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behaviour. However, the vast majority of existing material point method implementations
do not inherit conservation properties (momenta and energy) from their continuum
formulations. This paper provides, for the first time, a dynamic updated Lagrangian
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1. Introduction

The Material Point Method for solids (as originally described in [1-3]) is receiving significant interest for problems
involving very large deformations, with particular relevance in geotechnical engineering. Recent reviews of the literature
can be found in a number of papers [4,5]. Historically, the MPM for solid mechanics was derived from the FLIP (fluid-
implicit-particle) method [6,7] which, in turn, was a particularisation of the PIC (particle-in-cell) [8-10] method.! The MPM
works by decoupling the representation of the problem domain (using “material points”) with the calculation phase which
is carried out on a finite element grid. Such a split requires mapping of information from material points to the grid prior to
the calculation phase and then the other way following calculation. Momenta and energy conservation in the MPM remain
a matter of concern with respect to these mappings, as evidenced by the numerous publications in this area: [6,8,11-14],
among others.

Abbreviations: APIC, Affine Particle In Cell; CFL, Courant-Friedrich-Lewy; FEM, Finite Element Method; FLIP, FLuid Implicit Particle; GIMPM, Generalised
Interpolation Material Point Method; MPM, Material Point Method; PIC, Particle In Cell; PolyPIC, POLYnomial Particle In Cell; TL, Total Lagrangian; UL,
Updated Lagrangian; XPIC, eXtended Particle In Cell.

* Corresponding author.

E-mail address: w.m.coombs@durham.ac.uk (W.M. Coombs).

1 From this point on, the terms FLIP and PIC are used to define only the mapping procedures at the end of the step, and not the complete numerical
methods.
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Dynamic solid mechanics problems are often solved using an explicit approach to time discretisation, and this is the
case with the majority of MPM research to date (see [15-17]), although it should be noted that these publications are cast
within small and not large deformation theory. Fewer researchers have used implicit time integration. Love’s and Sulsky’s
2006 papers [18,19] provided theoretically sound bases for both the mapping procedures and the formulation of discrete
equations, on the basis of the groundwork laid by several other publications (e.g. [20-25]). In particular, the constitutive
relationship cast within finite deformation elasto-plasticity and the mid-point rule for the time integration scheme are
discussed and assessed in the above-mentioned papers for the Finite Element Method.

If finite strain theory is taken into account, the difference between the current (or updated) and the initial (or total)
Lagrangian reference frame is not negligible, making the frame used for the equilibrium equations a choice in terms of the
numerical implementation of a method. For the MPM, the choice between an updated or a total Lagrangian formulation
is discussed in [26], which concludes that total Lagrangian formulations are not ideal for MPMs as they require the basis
functions to be mapped back to the original coordinates, which is “not practical as it would require mesh deformation throughout
the analysis to be stored, destroying one of the key advantages of the material point method” [26]. Therefore, while Love and
Sulsky [18,19] have provided an energy conserving total Lagrangian MPM, here we overcome the limitations of a total
approach via the derivation, implementation, verification and validation of a new updated Lagrangian energy conserving
MPM for large deformation elasto-plastic dynamic analysis. It should be emphasised that, while Love and Sulsky [19] state
their approach to be “updated Lagrangian”, their actual formulation is total Lagrangian, as can be seen from the adopted
stress measure and integration volume used when satisfying the governing equations (see Coombs et al. [26] for a detailed
discussion on the differences between total and updated Lagrangian formulations in the material point method). In addition
to this key contribution of the paper, we also investigate the grid-to-point and point-to-grid mappings that are required in
the MPM in terms of energy conservation. The conditions under which (linear and angular) momenta and energy are and
are not conserved are clearly defined for PIC and FLIP motion projections within the MPM.

Section 2 of this paper presents the continuum and discretised equations for a deformable body in updated Lagrangian
(UL) and total Lagrangian (TL) frameworks. Section 3 reviews the MPM computational cycle, focusing on its implicit version.
In Sections 4 and 5, conservation properties are assessed. In particular, Section 4 examines conservation applied to the
mappings (PIC and FLIP), while Section 5 develops an UL version of the energy-conserving internal force vector. Due to the
well-recognised link between the implicit MPM and standard finite elements (see Guilkey and Weiss [27]), the discussion
in Section 5 can also be applied to the Finite Element Method. Since selecting an adequate time-step length for dynamic
MPM simulations is critical to complete any simulation, an adaptive time-step technique is introduced in Section 6. Finally,
in Section 7, numerical examples demonstrating the conserving properties are shown for the bi-dimensional and three-
dimensional cases. Section 8 concludes the paper with observations and possible future expansions of the current work.

2. Governing equations

In this section, the equations governing the continuum dynamics of a deformable body are briefly introduced. In partic-
ular, the balance of linear momentum is presented in different frames, both in strong and weak forms. Hyperelastic-plastic
constitutive models are considered with isotropic finite strain multiplicative plasticity (a Hencky material). In what follows,
non-bold quantities represent scalars, while bold symbols indicate vectors or matrices. The use of index notation when
necessary not only avoids confusion among these quantities, i.e., vectors and matrices, but also indicates their dimensions.
In particular, uppercase letters in italic font (I, J,...) indicate the degrees of freedom of the grid, uppercase upright letters
(A, B, ...) denote grid nodal values, and lowercase letters (i, j, ¢, ...) refer to the dimensions n®™ of the Euclidean space
under consideration. In addition, the Einstein summation notation for subscript indexes is used throughout unless specified
otherwise.

2.1. Notation, strong and weak forms

Consider a body %, occupying an initial volume ¢ of the Euclidean three-dimensional space & C R™" . The boundaries
of the initial volume are Iy, partitioned into disjoint subsets such that [y = Fg) ur?, and F% NT? = g. Particles constituting
the volumes 2o have a reference density pp and occupy an initial position X in the initial reference frame. Let the same
particles be denoted by x in the current configuration €2, and let us introduce a smooth mapping ¢, i.e., the motion, such
that ¢ : Q¢ x [0, T] — & and x = @ (X, t), with t € [0, T] C R being the time. Moreover, any motion ¢ belongs to the set of
admissible configurations, defined as

%=[¢|det(F)>OA(p=¢onF°¢}, (1)
where @ defines the prescribed motions on the boundary F%, and F indicates the deformation gradient, which is

0o 0x

Fiji= —-=—".
YTTaX T aX;

(2)
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The Jacobian ], which is the determinant of the deformation gradient F, can be used both to express the current density p =
J~ 1 po and its infinitesimal current volume dV = JdV°, with dV° being the infinitesimal initial volume. We also introduce
the difference between the reference and the current configuration of a particle, i.e., the displacement, as u (X, t) =x — X.

A point X has a material velocity defined as v := @, where the notation (e) indicates the material time derivative.
Conventional stress measures are used: the Cauchy stress tensor o, the Kirchhoff stress tensor T and the first and the second
Piola-Kirchhoff stress tensors P and S. The relationships between these quantities are

o=J't=]'PFT = J7'FSFT, (3)

where the superscript (¢)” indicates the transpose of the quantity (e).
The local balance of momentum can be expressed in different frames. In the updated Lagrangian formulation, the equa-
tions are expressed in the current frame, leading the local balance of momentum per unit current volume to be

90;: .
W’]Hp(b,-—vi):o, (4)

with (p b) being the body forces. In the total Lagrangian formulation, equations are based on the reference (or initial) frame,
so the total counterpart of Eq. (4) per unit initial volume is

9 Pyj ;

— + b;i —vi)=0. 5

3X]‘ /00( i i) ( )
Egs. (4) and (5) are expressed in a strong form. The multiplication of the above equations by weight functions 3, belonging
to the set of ¥ = {17 |p=0o0n F%}, and the integration over the respective volumes permit the recasting of Egs. (4) and (5)

into the weak forms

§symp. ) B
/O‘UTﬁldV—/p(b—vi)nidv—ftinidA:O, Ynev, (6)
Q ! I}

on; . _

/Pija—))?dVO—/po(b[—Vi)ﬁidVO—/t?nidAon, Vypev, (7)
Qo J Qo 1'*?

where a motion ¢ € % and satisfying the initial conditions ¢ (X, 0) = ¢, and ¢ (X, 0) = vo has to be found. In the above
equations, dA and dAg represent the infinitesimal current and initial areas.

