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Abstract

Damage, cracking, and strain localization mechanisms often lead to unstable structural responses characterized by
snap-backs (i.e., force and displacement decrease simultaneously). Standard nonlinear Newton-based solution algo-
rithms with displacement/force control cannot capture the equilibrium curve in its entirety. This can be overcome
using path-following formulations. A general (i.e., valid for any finite element code) implementation framework
can be designed and applied to the Cast3M software by collecting the essential concepts and the formalism of par-
titioned path-following arc-length algorithms. Thanks to these developments, Cast3M is now capable of processing
path-following equations without any major modifications. Three path-following constraints were selected to demon-
strate the applicability of this framework: a first one on the combination of the displacement increment at a given
set of nodes, a second one on the maximum strain increment over the computational domain, and a third one on the
maximum elastic predictor of the damage/plastic criterion function over the computational domain. Two- and three-
dimensional strain localization simulations show that the proposed framework behaves in a stable and convergent
manner, even when multiple severe snap-back instabilities are present. Users of Cast3M shall find the proposed study
helpful in that it allows them to focus on developing new path-following equations for the software. Cast3M is de-
veloped by the French Alternative Energies and Atomic Energy Commission (CEA) and freely available for research
purposes. The developments discussed in this paper have been made available to the user/developer community along
with Cast3M 2021 (release date: June 2021).

Keywords: Path-following methods, Snap-back response, Nonlinear material models, Strain localization, Cast3M

software

1 1. Introduction

2 Stability is a constant worry in most activities related to the design and construction of structures. This importance

s comes from the fact that, without stability, one can hardly guarantee that the structures will fulfill the requirements for
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which they were designed. A lack of stability can have disastrous consequences.

Scientific literature generally distinguishes between two sources of instabilities: geometrical instabilities, which
are induced by large displacements (Riks, 1972, Ramm, 1981, Crisfield, 1981); and material-induced instabilities
(De Borst, 1987, Verhoosel et al., 2009a, Rastiello et al., 2019). The mathematical principles leveraged in analyses of
the latter type of instability originate in the work of Hadamard (1903) for elastic materials, and Hill (1962), Mandel
(1966), Thomas (1961), Rice (1976), Needleman and Rice (1978) for elastoplastic materials. In this approach, the
localization phenomena are associated with a loss of ellipticity of the governing equations, which may lead to the
formation of shear bands depending on the ductility of the material. For quasi-brittle materials, it may also be associ-
ated with dissipative phenomena occurring at the material level (e.g., cracking and strain localization (BaZant, 2000)).

Both sources of instability may sometimes coexist (Verhoosel et al., 2009a, Bellora and Vescovini, 2016).

This work focuses on material-induced instabilities that are currently encountered in computational fracture/damage

mechanics. The developed framework is, however, general, and can be used to treat geometrical nonlinearities.

Fracture and strain localization phenomena are often responsible for unstable structural responses characterized by
snap-backs (De Borst, 1987), i.e., new equilibrium configurations are found, leading to a decrease in both external
loads and displacements. In that case, standard Newton-based procedures, which rely on force and displacement
control, actually fall short and show discontinuities in the force-displacement equilibrium curves. From a structural
mechanics viewpoint, these discontinuities represent a loss of information because they hide equilibrium states that
may be relevant. From a numerical modeling viewpoint, these ‘“jumps” correspond to abrupt changes in the constitu-

tive model’s internal variables, with detrimental effects on the convergence of the solution algorithm.

The so-called “continuation” (in the mathematics community) or “path-following” (in the engineering community)
methods provide a solution to this issue of discontinuity. Riks (1979) first suggested that the control variable during
the analysis should neither be a displacement nor a force and that these should be controlled indirectly instead. In
order to handle non-linearity, an additional unknown and a supplementary equation, the path-following equation, are
required. Despite the significant benefits of Riks’ proposal, following it means that one ends up solving an augmented
equilibrium problem where the stiffness-like matrix that needs to be inverted is non-symmetric. To solve this issue,
Crisfield (1981, 1983) proposed a specific way of splitting the displacement correction, which allowed for the use
of classical solvers without any modifications. In that case, the displacement correction can be computed during the

iterative solution process in a partitioned/staggered manner.

