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Résumé — This paper presents an implicit solver for non-associative plasticity problems based on
the semi-smooth Newton method. The method is derived from the Implicit Standard Material and is
easily compatible with various space discretization techniques, particularly the Material Point Method
and the Finite Element Method. The solver converges quadratically, even for large time steps, although
theoretical results have only been demonstrated for restricted cases. The method is exemplified through
a footing simulation.
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1 Introduction and motivations

From footing simulation to slope stability analysis, geomaterials are often described by an elasto-
plastic model. In order to simulate their correct behaviour, a non-associative flow rule must be added
to the model. There are already several approaches and numerical methods to solve this model. The
most common ones are the use of a Finite Element Method (FEM) [17] for the spatial discretisation
and the Return Map Algorithm to solve the conservation equation and the constitutive laws. The long
term goal of this work, in continuity with [2], is to develop a monolithic solver capable of solving the
constitutive equation, the potential hardening and the Coulomb friction, in order to simulate complex
phenomena such as debris flows or landslide initiation. This framework is compatible with various space
discretisations, including the Material Point Method (MPM), which has been widely used in geomaterial
simulations over the last two decades. Inspired by the Implicit Generalised Materials (IGM) [4], the
constitutive equations are written as differential inclusion and a semi-smooth Newton method [3, 6, 10]
is presented to solve the constitutive law in an implicit time scheme. For now, this work is limited to the
simulation of non-associative elasto-plastic materials. In the first part, the IGM framework is developed,
then the spatial discretisation (FEM or MPM) is derived before the non-smooth solver is presented.

2 Governing equations Standard Generalized Materials (SGM) and Im-
plicit Generalized Materials (IGM)

If we restrict ourselves to the framework of stability analysis, we assume the small deformation

hypothesis, where the strain tensor is :
1
e=-D(u), (1
2
where the operator D is the symmetric part of the gradient and w is the displacement with respect to the
position and time. The small deformation hypothesis is often combined with an additive elasto-plastic

model with linear elasticity. The strain is then decomposed as
g=¢" +¢’ (2)
c=D:¢°, 3)
where © is the Cauchy stress tensor and D is the fourth order elastic tensor. To complete the constitutive

equations, we need to consider a yield criterion based on critical state theory and the plastic flow rule,
which satisfies the second principle of thermodynamics, which states that the dissipation d = €7 : ¢ must



always be non negative. The constitutive laws are written in the form of a differential inclusion or a
variational inequality.

A standard framework for associative plasticity is the Generalized Standard Material (GSM) ap-
proach developed in [11] which assumes the existence of a convex pseudo-potential of dissipation V and
its Fenchel transform W such that the dissipation inequality is

V(o) +W(EP) >0 :€P, for all (¢’,¢”) admissible. %)

Using convex analysis to link the generalized forces (stress in this case) and the generalized velocity
(plastic strain rate), we obtain 6 € dW (¢7) and €7 € dV (o) which satisfies the equality in (4).

While the GSM framework is very well suited for associative plasticity where it can be used in simple
cases to solve non associative plasticity problems, a more general framework, the Implicit Generalized
Materials (ISM), introduced in [4], is an efficient and elegant approach. It has already been used to handle
this type of problems with a return map algorithm in [19]. The pseudo-potential V and its Fenchel dual W
are replaced by a bipotential b, convex with respect to each variable separately, such that for all (¢7,6")
admissible

b(¢P,0') <&l 0. 5)

The equality in (5) is reached when
G € dber (€P,0) and €P € dby (€7, 0). (6)

This formulation allows some coupling terms between ¢ and €7 in the bipotential formulation and thus
allows the modeling of non associative plasticity flow rules.

In the remaining, we consider the Drucker-Prager yield criterion. The latter can be written as ¢ € K
where X is the translated closed convex cone defined by

X = {6 = (c",dev (0)) s.t. kineV(G) |+o"tand < ¢} = {o s.t. f(5) <0}, (7)
d

where we decompose any tensor field T into its hydrostatic part T and its deviatoric dev (t) part. Since
the real k; is only a normalization factor depending on the dimension, the yield criterion is determined by
two parameters, the friction angle ¢ and the cohesion c. To simulate realistic behaviours of geomaterials,
we need to be able to adjust the dilatancy angle 6. The plastic strain rate ¢” = (¢ dev (¢7)) and the
stress must satisfy the differential inclusion

(67" + ky(tan¢ — tan©)||dev (¢7) ||, dev (¢7)) € Ny (6", dev (o)) (8)

where Ny (x) correspond to the normal cone of C taken at the point x. To define the bipotential associa-
ted with the problem, we need to specify the admissible rate of plastic strain. Eq. (8) implies that the
admissible set is

Ke = {7 < ktan@||dev (¢7) ||}. ©)
The function
gphe c
P o “p h_ _ v
e, 0) = Wi, (&) + () + o +ha(o —tan(b)(tanﬁ @no)lldev (&) (10)

defines the bipotential corresponding to the plasticity model. The first two terms represent the fact that
the couple (¢7,6) must be admissible (feasible) and the coupled term encodes the non-associative plastic
flow rule.