2.2. Space discretisation

Since the implicit MPM is closely related to the standard finite element method, we develop the discretised weak form
firstly in the latter. Let an isoparametric finite element Cartesian grid discretise the continuum body %, with Npo4es being the
total number of nodes in the grid. The interpolated values of admissible motions and weight functions, belonging to the
finite-dimensional sets ".# and ", are given by

"9i(®) = Nit(®) o1; ®)
"0i®) =Ny @)m; 9)
8h7]'
o ® =V Nu@mi, (10)
Xj
where index I =1,..., (Nm,deS X ndim) represents the degrees of freedom of the whole discretisation, while N (x) are the

shape functions. Several options exist in the MPM for the shape functions, as discussed in Sotowski et al. [5]. However, in this
work, linear shape functions (MPM) or a convolution of linear shape functions with step characteristic functions (GIMPM)
are considered in the examples in Section 7 (for a detailed explanation of this procedure, see Bardenhagen and Kober [28]).
The introduction of the grid allows Egs. (6) and (7) to be written as

/(ijNli) O"ijth—/,ONli (bi — Nik Vi) dhv_/NliEidhA%(); (11)
hQ hQ hp

[ M) FoSpydtvo— [ oo~ Nt Vo~ [ Nyt Ao o, (12)
hQO hQO hr*o
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where the dependency of the quantities in the above equations from the current position x or the displacement u is dropped
for the sake of clarity.

Let also the same body % be described by a finite number of material points Np,. In the original MPM [1], material points
are used as quadrature points to approximate the above integrals. Furthermore, to allow compact presentation of Eqgs. (11)
and (12), the internal force vectors, the consistent mass matrix and the external force vectors are introduced along with their
integral approximations

Npt
fine :=/(VXJ.N1,~) 0ij ~ > Vi Ny (1) 03 (x7F) VP (13)
hQ pt
Npt
F'}nt = / (VX;'N”) FipSpj d"vo ~ ZVXJN” ("pt) Fip ("pt) Spj (xpt) Vgt; (14)
Qo pt
Npt
Mg = / pNii Nigd"V = / poNji Nigd"Vo ~ meNli (xP") Nig (xP1); (15)
hQ hQq pt
Npt
fext ::/,ON” b,-th+/N”E,-dhA%Zm’”N” (xP) bi+/N,i tid"A; (16)
hQ hp Pt hp
Npt
Fext :=/p0N1,~b,-th0+/Nlif?d“Ao%ZmptN” (xP) b,~+/N,,~f?dhAo, (17)
Qo hTy pt hTy

where the superscript (e)P! implies that the quantity (e) is computed at the material point location.

Since the lumped mass matrix M is often used in place of a consistent mass matrix and evaluating the conservation
properties for both of the cases is one of the scopes of this work, it is useful to introduce the effective mass matrix M as a
linear combination of the two. In this way, they can be both generically expressed as

M=(1-¢)M+eM with €=[0,1], (18)
having introduced the lumped mass matrix defined as follows
Np[
Mk =81k / pNgd"V ~ 8 Z mP' N (x"')  (no summation over K). (19)
pt=1

hQ

Thus, the approximated compact forms of Eqgs. (11) and (12) are
ry(u) = ﬂnt + 1\7[[1< VK — ﬁxt ~0; (20)
Ri (w) = F™ 4 My g — FX ~ 0. (21)

2.3. Time discretisation

In a dynamic problem, the temporal problem duration [0, T] is discretised into steps of length At. Following Simo and
Tarnow [20] for the FE method and Love and Sulsky for the MPM [19], we use the implicit mid-point rule since its use
preserves angular momentum during the time-step when finite strain theory is considered.” Thus, the configuration in
which equilibrium is imposed is at time © =t + At/2. In this case, the relation between the kinematic variables becomes

1
uy = 5 (ur +urpar) = Auy; (22)
Urpar — Ut
Vo — : 23
’ At (23)
Verar — Ve
Qg = ————. 24
9 AL (24)

2 It must be noted that the mid-point rule does not guarantee any conservation properties outside of the solution of the equilibrium equations, i.e., it
does not apply to the mappings from material points to grid and back. This is the reason why mappings are assessed in Section 4 in terms of conservation
properties.
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Mid-point
Configuration
at time 9

Current
Configuration
at time t + At

Previously Converged
Configuration at time ¢

Initial Configuration at time tq

Lagrangian Reference System

Fig. 1. Configurations taken into account by the current MPM formulation and associated quantities: grid positions, grid (incremental) displacements,
material point deformation gradients.

In Eq. (22), it should be noted that initial displacements are null due to the introduction of a new mesh at the beginning of
each time-step. The representation of the diverse configurations is given in Fig. 1. In addition, the relationship between the
deformation gradients appearing in the same figure is as follows

ax X Oxy 0X
F=—=———:=AFa_y AFy F;. (25)
X 0xy 9Xx 90X
It should be highlighted that A (e) := (e);, A — (e); usually indicates a difference between a quantity at the end of the step
and its respective counterpart at the beginning, with the only exception being the deformation gradients AF ot—y and AFy,
which are defined by Eq. (25).

3. The Material Point Method algorithm structure

The main algorithmic steps for the MPM match previous descriptions (see, for instance, Coombs and Augarde [29]) and
only significant features of steps pertinent to the new method are discussed below. Having established the continuum
mechanics and discretisation approaches in the previous section, this section details the main algorithmic steps for a given
time-step of the proposed implicit algorithm (as represented in Fig. 2). The key steps A to E are described by Subsections 3.1
to 3.5. The final step, Step F, shows the deformed material point positions at the end of the loop, providing the starting
point for the next loop through the algorithm.

3.1. A: Discretisation - material points and grid initialisation

Regardless of the ontology, whether considering material points and the grid as two different and communicating dis-
cretisations or seeing them as a single one in which the two groups play different roles, the strength of the MPM lies in
the presence of (simultaneous or discontinuous depending on the considered substeps) and the non-trivial communication
between these two groups (material points and grid). Therefore, the initial conditions on the displacements and velocities
required for the solution of Egs. (20) and (21) can be prescribed independently on both the material points and the grid.
Due to the different mapping substeps, this information will be passed from one group to other (i.e., from the grid to the
material points or vice versa).

3.2. B: Material points-to-grid mapping

A key issue for dynamic problems with the MPM is the need to maintain the same conservation properties (linear
momentum, angular momentum and energies) of the material points representation as best as possible. The mapping pro-
cedures (substep B in Fig. 2) from material points to grid proposed in the literature (see, among others, Love and Sulsky [19])
can be expressed as follows



G. Pretti, W.M. Coombs, C.E. Augarde et al. Journal of Computational Physics 485 (2023) 112075
i/ \
New step

F

Grid-based

\

Fig. 2. An MPM main loop subdivided into procedural substeps for a single time-step. This loop is run until the simulation is complete at time T. On the
left-hand side, there are the substeps involving the material points, while, on the right-hand side, the substeps using (mainly) the grid-based calculations.
A loop comprises several steps: (A) current position of material points on the background grid, (B) point-to-grid information mapping, (C) equilibrium
equations formulated at nodes on the grid, (D) solve equilibrium equations for nodal motion, (E) grid-to-point motion & deformation mapping and (F)
deformed body in equilibrium with external actions and distorted grid disposal.

Npt
Mk Vg = Zmpt Ny (xP1) vP. (26)
pt

The conservation properties of mapping (26) were investigated in 2006 by Love and Sulsky [19]. However, some of this
is revisited in Subsection 4.1 below, to assess the conservation properties of the grid-to-material points mappings presented
in Subsection 4.2.