The global constraint equationsl proposed in (Riks, 1979, Crisfield, 1981, Ramm, 1981) may be well suited for
geometrical instabilities, but they may fail in the presence of structural instabilities induced by material non-linearities,

especially when localization phenomena occur (De Borst, 1987). In that case, only a limited number of DOFs is

'Called “global” since they account for all degrees of freedom (DOFs) of the problem.
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responsible for the unstable response observed at the structural level, and specific constraint equations have to be

written.

Since De Borst (1987)’s work, many algorithms have been proposed in the literature to overcome these limitations.
Among these, are worth mentioning: constraint equations on the rate of variation of selected sets of DOFs (De Borst,
1987, May and Duan, 1997); on strain measures (Chen and Schreyer, 1990, Geers, 1999, Pohl et al., 2014); or
quantities associated with the energy dissipation occurring in the system during the development of non-linearities
(Gutiérrez, 2004, Verhoosel et al., 2009b, Lorentz and Badel, 2004, Singh et al., 2016, Stani¢ and Brank, 2017,
Barbieri et al., 2017). Mixed path-following approaches in terms of stresses, strains, displacements, damage, and
other variables were also proposed (Garcea et al., 1998, Formica et al., 2002, Bilotta et al., 2012, Magisano et al.,

2017, 2019) to improve the convergence of standard path-following methods.

These techniques were successfully used in finite element simulations where the material response was modeled
using local and nonlocal continuum damage mechanics laws (Lorentz and Badel, 2004, Rastiello et al., 2018, Thierry
et al., 2020), phase-field models (Singh et al., 2016), and Thick Level-Set (TLS) damage formulations (Moreau et al.,
2017). Path-following methods were also used in strong discontinuity simulations of failure in solids, where cracks
were represented as zero-thickness interface finite elements (Alfano and Crisfield, 2003, Lorentz and Badel, 2004),
according to the extended (Massin et al., 2011, Wang and Waisman, 2018) or the embedded finite element method
(Oliver et al., 2008, Brank et al., 2016, Cazes et al., 2016, Rastiello et al., 2019).

This overview of the evolution of path-following methods reveals the essential aspects of the present work. Firstly,
although remarkable advances have been made in the last decades, the theoretical framework established in the pio-
neering works by Riks (1972), Crisfield (1981), and De Borst (1987) remains unchanged. Secondly, the numerical

procedures discussed above still haven’t been made available to the Cast3M users community.’

These two aspects bring us to the main purpose of this study, namely proposing a general framework, applicable to
the Cast3M software, capable of processing instabilities generated by strain localization. The proposed framework is
designed in a flexible and modular way to make the study of new path-following conditions possible. In this case, the

proposed framework can serve as the starting point for further investigations involving path-following methodologies.

This paper is structured as follows. First, the boundary value problem that needs solving is presented according to
the formalism of path-following theories. Then, the procedure used to find the solution of the problem is abstracted
in order to create the proposed framework. This framework’s main feature is its modularity; that is, it is designed to
allow Cast3M to accept different user-defined path-following conditions without modifying the framework. Once the
framework is introduced, three path-following equations are detailed. These will showcase how to use the proposed

framework. These criteria are of practical interest and encompass both dissipative and non-dissipative formulations.

2Cast3M (http://www-cast3m.cea.fr/index php) is a well-established finite element software (Verpeaux et al., 1989) developed and distributed

by the CEA, the French Alternative Energies and Atomic Energy Commission (https://www.cea.fr/english).

3
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e Finally, representative two and three-dimensional case studies involving one or more snap-back phases are discussed.

ez The paper ends with a summary of the findings.
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2. Path-following methods

This section starts with the introduction of the boundary value problem that needs solving. Then, some dissipative
and non-dissipative path-following constraints are introduced. The term “dissipative” refers to constraint equations
which only describe dissipative solutions (i.e., the dissipation in the system stays positive). Conversely, the term
“non-dissipative” refers to constraint equations in which this characteristic is not fulfilled. In other words, one can
also describe artificial/elastic unloading paths. Finally, some details concerning the discrete finite element problem

are given.

