure 6. View of Valarties flow slide area (a) and bedrock
outcrop (b).
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The Valarties flow-slide took place in a superficial
deposit of colluvial and glacial sands covering an irreg-
ular rock basement. Figures 6(a) and (b) show the scar
left by the flow-slide and the bedrock outcrop suggest-
ing that the failure surface passed through the soil-bed-
rock contact. The average slope angle was 33°. A karstic
marble layer was identified in the upper part of the slide.

A series of in situ and laboratory tests were carried
out to determine the mechanical properties of the mobi-
lized material. The soil was classified as well-graded
sand (SW). Two field tests were performed using the
sand cone method to obtain information on the in situ
void ratios of the material, with an estimated average
value of eg = 0.72. The maximum and minimum void
ratios (e;,qx = 0.833 and e, = 0.250) were deter-
mined in the laboratory. The estimated average in situ
relative density was Dr = 19.4%, a low value that
could explain liquefaction.

0.9
0.8 - L <0 °
T 0.7 °
Py >0
g 0.6
=
% 0.5 - I =0
= 04
03 -
0.2 T T 1
1 10 100 1000
Mean effective stress, p' [kPa]
(a)
300 +

200 -

100 -

Deviatoric stress, q [kPa]

0 )
0 100 200 300
Mean effective stress, p' [kPa]
(b)

Figure 7. Soil of Valarties flow-slide, a) Points representative
of the in-situ conditions (above the critical state line; b) Stress
paths in triaxial response.

The soil water retention curve was predicted from the
soil grain size distribution using two different physical
models (Arya and Paris, 1981; Aubertin et al. 1998;
2003) and the results were verified with measures ob-
tained in the laboratory in a sand sample reconstituted at
the average density. For modelling purposes, it was rep-
resented by a Van Genuchten model (parameters: p, =

1 kPa; A = 0.5). The measured saturated sand perme-
ability was K = 10 ~>m/s.

A ring shear test provided the value of the residual
friction angle that was made equal to the critical state
friction angle (34°). The critical state in the plot void ra-
tio-mean effective stress (e — p°) follows the expression
suggested by Bolton (1986) (Eq. 6) in terms of the rela-
tive density and textural characteristics of the sand (Q =
8.5and R = 1). Figure 7(a) shows the critical state locus
of Valarties sand and the initial state of two samples
(ep = 0.70; p’ = 250kPa) and (ey =0.78; p' =

100 kPa) tested in the triaxial equipment under un-
drained conditions. Both are located on the contractive
side of the void ratio-confining stress plane. Figure 7(b)
shows the test results, which confirmed the liquefaction
potential of the soil.

The tests were benchmarks used to calibrate Ta-Ger
model parameters, in particular to determine two empir-
ical parameters (“x” and “6” in the original definition of
the model) which define the initial position of the
bounding surface and the effect of accumulated devia-
toric strains to drive the bounding and the phase trans-
formation surface towards the critical state.

4.1 Numerical model and results

Under the assumption that the sandy slope was in a sit-
uation of strict equilibrium before the failure, a standard
FEM model (or a limit equilibrium analysis) allows
finding the position of the water table. The result is
shown in Figure 8. On average, the water free surface
was at a depth of 11.5 m. Above this level, the sand is
under suction, S.

I:l Empty element
l:] Bedrock
I:I Colluvium

- — - Groundwater level

Figure 8. MPM mesh for the analysis of Valarties flow-like
landslide, materials and groundwater level (Modified from Di
Carluccio et al. (2023).

The initial stress distribution results from a quasi-static
calculation that starts from a trial stress distribution cal-
culated by a K, procedure. In a second stage of calcula-
tion, an excess pore water pressure, p,,, is applied at the
upper part of the slope (Figure 8) to simulate an inflow
from karstic springs. This increment of pore water pres-
sure triggers the failure.

The simulation of the Valarties flow-slide is dis-
cussed with the help of Figure 9.
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Figure 9. MPM results with time: (a) initial position of MPs
distributed into coloured vertical slices; (b) deviatoric strains
at the start of failure; (c) deviatoric strains when the unstable
mass moves over the central part of the slope; (d) pore water
pressure distribution when the moving mass impacts against
the valley floor; (e) final slope configuration and comparison
with the observed profile (black line). Modified from Di Car-
luccio et al. (2023).

The initial position of the involved soil mass, divided
into a collection of vertical slices of different colours is
shown in Figure 9(a). Shortly after simulating the inflow
from karstic springs (t =4s5s), a failure surface
developed in the upper part of the slope at the bedrock-
soil contact (Figure 9(b)) due to a local increment of
pore water pressure. The unstable mass moves over the
central part of the slope (t = 12 s) as shearing strains
increase (Figure 9(c)). Due to the contractive behaviour
of the soil, pore pressures increase inducing liquefac-
tion. This shear strength reduction accelerates the mo-
tion until the moving mass impact against the lower part
of the valley (t = 15 s). Figure 9(d) shows the pore
pressure distribution and allows identifying an area of
excess pore pressures associated with intense shear
straining and the impact process, responsible for the lig-
uefaction of the soil below. The final configuration of
the slope is shown in Figure 9(e) when the flow-slide
climbs upward in the opposite slope. The displacement
is maximum for soil volumes initially located on the
upper part of the slope. However, the calculated run-out
of Valarties is lower than the observed one, indicated in
Figure 9(e) with a black continuous line. This discrep-
ancy could be attributed to several factors: (1) the uncer-
tainties about the real landslide triggering; (2) a lateral
influx of unstable soil that increases the volume of un-
stable soil; (3) the rapid dissipation of calculated excess
pore pressures after liquefaction, which results in a par-
allel increase in mean effective stress and the gain in
strength and (4) the river water, not included in the
model, that may increase the water content of the debris
material. Some of these aspects are discussed in Di Car-
luccio et al. (2023).

5 CONCLUSIONS

The paper discusses a particular class of flow-slides:
those explained by soil liquefaction. The methodology
described combines a numerical method for dynamic
and large deformations with a recently developed con-
stitutive model for soil liquefaction, which is defined by
a small number of parameters. The capabilities of the
Ta-Ger model to reproduce the liquefaction potential of
sands, at constitutive level, are shown through the sim-
ulation of undrained triaxial tests. Unsaturated states of
the soil are also accounted for by generalizing the model
in terms of Bishop’s stresses.

Once implemented in a general large deformation
numerical framework, the model is applied to a bound-
ary value problem based on a real case, useful to discuss
details of the deformation mechanisms typical of flow-
like landslides induced by static liquefaction. Field and
laboratory experiments, including undrained triaxial
tests, exhibit the liquefaction potential of the soil in-
volved in the failure, a glacial origin low-density silty
sand. The tests also provided basic data to calibrate Ta-
Ger model parameters.
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It is observed that, after imposing the failure trigger-
ing, a water inflow, the soil located in the upper part of
the slope becomes unstable, fails and liquefies. The un-
stable mass slides down, triggering further liquefaction
because of the intense shearing strains developing in the
soil. The impact against the valley floor leads to further
liquefaction and the final stage of the flow, climbing up
the opposite slope.

Despite some uncertainties and limitations such as the
difficulties to match the observed run-out, the model de-
veloped is considered to be a novel predictive tool for
studying the post-failure behaviour of flow-slides which
involve soil liquefaction.
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