3.3. C: Grid equilibrium equation assemblage

In this substep (C in Fig. 2), Eqs. (20) and (21) are assembled at the grid nodes after having introduced the time
discretisation explained in Subsection 2.3. As highlighted in [26,30], the gradient of the shape functions must include the
variation in deformation over the time-step to correctly enforce the equilibrium equations. Moreover, as can be seen from
Egs. (16) and (17), while the part of the external forces dealing with the body forces can be approximated via the integral
over the chosen material points, the Neumann boundary conditions cannot be assembled in the same fashion within the
MPM context; some suggested approaches are given in Bing et al. [31] and Remmerswaal [32]. In this work, when Neumann
boundary conditions are considered (as in Example 7.1), concentrated loads are applied to selected material points, as
explained in Charlton et al. [30].

3.4. D: Essential boundary conditions and solution procedure

The solution of Eq. (20) can take the same approach as the standard FE method where Dirichlet boundary conditions
are directly applied on the grid (substep D in Fig. 2). However, if the body boundaries (where the essential conditions are
prescribed) do not match the grid, special techniques are necessary, such as proposed by Cortis et al. [33].

Iterative solutions to Eq. (20) are obtained via the Newton-Raphson algorithm, that is

-1
k k—1 k—1
suffy =—(107) T, (27)
o . . - . . or |
where k indicates the current iteration, 8u§lj2 AL = ui’_? At~ ui’jr A? are the incremental displacements, and J*— := o s
t+At

the Jacobian matrix. In the case of the mid-point rule, the full expression of this matrix is
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J(k—]) — é M + I((k_]),

. ofnt . N . . o
with K& = " being the global stiffness matrix. Since the computation of the global stiffness matrix is strongly
U At
dependent on the stress-strain relationship (and the constitutive relationship is modified to conserve energy, as explained

in Subsection 5.1), its calculation is fully detailed in Appendix A. It should be noted that the primary variable for Eq. (27) is
arbitrary, while the update of the secondary unknowns should be made according to Eqs. (22)-(24).

Each time-step is considered to have converged once the ratio between the current error fE™ at the k-th iteration is less
than a selected tolerance tol defined as

FET () . ®)
o (1) = (4), (),

3.5. E: Grid-to-point mapping and update

Once the approximate solution to the equilibrium equation is found, it is necessary to pass the information from the grid
to the material points (substep E in Fig. 2). Moreover, if the characteristic function is not the Dirac delta function, an update
of the function domain must be carried out (for a discussion and a comparison of the options, see Coombs et al. [26]).

For the material points-to-grid mapping in a dynamics problem, several options are available in the literature, which are
PIC [8-10], FLIP [6,7], XPIC [13], APIC [12,34], and PolyPIC [14]. The current work focuses on the first two (PIC and FLIP) and
highlights why the former is considered dissipative while the latter not (see Subsection 4.2). For the sake of completeness,
the difference between the two is expressed by their update equations

PIC: (ij—At)i =Nj (xpt) (VH-AI)I; (28)

FLIP: (Vfim)i = (vft)i + Nip () (Verae —Vo); - (29)

The update of the material point current position is given by
t
(*5ac) = (%), +Nir () (uesa0)s = Nit (%) G0 (30)
4. Properties of the mappings

The mapping procedures described by Eqgs. (26), (28) and (29), which pass information back and forth, from the material
points to the grid, are below assessed and their conservation of momenta (linear and angular) and of kinetic energy com-
puted and reviewed. It should be emphasised that, theoretically, the goal of each mapping process is to conserve momenta
and energy at the given time (i.e. the quantities of interest should be computed at the beginning or, alternatively, at the
end of the step). However, as will be detailed in Subsection 4.1, the initial mapping inevitably loses energy at the begin-
ning of each time-step. As a consequence, the objective of the mapping at the end of the time-step (i.e., grid-to-material
points) changes in scope, having to eliminate (if possible) the error committed in the initial phase. For the grid-to-material
points mapping process, the quantities of interest then become the time differences within the step. Therefore, it should be
understood that, while the material points-to-grid mapping can be defined as a unique process, the grid-to-material points
cannot be decoupled from the mapping at the beginning of the step.

The Einstein summation notation has not been applied in Section 4 to make operations clearer, with the summation
being explicit when necessary.

4.1. The material points-to-grid mapping

The definitions of the momenta and kinetic energy computed on both the material points and the grid nodes are listed in
Table 1. In particular, the former are denoted by the superscript (¢)Pt, while the latter by (e)". Moreover, their differences,
which were computed by Burgess et al. [11] for the consistent mass matrix and by Love and Sulsky [19] for the effective
mass matrix, are reported in the same table.

To make the notation in Table 1 consistent with the definitions of mass matrices introduced by Egs. (15), (18) and (19),
it is useful to explain the relationship between them as follows

M:/p Np & 5ijNBth=/,0N1iNi1<th, (31)
——
hg =Ny hQ

with =1, ..., (Nnodes x 1) = A x k= (1, ..., Nnodes) X (1, ..., n"Im).

7



G. Pretti, W.M. Coombs, C.E. Augarde et al. Journal of Computational Physics 485 (2023) 112075

Table 1
Definitions of material points’ and grid linear momentum, angular momentum and kinetic energy. Their differences at
the beginning of the step are computed using the mapping defined by Eq. (26).

Quantities Material Points’ Grid Difference
. . Npt - 0 Npodes Nnodes N ot h
Linear momentum L LP' =" mPtyPt; L":= ) Y Ma(v"),: | Pl e =0;
pt A B
. Npe . — h Niodes Nuodes N ot h
Angular momentum J  JP':= )" &Pt x mPt vPL; Jh= ; (x“)A X ZB: Mag (V") i [ =0;
pt
o 1 Not 1 Nuodes Nnodes .
Kinetic energy K KPt = 5 > mPt || vt HZ:T K" = 3 > (Vh)A - > Mas (Vh)B: KM -k >o.
pt A B

T|l(e)|| is the Euclidean norm of (e).

Table 2
Résumé of differences between time-increments computed on material points’ and grid us-
ing initial mapping (26) with FLIP, Eq. (29), or mapping (26) with PIC, Eq. (28).

Differences Method Results
ALPt — ALP Eq. (26) + FLIP: =0;
Eq. (26) + PIC: =0;
NNodes NNodes  _
AJPE—AJh Eq. (26) + FLIP: =—€ Y (M a)ax X (M—M),;AvE;
A B
Nnodes b Nnodes  _ b
Eq. (26) + PIC: =—€ > (i adaX 2 (M—M),q ("r+Az)53
A B
€ Niodes Nodes  _
AKPt — AKD Eq. (26) + FLP:  =—2 oAVl Y (M=M),, AvE;
A B
€ Nnodes Niodes | _
Eq. (26) + PIC: =-5 X AV YT (M= M) (VP 0 + V1),
A B
1 Nnodes
t
TP g 2 (V) Maa (v)g.

A

Furthermore, from [19] the difference between material points’ and grid kinetic energy for the mapping defined by
Eq. (26), which is generically expressed as greater or equal than zero as reported in Table 1, can be quantified as

" 0 1 Npt . 2 1 Nnodes 0 Nrodes 0
b _ t p \/
= 3 335 (), 3 e ()
pt A B
1 Npt . 2 1 Npodes Nnodes
_ pt p h h
=y o ] 2 (), 2 e (),
pt A B
Nrodes Nrodes

58 (), S 0w o) 20

The above difference between the material points’ and grid kinetic energy presents a term (the third on the right-hand
side) which is proportional to €. As such, it goes to zero when the consistent mass matrix is used in lieu of the effective
mass matrix. However, the difference between the first term (material points’ kinetic energy) and the second (proportional
to the consistent mass matrix) does not cancel out entirely. In particular, as shown by Burgess et al. [11], this difference is
greater or equal to zero since material points are usually more numerous than grid nodes. As previously mentioned, this
unavoidable error changes the goal of the grid-to-material points mapping at the end of the step.