2.1. Boundary value problem

Let © C R™ (with n = 1,2, 3 the problem’s dimension) represent the structure of interest (fig. 1) for this study and
t € [0,T] be the pseudo-time under consideration. The boundary 9Q C R™ of the structure is composed of two
complementary parts: 92, C 052, where the external actions can be specified in terms of displacements (Dirichlet
boundary conditions) and 92, C 052, where the external actions are defined in terms of forces (Neumann boundary

conditions). Moreover n denotes the outward normal vector field to 9.

Yy

Figure 1: General domain of study.

Under the small perturbations assumption, solving the time-independent boundary value problem (BVP) consists in

finding the vector-valued displacement field u = u(x, t) and the real scalar parameter 7 such that:
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V.oo(uy+b=0 x€Q L

o(u) = Ale(u)) x€Q 2
e(u) = Sym(Vu) x € Q 3)

U = Uiy + 770 x € 09, )
o0 =ty +nt x € A% )
p(u,n) =0 x €0 (6)

where o (u) stands for the Cauchy stress tensor, €(u) is the infinitesimal strain tensor, A is the constitutive relationship
between o and €, Sym denotes the symmetric part operator, Wiy, is the imposed displacement, 1 is the direction of
the indirectly-controlled displacement, t;,,,;, is the imposed traction vector, t is a vector providing the direction of
the indirectly-controlled tractions, “V-” denotes the divergence operator and “V” the gradient. Finally, p(u, ) is the

path-following constraint equation.

2.2. Finite Element formulation

The finite element formulation of the BVP can easily be derived once the problem has been rewritten in its variational
form using the Principle of Virtual Works (Hughes, 1987, Zienkiewicz et al., 2005, De Borst et al., 2012). Once the
variational formulation is established, a finite element discretization " of ) is considered. This discretization is such
that inside each finite element 2, C Q", the unknown field u can be approximated from its nodal values (d) through

polynomial shape functions.

Using a double Lagrange multipliers formalism (Pegon and Anthoine, 1997) for imposing Dirichlet boundary condi-
tions, solving the finite element problem becomes a matter of finding the nodal displacement vector d, the discrete
Lagrange multipliers A; and Az (i.e., the nodal reaction forces), and the load multiplier 7 such that (Richard et al.,

2019):

r(d, A, Ao, ) = £9(d) + CTA; + CT Ay

—pft R =0 (7)

L(d, AL A7) = Cd+ A — A2 —7d — digp = 0 ®)
Lo(d, A1, A2, 1) = Cd — At + Ay — 7d — dignp = 0 ©)
p(d,n) =0 (10

where d is the discrete counterpart of 11 and:
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fr'd)= A [ Blo(d)dv (1)

e=1Jn

o = Al/ N Simp ds + AL/ N'bdv (12)
e=1, T. e=1 Q.

foxt — A / NT&du (13)
e=1 Jr,

In egs. (11) to (13) the symbol A denotes the standard assembly operator over the n.; elements of Q”, N is the dis-
placement interpolation (shape function) matrix, B denotes the strain-displacement matrix, “ T denotes the transpose

operator, and I is the element boundary. Finally, (Simp, §) are the discretized counterparts of (timp, t).

According to this formulation, A = A} + A2 corresponds to the reaction forces at the nodes where Dirichlet boundary
conditions are imposed and A; — Ay = 0. This formalism is the one used in Cast3M, since it prevents us from having
to solve a saddle-point problem, as opposed to the use of a single set of Lagrange multipliers to enforce the Dirichlet

boundary conditions (Babuska, 1973).

2.3. Linearized problem

Equations (7) to (10) are discretized in pseudo-time according to an ordered sequence of steps [to,t1, ..., T, such
that £,4+1 > t, for all n € N, and the problem is solved in an incremental manner. Given the solution x,, =
{dn, A1, A2, N} at time t,,, one searches for Ax = {Ad, AX;, A2, An} ", the solution variation in the inter-

val [ty, tny1), such that x,, 1 = %, + Ax at time ¢, 1.

Since nonlinear constitutive laws are commonly used in solid mechanics computations, the incremental problem is
solved by means of an iterative procedure. Accordingly, the total solution increment at global iteration k 4 1 is written
as AxFt1 = Ax¥ 4 x4+, where 6x* 1 = {§d¥ 1, oAYTL GASTL 57511 T denotes the correction of the solution

between iterations k and k + 1.