3 Space Discretization

Material Point Method The FEM is appropriate for stability simulations under the small perturbation
hypothesis, it may not accurately simulate large deformations caused by mesh distortion. The spatial
discretisation can be performed using the Material Point Method (MPM). The MPM is a hybrid ap-
proach first introduced in [18], which couples Lagrangian particles with a background Eulerian mesh.



FIGURE 1 — Non associative flow rule with s = dev (G), taken from [4]

The conservation equations are solved at the mesh nodes and the material quantities, including mass,
velocity, and stress, are stored in the particles. This allows, due to the Lagrangian nature of the material
particles, not to consider the convective term in the momentum conservation equation. An interpolation
scheme, with the same type of shape function used in FEM, is used to transfer the quantities from the
material points to the grid nodes and from the grid nodes to the particles. This method has been broadly
used for applications in geosciences [9, 7, 16].

As described in [15], the MPM algorithm can be divided into three different steps. We denote by a
subscript i the quantities over the grid and by a subscript p the quantities over the material points (or
particles). The quantities are interpolated with the "shape function" of the fine support, centred at each
grid node and denoted N;. The subscript n corresponds to the known approximation at time ¢, and # is
the fixed time step. We refer the reader to [15] or [13] for further details.

1. Particles to Grid interpolation. During this first phase, the mass and momentum are interpolated
from the material particles to the grid nodes with

(Mv); :ZNi(xp)mpvp an
P
The mass on grid nodes m; are also computed using a lumped mass matrix on the grid

2. Mesh Dynamics. During this phase the momentum conservation equation are solved, we then have

(MV)ai1 — (M),
h

where B is a sort of discrete divergence operator in the same sense as in [5]. The equation (12) is

coupled with the constitutive law and plastic flow rule to solve the whole system with the stress at

the particles 6,,. The method and the full system are described in details below.

=B"6,+ fu (12)

3. Particles update. The velocity and the position of the particles are then updated with the new
grid quantities obtained by solving (12). Several schemes can be used to update the particles (PIC,
FLIP, APIC ...), the most common being a combination between the PIC and FLIP schemes. For
all particles p, we obtain

Vpntl = aZNi(xp)Vi,nJrl + (1 — OC) (Vp’n —|—hZNi(Xp) (V,’7n+1 — Vi,n)) (13)

Xpntl =Xpn+ th,n+1 (14)

with o being the so-called PIC-FLIP ratio often chosen between 0.95 and 0.99.
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FIGURE 2 — Schematics representing differences between FEM and MPM discretization

In the realm of finite strain theory, research by Love et al. [15] has shown that if the plastic law
satisfies certain discrete dissipation inequalities, the numerical method becomes dissipative. The mass
conservation equation is solved at the end of each time step.

Resolution of the mesh dynamics By introducing the slack variable 7 = —¢€? the mesh dynamics and
the constitutive equation become equivalent to : find z,5,v such that

M L BT = £
SG_hGn =Bv+z (15
G(—z,0) =0.

In the previous system S is the inverse of the linear elastic operator and the function G is defined by
G(¢7,06) = 0 if and only if (¢7,0) satisfies the plastic flow rule described in the previous section. By
setting W = S+ h*BM~'B” and g = —(So,, — hBv, + h*BM ' f,, 11 ), the system reduces to

hz=Wo+gq
{ Gisy o, a9
Associative plasticity. Assuming 6 = ¢, the system is equivalent to :
—(Wo+gq) € Ne(o) (17)

which is the first order optimality condition of the following quadratic convex minimization problem :

ming o' Wo+4q'c

ceC (18)

since C is convex and W is positive definite (with is always the case with a sufficiently small time step),
that ensures that the discrete minimization problem (18) is well posed.
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As the vector field ¢ is the concatenation of the stress at each interpolation point (Gauss point or
material point) denoted 67, the set € can be seen as the intersection of all admissible sets, we have thus
¢ € C if and only if for all interpolation points, 6” € K. Another equivalent formulation of (17), based
on the natural map [8] is

6=Pe(c—p(Wo+gq)), Yp>D0, (19)

where Pe is the projection operator onto the set €. This will be used for solving the system with semi—
smooth Newton method.

Non associative case Even though the problem can not be written on the form of an optimality condi-
tion, the solution of problem in (8) will verify a problem similar to (19) where we need to find z, 6 such
that

z=Wo+gq
c="P (G —p("+adev(z) ||, dev (z) ))

The parameter a is equal to tan(¢) — tan(0) and quantifies the dilatancy.