4.2. The grid-to-material points mapping

Differences of changes within the time-step between material points’ and grid quantities for PIC and FLIP are reported
in Table 2, where, in the case of FLIP, results were obtained by Love and Sulsky [19]. Hence, changes of momenta involving
FLIP are only reported in Table 2, while the change in kinetic energy using FLIP is given for a detailed comparison with PIC.
This comparative evaluation is necessary because the combination of the effective mass matrix with PIC is a new result,
which agrees with the results of Burgess et al. [11] in the case of a lumped or a consistent matrix.

The difference between linear momentum values is (utilising Egs. (18) and (28))

t h _ppt h
ALY — AL =Liy o — Lisa
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Npt Npodes Nnodes
DIRED 3B N
t+At AB \ Vr+at )
A B
NPf NNodes Np: Nnodes Nnodes
_ pt h pt h
S 3 Mg (), (- 2o 5 N 3 N (),
pt B pt A B
——
=1
Npe NnNodes

—e> mP Y Ne <v?+“)s —o. (33)
pt B

As it can be seen, PIC mapping conserves the linear momentum increment within the time-step. The difference between
angular momenta is (with the contribution of Egs. (15), (18), (30), and (28))
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Eq. (34) shows that the difference is proportional to the velocity at the end of the step ( t+At) . This result is different
from that obtained using FLIP, where the same quantity (see Table (2)) is proportional to the dlfference in velocities within
the time-step (Avh) ;- Therefore, the difference in angular momentum using PIC can be expected to be more significant, as
the absolute velocity at the end of the step is likely to be greater in magnitude than the difference in velocity within the
time-step. Nevertheless, in PIC and FLIP, errors are zero if the consistent mass matrix is employed. However, if the effective
mass matrix is used, the difference in increment of angular momenta can either decrease (dissipative behaviour) or increase,
as it is not possible to quantify more specifically the difference in Eq. (34).

Lastly, the difference between material points’ and grid kinetic energy at the end of the step is computed, both for PIC
(using contributions from Egs. (15) and (28))
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and FLIP (by using Egs. (15), (26), and (29))
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It should be noted that the inequality in Eq. (35) was proven previously in Love and Sulsky [19] via positive semi-
definiteness of the symmetric quantity M — M. Suppose we consider Eqgs. (35) and (36), we should see that, in the case
of a consistent matrix, PIC would appear to be energy-conservative, while FLIP would repeat the error made at the begin-
ning of the time-step. However, by virtue of the initial error quantified by Eq. (32), Egs. (35) and (36) are not of interest but
the combination of these latter with Eq. (32) is. In the case of PIC, this calculations is

h pt pt h
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N —;
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The same process (first described by Love and Sulsky [18]) can be applied to the FLIP method using Egs. (32) and (36), i.e.,

AKPE = AKM = KDL = Kl ae = (KE = KT)

N Nodes Nnodes

=—3 Z (AVA) > (M=M),, Avg <0. (38)
B

As Eqgs. (37) and (38) show, while FLIP can cancel the kinetic energy difference from the initial mapping procedure, PIC
cannot. Hence, PIC is not dissipative per se, but the combination of the initial mapping defined by Eq. (26) with PIC (28) leads
to dissipation at the end of the step, even when the consistent mass matrix is used. On the other hand, the combination of
Eq. (26) with FLIP (29) does not lead to kinetic energy dissipation, as the initial difference is mathematically cancelled in
the consistent mass matrix case.

In addition, since linear and angular momentum and kinetic energy do not depend on acceleration but only on velocity
(linear momentum and kinetic energy) or position (angular momentum), there is no need to map the acceleration at the
end of the time-step to ensure conservation. However, these mappings (back and forth) are sometimes performed (as in,
for instance, laconeta et al. [35]) to visualise post-processed data and have the initial acceleration at the beginning of the
time-step a; to be non-zero.
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5. Properties of the Updated Lagrangian formulation

A key part of an implicit MPM formulation is calculation of the internal force vector and, for this new method, this is
needed in the updated Lagrangian frame. As can be seen from Eq. (13), the most compact and natural writing of this internal
force vector uses the Cauchy stress tensor o or, similarly, the Kirchhoff stress tensor t,> as shown in Eq. (3). Therefore, the
second Piola-Kirchhoff stress tensor’s modified definition $™ (firstly proposed by Simo and Tarnow [20]) is pushed forward
to the current configuration to obtain its analogue in Kirchhoff form ™. Once this operation is performed, all conservation
properties (momenta and strain energy conservation) related to S™ are transferred to T™P. The reader interested in the
proofs of the conservation properties is referred to Simo and Tarnow [20] or Love and Sulsky [18,19].

To move the reference configuration, the internal force vector, expressed in a total Lagrangian formulation, is given
from [20] as

Fint =/(VXN)T Fy S™dVo, (39)
Qo

with §™ being the energy-consistent second Piola-Kirchhoff stress tensor. The transition from a total Lagrangian formulation
to an updated Lagrangian formulation leads to a change in the integration volume, i.e.,

i T _
fint — / (VxN)" Fy S™ (Jerao) ' dVisar. (40)
Qetat
Moreover, it is useful to express the following quantities as

vyN= N _ N & _ o F (41)
Tox “axax 0

ax Xy 0X
oo _ 900 9% AFy F,. (42)

X X 99X

By using the above equations and the definition of the Kirchhoff stress in the current configuration, which is

Fry =

S™ = (F)"'T™ ()T, (43)
the internal force vector defined by Eq. (40) becomes

. T _ 3
fglt = / (VXN) AFy Fy (F) 1 TP (JH—At) 1 dVH_A[ . (44)
Qeta =(AFpt—9)7! =dVy

It should be noted that Eq. (44) is not a unique choice, since the Kirchhoff stress could be mapped to the intermediate
configuration. This discrepancy between the configuration where the equilibrium is imposed (i.e., intermediate) and the one
where the algorithmic Kirchhoff stress lives (i.e., the current configuration) leads the stress tensor (AF At—p) 1 T™ to be
asymmetric (see, for a detailed discussion, Marsden and Hughes [39]). Despite this additional complication, the decision
to push the Kirchhoff stress to the current configuration seems more streamlined, especially as the linearisation of T is
independent from the considered intermediate configuration, which, if time integration schemes different from the mid-
point rule are considered, can vary between the previously converged and the current one.

5.1. Stress-strain modified relationship

As mentioned above, the stress-strain relationship must be modified to not dissipate energy within the framework
of finite deformation theory. In this work, power conjugates are used to establish how this modification changes when
the stress tensor is the Kirchhoff tensor, i.e., %S:C = 1:d, with C := FT F being the right Cauchy-Green tensor, and

d = (F F14 (i’ F‘l)T) /2 the symmetric part of the rate of deformation tensor. As incremental relationships are sub-

stituted by time-discretised ones, the time-difference of the right Cauchy-Green tensor AC is related to the averaged (over
the time-step) rate of the deformation tensor, denoted as d. Therefore, the time-discretised power conjugates become

3 The authors recognise the importance of the study proposed by Bennet et al. [36] in which it is shown that an Eshelby-like stress tensor is the only
one that satisfies both the second law of thermodynamics and the assumption of an intermediate stress-free configuration. However, in light of the same
argument advanced by Choo and Sun [37] and in line with the tradition of the Kirchhoff tensor as a measure for plasticity at finite deformation (see, among
others, de Souza Neto et al. [38]), the present work adopts the Kirchhoff tensor as the stress measure for the proposed updated Lagrangian framework.
The Kirchhoff measure does not violate the second law of thermodynamics and therefore remains an excellent candidate for an energy-conserving MPM
formulation.
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1 . =

5SP:AC:T”:d. (45)
Hence, by using Eq. (43), the definition of d is

d= %F—T ACF™ . (46)
The modified stress-strain relationship for a Hencky material using $™* is here recalled

Smp_l(s +s )+A—C 2(Ay + AP™ —1(5 +Siiar) t AC (47)
=3 St Serad+ e 5 (Set Seran) : ,