The subscript n + 1 has been omitted in the previous equations for the sake of keeping them short. The same
nomenclature will be used in the rest of this article. As a result, any quantity without a subscript shall actually refer

to the pseudo-time step £, .

2.3.1. Global equilibrium equations

The incremental equilibrium equations that have to be solved at each iteration arise from the linearization of eqgs. (7)

to (9) based on the solution at iteration k.

At iteration k + 1 of the nonlinear solution process, the iterated solution is thus computed from:

KFsaktt = 5k 4 gpPtif (14)
7
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where:

K* Cc’ C’
K'=lc 1 -1 (15)
c T 1
daftt — {5dFH sATT ST T (16)
BN = (e, 17, 15} T (17)
f={f d d}’ (18)

with r* = r(d*, AF, A5 %) and 15 = 1, (d%, AP, A% %) (with @ = 1,2).

k41

The formalism introduced by Crisfield (1983) allows us to write the unknown vector da as the sum of two inde-

pendent contributions:

T = gl gl 1

where 5af+1 and 5aﬁ+1 can be calculated by simply knowing the solution at the k-th iteration:

sab Tl = (KM 71§k salt! = (K*)7'f (20)

2.3.2. Path-following constraint equations

§n*+1 can be computed in several ways depending on the nature of the path-following equation. In particular:

k+1

(i) When function p is linear with respect to d, one can obtain dn directly.

k+1  However, such linearization

(i) Conversely, when p is nonlinear, it has to be linearized in order to find é7n
is not always possible, e.g., when the constraint equation is expressed by maximizing some quantity over the

computational domain. In that case, two options are available:

— When function p is differentiable with respect to d and 7. Differentiability can be guaranteed, for instance,
when path-following constraints are expressed in terms of sets of global DOFs fixed a priori (De Borst,
1987) or in terms of the dissipation over the whole structure (Gutiérrez, 2004, May et al., 2016, Verhoosel

et al., 2009a). In such a case, the linearization based on the solution at the k-th iteration gives:

p* + (¥ Tad  + whonftt =0 1)

8
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where:

p* = p(d*, ") (22)
h* = (9p/8d)* (23)
wh = (9p/on)* (24)

Finally, substituting eq. (19) into eq. (21) and solving for 6n**1 gives:

3 3 &
57’k+1 _ pl\ + (hL)T(SdIJrl
wk + (h*)Tadi

(25)

— When general and robust constraint equations try to establish a load multiplier variation such that the field
of interest g = g(d, ) (e.g., strain field variation, local energy dissipation variation, elastic predictor of

the damage/plasticity criterion) over " reaches a maximum value for a user-defined step length (A7).

This kind of constraint equations takes the following form:

PP = max (¢*t) - AT =0 (26)
aeQh

where o denotes a portion (or a numerical entity) of the discretized domain (e.g., a node, an integration
point). In the rest of this article, (o), indicates that the quantity (e) is computed at the position of the
entity «.

The main drawback of this approach is that the maximum operator function renders (26) non-differentiable.

k+1 is not possible even though ¢g¥*! is linear, or can be lin-

As a consequence, a direct estimation of dn
earized, with respect to on*t1.
Nevertheless, the computation can be performed through an iterative procedure, e.g., with a nested interval

algorithm (Lorentz and Badel, 2004).

2.4. Staggered solution

Thanks to the formalism introduced in Crisfield (1983), it is possible to solve the augmented global equilibrium

problem (egs. (7) to (10)) in a sequential manner (Algorithm 1).

Indeed, since the linearization of the equation (14) that expresses the structural equilibrium does not take into account
the path-following constraint in (10), the strategy for finding a solution to the equilibrium problem preserves the

essential characteristics of Newton’s method, which is used in commercial FEM softwares.

Therefore, one can implement path-following solvers in any FE analysis software provided that one can modify the

main FEM matrices directly.
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Algorithm 1: General finite element implementation of path-following solvers using the displacement breakdown

method of Crisfield (1983).

1: conv < 0,k <0

2. aF « a,, n* <,

3; Aaf =0, A'r]"' =0

4 T = B (AR AE NS B i)

5: while conv = 0 do

6:  Compute K¥

7: Build K

8. Solve KFgal ™ = ¢ for §aft!

9:  Solve K¥dali™ = f for dalt*

10:  Solve the constraint equation to compute 71
i11:  Compute n¥t! « nk + spkt!