(20)

Resolution of the system Both systems (19) and (20) can be put into the form : find ¢ such that F(c) =
0 and can therefore be solved using the semi-smooth Method as described in [8] or [12]. Supposing that
we found the k-th iterate G, the descent direction dy is computed as

dy=—V, 'or, V €0F(oy) Q1)
Ok+1 = Ok +d, (22)

where V is a non singular element of the the Clarke derivative of F' at the point 6y, denoted oF (G ). This
set includes the convex hull of all directional derivatives. The method converges if ||F(oy)|| reaches a
given user tolerance. This method has the advantage of having a quadratic convergence but the Clarke
derivative of the semi-smooth function needs to be known. Fortunately, when X is a translated second
order cone as in Drucker-Prager plasticity, the explicit form of the projection and its gradient are known.
If we denote X, the cone of angle arctan(n) and oriented with the normal n, the projection onto the cone
is given by

x, ifxe Xy
n Xn 1 . *
Py ()= ¢ (e 120 (ke +x), i 56y UG~ {0) (23)
0, ifxeX

where x, = x-n, x, = x —x,n and X, is the dual cone of K. The projection is then given by
(1, ifxeXy
<1+n2 (|X1|nxt +nnn ‘xtpxlxl‘ + |x,|xtn + (n+ ‘x;‘)(l nn ))7

if x ¢ K UK — {0}
0, if0ex;

Py, (x) = (24)

The Jacobian of the function for which we are searching the zero values is then given in the associative
case by
JF(c)=1—JPe(c—p(Wc+q))(I—pW) (25)

Furthermore, existing local convergence results can be used in the associative scenario [14], whereby
it is demonstrated that for a chosen p, all elements of dF (6*) are non-singular at the solution 6*. Howe-
ver, note that this convergence is solely local, meaning that the chosen initial value 6o must be sufficiently
close to the solution ¢* for the method to converge. For the non-associative scenario, it is possible to de-
monstrate that there exists a small value & > 0, where the condition o < § is adequate to achieve local
convergence. Nevertheless, in the non-convex case, our simulation indicates that the method converges
with sufficiently small time steps for any o value in our simulation.



4 Applications : Footing simulation

The presented method can be illustrated on a small example of footing simulation using a FEM
discretization. The schematics of the simulation and the parameter are presented in Fig. 3. The set of

parameters is inspired from [4]. The dilatancy angle 0 is chosen such that tan0 = @
i
ﬂ\ b ‘ Geometry Length L (m) 2
o Width b (m) 0.5
Material Density p (kg-m~) 2-10°
Young’s modulus £ (MPa) 1103
E, c Poisson’s ratio v 0.3
~ v, p, 0,0 L Friction angle ¢ (°) 27
-~ 4 Cohesion ¢ (kPa) 2
Load g (kPa) 20
Numerical Number of elements N 853
. Time step £ (s) 1-1072
Simulation time T (s) 3

& &

FIGURE 3 — Left : schematics of the simulation. Right : parameters chosen for the simulation.

The simulation results are shown in Fig.4a, displaying the cumulative plastic strains norm. The ob-
served outcome is an expected plastic shear band under the loading zone.

Additionally, Fig.4b highlights the force plotted against displacement, where the force increases
linearly before reaching a plateau caused by plastic deformation. It is important to note that the simulation
exaggerates the displacement to showcase the shear phenomena. The Newton method converges towards
a tolerance of 10~!2? in a maximum of five iterations.
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FIGURE 4 - Footing simulation



5 Conclusion and outlooks

In this paper, we introduce an implicit time solver for non-associative plasticity that is compatible
with several spatial discretisations, including MPM and FEM. To illustrate the solver, we apply it to a
FEM footing simulation and observe a quadratic convergence, even for large time steps. We expect that
this solver will serve as a useful tool for characterising MPM in small deformations and for performing
larger-scale simulations of landslide initiation using this discretisation.

Using the same method as [2], we can incorporate isotropic and/or kinematic hardening into our
model and maintain its well-posedness by creating an internal variable, o, for complementary conditions.
The plastic flow rule outlined here is highly similar to the Coulomb friction problem, as explained in [1],
so the method can be easily modified for coupled elasto-plasticity with frictional contact. As in [2], the
aim is to incorporate one-sided contact conditions, which in the dynamics of dimensional systems means
including a plastic impact law as well as Coulomb friction. The idea is to provide a monolithic solver
and a time integration scheme that guarantees the energetic aspects in discrete time. Finally, the aim of
this work is to integrate this numerical method into the MPM with a strong coupling to the non-smooth
DEM (NCSD), in order to simulate elasto-plastic flows with rigid particles within a single solver.
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