=AJNt

where Ay = Yryar — ¥ is the difference in the free energy function . The difference in internal dissipation A 2™ is, if
associative flow rules are considered, given by

A7 = Ay (Terac: —2— 4 0®
=AYy t+At-BTt+At qe+At i)

with q := —% being a scalar hardening variable and & its conjugate responsible for isotropic hardening. By pre-multiplying
by F and post-multiplying by FT Eq. (47), the stress strain-relationship can be written using T™, i..,

1 A(%lnt
‘rmp:FSmpFTziF(St—kSHAt)FT—i—FACFT( )

lac)?
1 1 A%i”t Ajfi"t
== FS:F' +-tac+FACFT =T+FACF [ —— ], 48
2 —— T2 lac)? laci? )
=AF T AF
where the trapezoidal stress T has been defined as
_ 1 r 1 T 1/ pr
T:= EF (St + St+an) F' = 3 (AF Tt AF' + Tt+At) =3 (Tt + Tt+At> . (49)

In the above equation, the quantity T/¥ = AF 7; AFT corresponds to the Kirchhoff stress evaluated at the previous step ¢,
pushed forward to the current configuration. This is in compliance with the current Kirchhoff stress Ty, which lives in
the current configuration.

It is useful to consider what physical quantity corresponds to the product F AC FT appearing in the second term on the
right-hand side of Eq. (48). To proceed, let us introduce the left Cauchy-Green tensor b := F FT, so it follows that

Fin (AC)pi Fjk = Fin (Chk — (Cni) Fjk = Fin Fan Fak Fjk — AFig (F)gn (Fo)an (Fak AFjy (Fr)yk
=big baj — AFig (b)go t)ay AFjy = APEbyj, (50)

where, when the reference configuration is omitted in the subscripts, the quantities are referred to the current time t +
At. Owing to the above equation, the quantity F ACFT can be seen as a difference between the squared current left
Cauchy-Green strain tensor b and the same quantity evaluated at the previous step b; which has been pushed forward as a
contravariant tensor. Therefore, Eq. (48) can be rewritten as

A%iﬂt
lac)? /)

‘L’mpzi'—i—APFb( (51)

It can be shown that the following energy inequality holds for the finite work within the step defined by algorithmic stress
tensor (51) and its conjugate kinematic variable (46), which is

1 _ . .
ESmP:AC:rmp:d:AW—i—A@'“t >Ag™M, (52)

Owing to Egs. (48) and (46), it follows that

4 The definition (47) comes originally from Gonzalez [21], but the additive term A 2™ to include plastic dissipation was added by Meng and Laursen [24].
Moreover, the definition of an algorithmic stress tensor which satisfies the conservation of energy is not unique, as underlined by Armero and Romero [22]:
there exist several formulations of discrete derivatives which conserve directionality and consistency (for a detailed discussion, see Love and Sulsky [18]).
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T d = ( (th +n+m) +FACFT (A‘%pmt» . (F—T ACF—‘)

N =

lac? 2

1/ pF -T -1 1A T,p-T -1
=Z(rt +rf+At):(F ACF )+5”AC”2 (FACF :FTACF ) (53)
The following simplifications can be made
FACFT:F TACF '=AC:AC; (54)
% (Se+Seiar) tAC=(Sc+ Separ) :FTdF = (AF T AFT + rt+At) :d=27:d. (55)

Therefore, the quantity A in Eq. (51) can be rewritten as

. . 1 . _
A =2 (Aw n A@’“f) — 5 (St+Seran) 1AC=2 (Aw n A@”") _2%:d.

By the use of Egs. (54) and (56), inequality (52) can be verified

1
2

T d = (rfF+rt+At):¢_1+ (2<A1//+A.@“")—2i: )AC:AC

2 |Ac|?
—7:d+ (A¢+A@"”f) —i:d
=AY + AP > Ay, (56)
6. Adaptive time-step length based on the Courant-Friedrich-Lewy condition

For computational efficiency and stability, the choice of time-step size is important regardless of temporal discretisation.
The maximum time-step size in explicit solution techniques is limited by the well-known CFL condition

ALCFL = min (W) /2 (57)
i M

where h? is the mesh size in the i—th direction (e R ), and p and M are the density and the P-wave modulus of the
material being analysed. The above equation holds for any body under the assumption of small strains or for underformed
Hencky materials within the finite strain theory. While the adaptation of this formula to deformed bodies within finite
strain theory has been carried out by Sun et al. [40], this work underlines that, within the MPM, the CFL condition is not
a steady quantity in the simulation, as some grid elements can be entirely filled with material points, while others only
partially. Hence, when mapping information (masses and mechanical properties) from material points to grid nodes, the
grid-averaged values of these quantities coming from partially filled elements are smaller than those coming from entirely
filled elements. This variability in mass and stiffness affects the CFL limitation on the time-step size during the analysis. For
implicit temporal discretisations, the CFL condition is not required to guarantee method stability however it can be used to
provide an adaptive time-step size for efficiency. Understanding how this condition varies during a simulation is therefore,
if not necessary is at least practical for adapting the time-step length.

To the authors’ knowledge, these considerations are new within the MPM framework, but they are well-recognised, for
instance, in the cut finite element method (see Sticko et al. [41]), where a generalised eigenvalue problem of the discrete
linear momentum conservation (Eq. (21)) is solved to compute the CFL condition. In this work we adopt a convenient
computational simplification, which relies on the mapping at the beginning of the step. The CFL constraint in Eq. (57) can
be mapped at the beginning of the step from the material points (where information such as density and elastic moduli lie)
to the grid nodes as follows

Nt
mp = NamP'; (58)
pt
Np[

pt
Npt
My =3 Na M, (60)

pt
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(b) Applied load time variation.

(a) Geometrical features and discretisation.

Fig. 3. The cantilever beam problem.

In this fashion, a grid-averaged value of these quantities is computed. Hence, the computation of the approximated time-step
length based on the CFL condition becomes

mh

W 5 WithA:l?"'vNﬂOdES' (61)

AtFL ~ min (h?) min
i A
A

Eq. (61) has to be intended as a rule of thumb more than as a strict rule, making it valuable for adapting the time-step in
implicit schemes.

7. Numerical examples

The method outlined in the previous sections is applied here to four examples of dynamic problems. In compliance with
the assumptions introduced in Section 2, the following numerical analyses consider a Hencky material. Since the aim of
this work is to consider under which conditions energy and momenta are conserved, in accordance with Section 4, the
consistent mass matrix (15) together with a FLIP mapping (29) are always used for the following numerical simulations.
The time-step length was tailored for the different examples, remaining several times larger than the CFL condition value,
without compromising optimal Newton-Raphson convergence. Moreover, the error tolerances (tol) have been set to a strict
value of 10~!" to demonstrate the strong convergence behaviour of the proposed method.