12: Compute ab*! « a* 4 §al ™! 4 5pft15al
1

13:  Compute ¥+

14:  if Convergence is met then

15: conv =1

. : . . k+1
16: Solution at time ¢,,1: 1 < 7
17: Solution at time #,,: a < ak*+!
18:  else
19: k—k+1
20:  end if

10
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2.5. Additional remarks

If the constraint equation is linear or linearizable with respect to the unknown displacements and the load multiplier,
solving the problem with the Crisfield formalism (i.e., partitioned approach) is entirely equivalent to using Riks’ direct
approach. Indeed, the solution of a non-symmetric system of equations in the Riks’ approach can be circumvented
with the well-known Shermann-Morrison formula (May et al., 2016, Verhoosel et al., 2009a). The main advantage
of the partitioned approach is that differentiability of the constraint equation is not required, which increases the

flexibility of the developed numerical framework.

11
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3. Cast3M implementation

This section starts with a brief presentation of the main modifications implemented in the standard nonlinear solver of
the code. The focus will then shift to the procedure for solving the path-following constraint equations. In particular,
details will be given regarding the default constraint equation and the possibility of specifying user-defined constraint

equations by “overloading” the standard procedure.

All implementations discussed in this study are carried out using the Gibiane scripting language (Ebersolt et al.,
1987), an object-oriented language developed, maintained, and distributed by the CEA. This language is used in
Cast3M (Verpeaux et al., 1989). Notice, however, that the modular implementation framework proposed herein and
the considered constraint equations (formulation, solving techniques) are entirely general and can be adapted to any

finite element software.

3.1. Cast3M procedures

The main modifications implemented in the Cast3M code concern three existing procedures (PAS_DEFA, PAS_INIT,
and UNPAS) of the main nonlinear incremental Cast3M solver (PASAPAS). These procedures are modified (see
fig. 2 for more details) in order to create and handle all the data structures for the path-following methods; to compute
k1

the solution variations c?aerl and 6aﬁ+1; and to build the total correction da once the load multiplier variation

§n*t1 has been determined. Moreover, an additional procedure called PILOINDI is added to handle the constraint

k-+1

k1
1T and dap]

equation’s solution (i.e., to compute 6n**+1 depending on the selected path-following equation) once Ja

have been determined.

3.2. The PILOINDI procedure and default constraint equation

The path-following equation implemented as the default option in the PILOINDI procedure is based on the maximiza-
tion of a scalar measure of the strain field variation (Control by Maximum Strain Increment, CMSI) through Q" or a

part of it, Q" | < Q.

The constraint equation reads similarly as in eq. (26), with function g**! defined as:

girl = q) AelT? 27

with q,, being the direction of the strain vector at the position of the integration point « at the previous time step:

B.d,
N : 2
Ao [|Bad, |l (28)

Given the additive decomposition in eq. (19), Ae”T! depends linearly on n**+1 according to:

12
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Path-following
implementation
UNPAS PAS_DEFA PAS_INIT PILOINDI
( Updating the D Implementing user-

Updating the global
input of table indices

Updating the path-
following indices

Updating the output }

defined path-following
equations

— displacement
\_increment calculation )

( Updating the way the D
— force residue is

following mode
L calculated )

Activating path-
step table

s N
Adding indirectly
controlled loadings

s N
Adding the calling of

the PILOINDI function
N\ J

Figure 2: Schematic description of the main modifications implemented in Cast3M’s nonlinear incremental solver.

Aebtt = q B, (AdF + 5dF 4 spfttsdE (29)

191 As a consequence, the constraint equation that needs to be solved can be rewritten as:

mal)f (ao‘a + al.aénkﬂ) — A7 =0 (€]0)]
ach ' ’

192 where the coefficients ag . and a; , read:

a0.0 = ) Bo(AdF + 6dF ) (31)

o = dq, B odi™ (32)

s Element-wise, function (30) is convex and linear. However, a direct determination of 6711 is not possible since the

1« maximum function is not differentiable. Instead, an iterative minimization algorithm is used.

105 Following Lorentz and Badel (2004), the method is chosen for determining the value of 671 is the nested interval
186 method. Accordingly, the constraint equation is solved at each integration point in order to compute the load multiplier

17 corrections dn*+1 such that:

a0 +a1,a0nETt — AT =0 (33)
13
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Then, a single 67" 7! value is selected. More precisely, the sequence of tasks can be summarized as follows:

1.
2.

3.

Initialize the interval I = [—s, +s], where s is a very large value;
Loop over the integration points o € Q*;
(a) Calculate 57%+1 by solving eq. (33)
(b) Update the interval /:
i ifa;,>0—=1=1N[-s 3

ii. ifay o, <0—1=1IN[nttt +4]

Compute the solution:

57}k+1 € {nmiln nmax} (34)

Of the two values 67y, and 67y, the correct 47 value will be the one corresponding to the smallest force

residue, or, alternatively, to the smallest norm ||§d**1]|.

3.3. Building a data file

Using the path-following solver with the standalone implementation is easy and only requires minor modifications to

existing Cast3M data files.

In particular, the main steps for building the simulation file can be summarized as follows:

0]

(i)

(iii)

The definition of the simulation always starts with the definition of the geometry of the problem, the definition
of the material model, and the force/displacement boundary conditions. At this stage, only the known (imposed)

contributions to the boundary conditions are prescribed.

Some initializations are then necessary for the path-following solver. In particular, one has to prescribe the
domain’s boundary over which the external load (displacement or force) is indirectly controlled. The direction
of this loading is also given. In the example of listing 1 below, an indirectly-controlled horizontal displace-
ment (component UX) is applied to the boundary labeled BOUNDIND. This information is stored in the object
DISPIND and added to the object BCTOT together with information concerning other Dirichlet boundary con-

ditions. Finally, the unity nodal field DHAT (representing d) for the solution process is defined.

Once DHAT has been defined, the variation of the path step length as a function of time is prescribed. The
simplest solution is to consider A7 a constant. However, the implementation proposed here allows it to vary as
the simulation progresses, depending on the user’s considerations (listing 2). For instance, one could imagine
changing the path step length during the simulation in order to follow the evolution of the damage. In the simple
example illustrated here, constant evolution is stored in the object called EVOLTAU. Notice that, in the code,

the evolution of 7 is given as an input, and that A7 is computed at each time-step as 7 — 7,.

3The full syntax of the new procedure is available here: http://www-cast3m.cea.fr/index.php?page=noticesnotice=PILOINDL
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230

231

232
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Listing 1: Syntax for using the new PILOINDI procedure (definition of the indirectly-controlled displacement).

{ '
R R R R R

* Pre-processing

{imposed contributions)

e e 3 e ke ke ok ok e e ok ke R ok ok e ke R o ok e e e o ok ke e e e ke ke ok o ke ke ok e e e

for using the

of the indi

nent on the

* ('UX','UY’,'UZ") stand for the displacements

the (X,¥,Z) directions.

DISPIND = "BLOQ’ 'UX" BOUNDIND;
youndary
boundary
field d ng the direction
ly-controlled displacement

0
FEF Ak kA Ak kR R A Ak A Ak k kR hh k ko ko ko ko h ok kR ok h ko k ok E
\ J

(iv) The data structures for running the nonlinear solving process are then created (listing 3). This information is

™

stored in the object called TAB1. The user then provides, in addition to standard commands used with the
incremental PASAPAS solver, three additional pieces of information to: activate the path-following solver,
know if one indirectly controls displacements or forces, and give the evolution of 7. An optional fourth piece of
information can also be provided regarding the definition of the part of the mesh on which the maximum of the
constraint equation must be sought. If this last piece of information isn’t provided, the maximization is done

over the whole finite element mesh.

Finally, one can run the PASAPAS solver and proceed with the post-processing of the obtained results, as usual

with Cast3M.
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Listing 2: Syntax for using the new PILOINDI procedure (evolution of the time-step length parameter).