7.1. 2D elastic cantilever beam

The first example is a bi-dimensional elastic beam represented in Fig. 3a. In particular, two analyses with different elastic
parameters were run, the former, i.e., (A), with a compressible material, and the latter, i.e., (B) with a nearly-incompressible
material. The analyses were run using GIMPM instead of the original MPM shape functions. As illustrated in Fig. 3b, the load,
applied at the end of the free edge, is monotonically increased from 0 to its highest value P and then suddenly removed.
The peak value of the load is reached at the time t; = 25 s, while the whole simulation carries on until time T = 150 s.
The effects of gravity were neglected. The external load vector is represented by the point load, which is split between
the two end material points in the proximity of the x-axis. The material parameters, beam geometry and discretisation for
the current two variants, i.e., analyses (A) and (B), are summarised in Table 3. In particular, the incremental time lengths
At shown in Table 1 correspond to 15 times the CFL time-step approximation defined at the beginning of the simulation
by Eq. (57). Moreover, it can be noticed how the number of material points per element is particularly high. The reason
of such an unusual number lies in one of the most common issues for the MPM, namely the integration error (see, for
instance, Yamaguchi et al. [42] or Gan et al. [43]). This integration error is particularly evident when a grid node is active
only due a single and misplaced (from an integration position perspective) material point. In this case, the badly-integrated
quantity presents very small entry relative to that nodes. In turn, this small entries can give numerical difficulties when it is
necessary to invert the badly-integrated quantity (as in the case of the mass matrix or the stiffness matrix). As predictable,
this situation is less likely to occur if the mesh is pretty coarse and the number of material points per element is high, as
less likely is the chance of an unique material point mapping to a given node. The chance of experiencing this issue can
increase with the order of the shape functions, as bigger is their relative stencil.
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Table 3
Summary of the parameters considered in the analyses of the 2D elastic can-
tilever beam.
Parameter Settings Analysis (A) Analysis (B)
Material Parameters E 10° Pa 3.10% Pa
v 0.2 0.49
o 7750 - 10 kg/m>
Geometry, Load and Timings Ly, 1y 10, 1 m
P 500 kN
to, t1, T 0,25, 150 s
Analysis Parameters Ly, Ly 11,20 m
hy, hy 0.5m
Tmmp 12
At ~0.6264 s ~0.2194 s

T mmp is the number of material points per direction per element.

Table 4
Summary of the parameters considered in the analysis of the elastic cylinder collision.

Parameter Settings

Material Parameters Eq, Ez 100 Pa
V1, V2 0.3
P1. P2 5 kg/m?
Geometry, Velocities and Timings Iy, 1y 20, 12 m
ri, 2 2 m
x1, Y1), (x2, ¥2) (5.8,5.5) m, (14.2, 6.5) m
fvall, vzl 0.75 m/s
T 8s
Analysis Parameters hx, hy 2m
mmp 35

Ato, min (At), max (At), ~0.0573, ~0.0562, ~ 0.0655 s

The periodic behaviour of the structure’s energies is reported in Fig. 4a for analysis (A), where total, material points’
kinetic, and strain energy are considered. The time-steps denoted by letters in the same figure correspond to sensitive
configurations: the last time-step where the load is applied before its removal (A ~ 24.43 s, 39™" time-step), the maximum
value of the strain energy (B ~ 29.44 s, 47t time-step, and D ~ 55.12 s, 88" time-step), and the maximum value of the
kinetic energy (C &~ 42.59 s, 68" time-step). As shown in Figs. 4b and 4c, after the load is removed (just after time-step A),
the beam continues to move downwards until the inertia is wholly converted into strain energy (Figs. 4d and 4e, time-step
B). As expected, Fig. 4d shows that a considerable amount of strain energy is located at the external fibres in the fixed end.
On the other hand, the beam is unstrained in its original configuration at time-step C (Fig. 4f), while the kinetic energy
(Fig. 4g) is distributed with a gradient along the x-axis, independent of the material points’ position along the vertical
direction. Time-step D represents another maximum point of the strain energy, with D’s deflection shape horizontally
mirroring B’s. However, when comparing the strain energy of the two configurations (Fig. 4h and 4d, respectively), it can
be seen how the external fibres in B are more heavily loaded than their respective ones in D. With a closer look, it can be
noted how the displacements at the free end of the beam in points B and D do not coincide. This inaccuracy is due to time
sampling, which does not accurately capture the peak strain energy. Therefore, points B and D are not temporally spaced
as the proper period of the beam would predict.

The energies time-response of simulation (B) is plotted in Fig. 5a. The structure presents periodic behaviour with a
lower frequency time compared to simulation (A). Moreover, it can be seen how the total energy for this simulation is
slightly higher than the one for analysis (A), which is due to a higher kinetic energy accumulated in the loading phase for
simulation (B).

Fig. 5b shows the convergences of the Newton-Raphson algorithm for both the analyses, considering the time-steps from
~ 22 s to ~ 32 s. Even though these steps take difficult passages of the structures into account (time-steps A and B are
including in this time interval), it can be seen how the algorithms converge smoothly within three iterations for both the
simulations. As highlighted by Coombs and Augarde [29], when dealing with implicit formulations of the MPM, the zeroth
iteration is used to build the Jacobian matrix. As such, this iteration was not considered in Fig. 5b.

7.2. Collision of elastic cylinders
The second example (illustrated in Fig. 6) considers the collision of two elastic cylinders, and is a common example
used in other MPM papers [1,19,44,45]. To model the shape of the cylinders, elements were fully populated by materials

points. Materials points lying outside of the given geometry of the cylinders were then discharged. As shown in Table 4,
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(h) Strain Energy, time-step D, analysis (A). (i) Kinetic Energy, time-step D, analysis (A).

Fig. 4. Time plot of the energies during the simulation (top row) and deflection shapes representing the strain (left) and kinetic (right) energies for time-
steps A...D. Graphs refer all to analysis (A). (For interpretation of the colours in the figures, the reader is referred to the web version of this article.)

the time-step size was not constant during the simulation, but five times the time-step length defined by Eq. (61),°> was
considered. Nonetheless, the variation of such size is minimal, and this is due to the grid size. As can be seen from Table 4,

5 Note how running the simulation only five times above the CFL condition is justified by the fact that no numerical dissipation occurs for these
simulations within the finite strain context. Hence, these multipliers of the CFL condition cannot be compared with the much larger coefficients used by
Guilkey and Weiss [27], as their formulation exhibits numerical damping.
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(b) Convergence of the Newton-Raphson scheme for time between 22 s and 32 s.

Fig. 5. Time plot of the energies for the simulation (B) (on the left-hand side), and convergence comparison for both the simulations (on the right-hand
side).

Fig. 6. Illustration of the initial conditions of the cylinder impact problem.

the grid lengths and number of material points per direction per element (mmp) were both significant as this example
which could present ill-conditioned mass or Jacobian matrices, as previously explained in 7.1. This issue is already known
from the literature [19] and mainly associated with the poor integration of the above matrices. MPM was used here instead
of GIMPM as the small overlap between material points’ volume and grid elements’ volume can be reduced when MPM is

applied. Gravity effects were neglected.

Fig. 7a shows the time evolution of the energies for four selected time-steps corresponding to A ~ 1.89 s, 32" time-
step; B~ 2.7 s, 45" time-step; C ~3.51 s, 58" time-step; and D ~ 4.9 s, 80'h time-step. In particular, A and C correspond
to similar levels of energies (both kinetic and strain energy), with the former being more spread on material points
(Figs. 7c, 7g), and the latter being more concentrated on the material point in the proximity of the nodes where con-
tact between cylinders is taking place (Figs. 7b, 7f). However, even if the overall amount of strain and kinetic energies in
A and C appear to be very similar, these steps present different distributions of energies on material points, as is clear
from a comparison of Figs. 7b, and 7c for time-step A, with Figs. 7f, and 7g for C. The minimum kinetic energy (Fig. 7e)
corresponding to a maximum of the strain energy (Fig. 7d) occurs at time-step B. From this point on, kinetic energy starts
to be recovered until time-step D is reached. This time-step is the end of no-slip (as usual within the MPM framework)
contact between cylinders. As expected from elastic bodies, the deflection shapes of the cylinders (Figs. 7h, and 7i) recover

circular sections, even though some elastic waves slightly modify them.
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Fig. 7. Time plot of the energies during the simulation (top row) and deflection shapes representing the strain (left) and kinetic (right) energies for time-
steps A...D.
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Table 5
Summary of the parameters considered in the analysis of the Taylor bar impact.

Parameter Settings

Material Parameters K, G 130, 43.3 GPa
p 8930 kg/m?
Geometry, Velocities and Timings ho, 1o 32.2, 3.2 mm
Lx, Ly, L, 7.2,32.2, 7.2 mm
vy -227 m/s
T 80 ps
Analysis Parameters hx, hy, hy 0.8, 0.648, 0.8 mm
mmp 2

Atg, min (At), max (At) ~ 0.375, ~ 0.371, ~ 0.375 pus

7.3. Elasto-plastic impact of cylinders

This example is very similar to examples in Meng and Laursen [24], and Love and Sulsky [18]. Even for this case, it
has been decided to include two variants: analysis (A) (run using the original MPM shape functions) matches the example
in 7.2, with the exception that the considered stress-strain relationship is elasto-plastic and the von Mises yield function is
applied, that is

V2 ]2
Py

d(t)=

—-1<0, (62)

i G T
with [, = % Sij = Tij — %8,-]. On the other hand, analyses (B) (run using the GIMPM shape functions) presents a mesh

4 times finer than the one used of (A), with mmp = 8. The parameters that differ from those used in Table 4 are presented
below for both the analyses:

e (py)1 = (py)2 =10 Pa, being the yield stress;

e min (At) ~0.0571 s, and ~ 0.06020 s for analyses (A) and (B), respectively (being 5 times the minimum time-step size
defined by Eq. (61));

e max (At) ~ 0.0666 s, and ~ 0.06023 s for analyses (A) and (B), respectively (being 5 times the maximum time-step size
defined by Eq. (61));

As can be seen from Fig. 8a, four time-steps were selected, and their relative deflection shape and energies are represented
in Figs. 8b-80: A at 29 s, B at 3.9 s, C at 4.4 s, and D at 6.7 s. From Fig. 8a, it can be noticed how the start of the
collision, governed by the mesh size and the different stencils of the shape functions, is delayed for simulation (B). In this
sense, it can be seen how time-step A, which corresponds to a minimum for the kinetic energy for simulation (A) (see
Fig. 8c), defines instead the initial stages of contact for analysis (B) (Figs. 8d and 8e). In turn, time-step B is representative
of the same levels of kinetic and strain energies for simulation (A) (Figs. 8f and 8g), while it is particularly close to the peak
of contact for analyses (B) (maximum in strain energy, Fig. 8h). A second yielding takes place starting from time-step C
and, although with a decreasing trend, continues until the end of the simulation (A). The cause beyond this second yielding
can be found in the waves propagating through the bodies after the collision, whose deviatoric part is progressively damped
by the von Mises yield function. Time-step D defines the end of contact for simulation (A) (constant total energy, Figs. 8n
and 80), while it can be appreciated from Figs. 8p and 8q how contact is still persistent for analysis (B) at this stage.

From a comparison of the strain energies distributions of analysis (A) (Figs. 8b, 8f, 8], and , 8n) with their respectives
of simulation (B) (Figs. 8d, 8h, 8l, and , 8p), it can be noticed how the mesh refinement and the use of different shape
functions do not entirely eliminate the dependency of the strain energies from the mesh. From a closer look, it can be
appreciated how such strain energy localisations take place in correspondence of element edges or corners. This can be
explained with the integration errors discussed in 7.1, as material points in correspondence of element boundaries are
particularly misplaces from an integration perspective.

7.4. Impact of a Taylor bar

This example considers the classical three-dimensional example of the Taylor bar problem Fig. 9, which has been used
in the literature as a benchmark for transient dynamic codes both for the FEM [24,46-49] and for the MPM [18]. The list of
parameters necessary to run the analysis is presented in Table 5, and the GIMPM has been considered. The yield function is
given by the following equation

V2T ﬁ<1 _ i) <o, (63)
ay 3 oy
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Fig. 8. Time course of the energies during the simulation (top row) and deflection shapes representing the simulation (A) (first two columns) and (B)
(last two columns). Strain energy (first and third column) and kinetic energy (second and fourth) column are considered for time-steps A...D. Physical
dimension of contours are in Joule [J].
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Fig. 9. [llustration of the initial conditions of the Taylor bar problem. Only a quarter of the cylinder has been considered for the analysis.
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where the values of the yield stress is oy = 0.4 GPa. The linear hardening parameter is assumed to be H = 0.1 GPa.
The time-step length is kept 15 times the value given by Eq. (61). Given the lower number of material points per elements
originally chosen, this simulation uses the ghost stabilisation (see, for instance, [41] or [50]) to avoid the integration problem
described in 7.1.

The time-history of the energies represented (see Fig. 10), the maximum radial and axial displacements (see Fig. 11), and
the final deflection shape (see Fig. 12) are in agreement with those in references [24,46-49] for the FEM and in [18] for the
MPM.

8. Conclusions and future work

This paper extends the MPM to an updated Lagrangian formulation in the context of the isotropic multiplicative elasto-
plastic theory. Two mapping procedures are assessed (PIC and FLIP), and new light is shed on the connection between
the material point-to-grid and grid-to-material point mappings in the case of deformable body dynamics. In addition, the
presence of non-linearity requires careful choice of time-step size and it has been shown that the CFL condition can be used
as an useful tool in setting the time step size for practical analyses. The standard approach of setting a constant time step
size for a given analysis is problematic for the MPM as it requires the estimation of the worst case (the smallest time step
size required for a given time step) a priori, which is almost impossible due to the evolving nature of the distribution of
mass and stiffness within discretised governing equations during an analysis. The CFL-based adaptive approach proposed in
this paper has the potential to improve the adaptivity of the time-step size for the implicit material point method.

It should be emphasised that the formulation is very convenient for low-frequency and lengthy problems, whose time
duration, especially when extended, is ensured by maintaining the properties inherited from the continuous formulation and
guaranteed by proper mapping procedures and compliant modifications of the constitutive relation. However, as pointed out
in Example 7.4, the current method performs well for high-frequency problems, with the caveat that the time-step length
should be changed to no more than one order of magnitude above the value defined by Eq. (61). In this fashion, the wave
oscillating through the medium are entirely reproduced by this technique.

This method can additionally be used as a basis for validating other features which can be implemented in the MPM
from an energy perspective, such as frictional contact, within the finite strain theory.

To further extend the convenience of the proposed algorithm, further work would be valuable to locate techniques to
invert the mass matrix and the Jacobian matrix without incurring numerical errors. To avoid such errors, the proposed
method recurred to the use of a higher number of integration points for the Examples 7.1-7.3. However, the stabilisation
employed in the Example 7.4 proves that, when a lower number of integration points is considered, techniques to im-
prove the algorithm’s stability are necessary. The assessment of these methods under a conservation laws perspective will
be part of further studies. Another natural extension of the algorithm would be the modelling of multi-phase materials.
Such a method would have to be ascertained in terms of conservation properties for both the mappings and constitutive
relationships, in the same way as proposed here for a deformable solid body.

A different interesting extension to the current model could consist in considering anisotropic behaviour, especially given
that MPM has been used to model wood (see [51,52]), which exhibits orthotropic behaviour.
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Appendix A. Linearisation
A.l. Linearisation of the internal force vector
The internal force vector defined by Eq. (44) can be expressed in index notation as
int) _ -1 mp
(), _/(VXTN)IP (AFAH?)pq o V. (A1)

Qo

The linearisation of the above quantity with respect to the nodal displacements evaluated at the end of the time-step is
the so-called stiffness matrix K, and it is useful to express it by using the following chain rule

= 20 / 9@ 3 Fhm | 4y _ / d(e) @ <axm> iV
T 9 (), FACIGIE Iy JNOEomn 8 (uns), 9Xn
0 N

0

9 (X tng )
B X
_ d (o) 0 ONmp (Unt1)y _/ d (o) 3NmH5H1) _
- Q/ (a(mmna(unm, (5’”” 0Xn )) o - (ammn oxn )T
0 0
_ d (o),
_/<8(F)mn VN an> dvo. (A2)
Qo

By using Eq. (A.2), the stiffness matrix can be expressed as

9 (AFy,
1 8 (0N . 1 (aFals)
K = / ( ( ") (AFN[&)M T VN Fon + — Vi Njp ————PL " ¢, N Fon

7 0Fmn \ 0xr J 0Fmn
Qryat
+ Lo (AF—1 ) T G Ny F )dv
] x NIp At—70 g 8 Fmn xs!INm ] Lsn t+At