' '

tEEE S SRR RS S SRR EE RS R R R R EER R R R R SRR EEEEEEREEEEE:

* Maximum number of pseudo-time s

NS=100;

eps

* Definition of the path step length
* Reference value for tau
TN = T 0E=5

+ Create a variation as a function of time for
+ the path step length parameter
LIS1 = PROG 0. PAS TRU (NS = TAU) ;
EVOLTAU = EVOL MANU 't LIS1 'taun’ LIS1 ;
tEE S S SR RS S SRR RS S SRR SRR R RS SRR SR EEEEEEEEEEEEEE

. J

Listing 3: Syntax for using the new PILOINDI procedure (activation of the path-following solver).

i N

hhkkkEh Ak dh kR Kk kh ko dd &k kA Kok ok dod &k ok ok kb kK ok ok kR Kok kK ok

* Standard definition of the data structure needed

* using the neonlinear incremental solver
* PASAPAS

TABl = TABLE;

TARBlL . mova = ...;

3 ke 0 ok ok ok ok o o ok ok e ok ok ok ok ok e o o ok ke ok ok ok ok ok e e o o ok k3 ok ok o o o k]

» Lines to include for the activation of the

* path-following solwver

* activate the path-following soclver
* VRAI = T E, FAUX = FA
TABlL . "PILOTAGE_INDIRECT

* indir ly-controlled force or displacemen
* use uch for displacement and fch for force
TABl . ‘DEPLACEMENTS_PILOTES' = DHAT ;

t

* pseudo-time evolution of the path step

* length parameter

TAEl . ’'PARAMETRE_DE_FILOTAGE’ = EVOLTAU;
R R E R EEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEREEREEEREEEEERSEESESE]
* Run the simulati
* PASAPAS with path

PASAPAS TAEl;

e R R R R R

n using the nonlinear solver
lowing methoc

* Post-processing

A ke ok o ke e e e o ke ke ok e e W e e R o ok e ke e e ke R o ke ke e o e o o ke R o ok W

\ J
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251
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254

255

4. User-defined constraint equations

The CMSI formulation can be used without needing to perform any additional developments. However, user-defined
constraint equations can be added in a standalone manner by overloading the PILOINDI procedure in the simulation’s
script (i.e., without touching the source code). The general syntax used to write new constraint equations is presented

in Listing 4.
Two possible user-defined constraints are implemented to showcase this feature:
(i) The first constraint equation, the so-called Control by Nodal Displacement Increment (CNDI), is fully general
(De Borst, 1987) and can be used with any material model. It is particularly interesting for simulating expet-

imental loading conditions; for instance, when a combination of displacement measures is used to drive the

variation of the external load (see, e.g., Rastiello et al. (2014, 2015)).

(i) The second constraint equation is more model-dependent since it relies on Controlling the Maximum Elastic

Predictor (CMEP) of the damage/yield function (Lorentz and Badel, 2004).

For details concerning their implementation, the interested reader is referred to example files made available on the
Cast3M website (http://www-cast3m.cea.fr).*
4.1. Control by nodal displacement increment (CNDI)

The CNDI criterion specifies that the increment of the linear combination of the displacements computed at a given

set of nodes equals AT.

From De Borst (1987), the path-following constraint equation is written as:

Pt =pTAd —Ar =0 (35)

where p is a selection vector containing the multiplication factors for the corresponding DOFs, and:

AdM = Ad* 4 sdf T + oyt ed (36)

Since eq. (35) is linear in §d*+1, the value of 7% T can be expressed as:

AT —
Syt = 77(11 a0 37)

“Files: pilotage_indirect_1.dgibi and pilotage _indirect_2.dgibi.
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256

257

258

259

260

261

262

263

264

265

Listing 4: Syntax for adding user-defined constraint equations at the beginning of a Cast3M input file without changing the source
code. Note (according to Cast3M keywords): 'CHPOINT’ stands for point-wise field (nodal field in this case), 'TFLOTTANT’

stands for floating number.