- d(AFL,
1 9Npp a(F ") -1 mp 1 ( At_ﬁ)ﬂq mp
= f (7 X WHW(AFAHQM T VauNm Fon - Vo Nip —— o2 ¥ N o
Qeyac
1 . aTg
+ 7 Valip (AFAt_ﬁ)pq Sh— VN Fon ) dVesar. (A3)
mn

To proceed with the linearisation process, it is convenient to re-write the quantity AF 3270 as

AFyl, = 00X 0 (X+0au) ox_ 2 (=2 X +0x) X
A=D7 9X ax 90X ax  0X ax
- ((1 —ﬁ)Ft—l—z?F)F” — (A=) AF ' +91?, (A4)

with I® being the second-order identity tensor, i.e. I'® = §;;. Hence, the linearisation of the above quantity is straightfor-
ward and, in the case where ¥ = % (as assumed for the mid-point rule), its derivative becomes

d (AFZ:q/z) 1 9 1
g _ -1 = -1 !
0Fm 2 0Fm ((Fooper (F 1)+ 900) = =5 Folpr (F ) (F 1)

Therefore, Eq. (A.3) can be written as

1 _ 1 _
KI] = / <_j VXmNIP (AFAtl—ﬁ>pq TCTTIP Srs VXst] - ﬁ VXrNIP anrlp (AF ])pm 8q5VX5Nm]

Qtyat
mp

1 1 Ty
+ 5 VNip (AFAt_ﬁ)pq Sp VaNmj Fan ) dVesar. (AS)
mn
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It is also useful to gather the stress quantity AF | At » T as a unique asymmetric tensor, which is defined as
« 1 m
Ppr= (AFN §>pq o - (A.6)

Moreover, the first term of Eq. (A.5) can be written as
ONpp 0N B ONpp p 0N

0Xm prors 0X; 0Xm bs 0X;
oNjp ~ ONm
= —— Py . A7
3%, ps 9rm X5 ( )

Owing to the above equations, the stiffness matrix becomes

Vi Nip TP (AF7Y) Vi Np

pm

1 v 1
I<I] = / <_7 erNlp Pps(srm vstm] - ﬁ

Qrtat
1 _ aTg
+ 7 erNlp (AFAt 0)pq 3F VxSNm] an) th+Ato (A-S)

The terms in the above equation can be collected in the so-called spatial tangent modulus @prms as follows

. ) 1. 1 1 1 1 arqr
prms = = Ppsdm 55 70 (AF 1) (AFM_,,)M Tr Fon (A.9)
=Pprms =Oprms
Therefore, the stiffness matrix can be concisely expressed as
I<I] = / Verlp Cvlprms sz Nm] dvt+At- (A-]O)

Qtyat

It can be noticed that the first and last components of the fourth-order tensor dpms in Eq. (A.9) are the classical linearised
terms which have to be computed in an updated Lagrangian formulation (see, for a comparison, de Souza Neto et al. [38]).
The second additional term is due to the misalignment between the (intermediate) configuration where the equilibrium is
imposed and the (current) configuration where the algorithmic Kirchhoff stress has been mapped.

A.2. Linearisation of the algorithmic Kirchhoff stress

Owing to the definition of T™ given in Eq. (51), the derivative of such quantity with respect to the deformation gradient
is as follows:

oty D - pp,. [ A
=——|Tgr+ A by —
0Fmn 0Fmn IAC]

_ Ty 0APTby (AN APFbg (BA™ ”Acnz_A%ﬂimBHACHz (A11)
8 Fmn Fmn  \ |AC|2 lac* \ 9Fmn OFmn |~ '

The derivatives of the quantities in the above equation can be evaluated in this way:

Ty 1 0
= AF T AF T
0Fm 2 0Fm (AFqa (Tt)ap AFrg+ (Trad)gr)
1 -1 1 3 (Te+agr
=3 (‘Sqm (Fr )na (t)ap AFrp + AFqa (Tt)ap Orm (Ft )nﬁ + TOF ; (A12)
dAPFp d
—— = — (Fa Fya Fyp Frg — Faa (FO)ya (Ft)yg Frp)
0Fmn 0Fmn
= Sqm (Ac)nﬁ Frﬂ + an (AC)an Srm + Fqn Fmﬂ Frﬂ + quz Fmoz Frni (A-13)
3| AC|? ]
M ((Ac)aﬂ (Ac)aﬂ) =2 (Fmﬂ ACpg + Fina Acan)
0Fmn 8F
AN 9 : - A RV dTse - adse _
@er - (2(A$+A.@mt)—2r55d38):2 LA o 2B gy, 4 T 7).
0Fmn 0Fmn 0Fmn 0Fmn 0Fmn 0Fmn
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To evaluate the derivative of the strain energy, it is necessary to introduce the kind of material we are considering. In
this case, we take a Hencky material into account with isotropic hardening, whose strain energy function is defined by

1 1

Y= 3 €D e + 51‘152 (with H > 0 being the hardening parameter). Hence, it follows that
——— ——

Ve P

IAY Y (€5, ac-Ervar) A (€f ac) @ (€f+At)cd 3 (Terat)ap | WP Griar) 0e+ar qerar

0Fmn N 0Fmn 0 (GteJrAt)cd 0 (Tt+-At) b 0Fmn &ty At 0qt+at OFmn
0 (Te+-At)ap 0qr+at
= (lsad)ap OF 2 —&iar T (A14)

On the other hand, the derivative of the internal dissipation A2™ is a function of the yield function ®. In this case, we do
not specify any yield function, so that the derivatives are the most general ones:

dAZM  JAZIM (5T,
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where the quantities (aA@’(l))hk and (8A2(2)
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a
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and 13%31 = % (éaa 8gb + Sab Sﬁa) is the fourth-order symmetric identity tensor. In the above equations, the first and second
derivatives of the yield function and the derivative of the plastic multiplier and of the hardening variable with respect
to the logarithmic trial elastic strain do not need to be additionally computed since they have been already evaluated
for the Jacobian matrix and its inverse in the classical elasto-plastic subroutine (for details, see de Souza Neto [38], for

instance). Moreover, if the Von Mises yield function expressed by Eq. (63) is considered, it can be seen that 2o _ g

Bqe+a0)?
d 9P . _ 2 okl —
and Tetat (3Tt+At> PTekar = Terat (3Qt+At) -

The other derivatives in Eq. (A.14) are
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adse .~ 3 (1 I
GE T =Toe 5 — (5 (85 — AFg; AFg )) (A19)
1._ _ _ _ _ _ _
= 5 T ((AF ) gy (F )5 (AF g 4 (AF gy (AF )y (F71),.)- (A20)

To collect the derivatives of the Kirchhoff stress evaluated at the end of the step with respect to the deformation gradient,
the following index desaturations are necessary in Eq. (A.18)

0 (Te+at)se = = 4sym O (Te4atday 5 0 (Te4at)ap
————dse =dse I, ——— =dgpp ———, A21
3 Fn 8¢ 8¢ Lseab 3 Fmn a 3 Fmn ( )

where the unsolved derivative % can be classically developed via the chain rule (see, for instance, de Souza Neto et
al. [38]) as follows
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Hence, it is useful to collect the terms in Eq. (A.11) in this fashion
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where the fourth-order tensors Ggrmn, Fgrap and Hgrni have been defined as
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Therefore, some simplifications are possible
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where the fourth-order tensors appearing in the above equations have been defined as

1
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8(bt+At M 3(bt+At u
a(be, trial)l ) ]
Biums = ;F—Atu n = (b;,-fzgl)us Sim + (bgly-tzgl)ls Sum. (A-33)
mn

The evaluation of the consistent tangent modulus Dgﬁk is not necessary, since it has been computed by the elasto-plastic
subroutine.
The spatial tangent modulus dprms, defined in Eq. (A.9), can be therefore expressed as

1
J

. _ 1
Aprms = Pprms + ®prms + (AFA:_ﬁ)pq <gqrmn Fon + 5 (}—qrab Dgﬁk + quhk) Lty Blums) . (A-34)
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