( “
*+ USER-DEFINED PRO

R R "

AEEHF R R R A AR R AR AR A AR R EH Ak Kk

rocedure

inning of the user p

nput :

* Info on geometry, materials, models (FRECED)
at step (DEPT)

)

evious time
ration k (I

n at itera k+1 (DUI)
nt II at iteration k+l1 (DUII)
h step length (DTAU)

A ke e e e e ke

defined path

ok k kA hh kA A ANk A h kAR A ANk kA h AR A ANk kA ks dok ks
cf the user

o put :
"FINPROC’

R kR X T R R e

TA ;

\ S

where coefficients aq and aq are defined as:

ag =p' (6dFT 4+ Ad") (38)

ap =p ' odit (39)

Using Equation (37), it is possible to obtain the value of 6n*T1 both in the prediction and correction phase. For the
prediction phase (k + 1 = 1), eq. (37) can be used with Ad* = Ad" = 0. During computations, 5di"’+1 becomes
smaller with each passing iteration (it is calculated from the unbalanced forces at the k-th iteration), whereas Ad*
tends to stay stationary. Since the quantity §d"*! is always different from zero, this implies that the value of 65**!

should get ever closer to zero. This means that p " Ad**+! gets, in turn, ever closer to A, thus satisfying eq. (35).

4.2. Controlling the maximum elastic predictor (CMEP)

The effectiveness of the CNDI technique depends on whether the chosen combination of DOFs increases monotoni-
cally throughout the simulation. Unfortunately, finding a set of DOFs with this characteristic is not an easy task for
general structures. That’s why the CMSI formulation is chosen as default.

18


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Although the CMSI approach can be applied to various situations, some studies indicate that it doesn’t distinguish

between dissipative and non-dissipative (i.e., elastic unloading) solutions.

Path-following equations based on the maximization of the elastic predictor of the damage/plasticity function (i.e., the
value of the damage/yield criterion function when considering an incrementally elastic response) (Lorentz and Badel,
2004) can overcome this limitation, though this is achieved at the cost of a more intrusive and model-dependent

implementation.

4.2.1. Formulation

A path-following CMEP of the damage criterion function turns out to be well suited to capture localized dissipative

phenomena resulting from strain localization.

Dissipative model. As an example, we may assume that the material behaves according to a rate-independent con-
stitutive model with a single internal variable . Its evolution satisfies the Karush-Kuhn-Tucker and consistency

conditions:

<0 >0 Kf=0 if=0 (40)

where f = f(Y, ) is a damage (plastic) criterion function and Y = Y (e, x) is the thermodynamic force associated

with k.

Constraint equation function. According to Lorentz and Badel (2004), the constraint equation is expressed as in

eq. (26), with:
gatt = faer (41)

where the elastic predictor of the damage/plasticity criterion function is expressed as:

FRt = f(Yaled™ n). i) (42)

with x,, standing for the internal variable at pseudo-time step £,,. Moreover:

ent! = Ba(d, + Ad" + 6d7 Tt + 5y ad ) (43)

As shown by Lorentz and Badel (2004), a positive value for the elastic predictor is associated with a dissipative branch
of the equilibrium path. For more details on the properties of the CMEP method, the interested reader can turn to said
paper.
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Resolution. Since f,, is commonly chosen to be a convex function of €, f£12° is also convex. Furthermore, given the
convexity of the “max” function, the path-following constraint (41) preserves this same property. As a consequence,
it may admit up to two distinct real or complex (inadmissible) roots. Their direct determination is, however, often
impossible because the f5'* function is generally nonlinear, and the “max” operator represents an additional source

of non-linearity.

As mentioned in previous sections, a possible solution strategy may be to use a “nested interval algorithm”. For this
purpose, the elastic predictor function is linearized based on a known value of . The most straightforward choice

consists in using an explicit solution procedure to avoid further local sub-iterations.

In that case, the f¢'% function is linearized based on 67! = 0 (i.e., about *) as:

elas, k+1 _ elas Ja 5 k+1 44
e 0o (3657 ), -

where:
(f(ilas)(sn:o = [(Ya(Ba(dy + Ad® +8di 1), k), ) 45)

The constraint equation thus reads once again like (30), where coefficients aq ,, and a , can be easily identified after

computing 9 £212 /(8n).

An example. We may consider a simple isotropic continuum damage model where the damage criterion function can

be expressed as:

f=¢é—& (46)
where € is an equivalent strain measure.

Here, we consider the so-called Mazars (1984) equivalent strain, £ = /(€,) - (€,), with (€,) the positive part of the

principal strain tensor (represented in vector format), and » is the historical maximum of the equivalent strain.

The idea is to ensure that the elastic predictor function is equal to A7 > 0 on at least one integration point o € Q"
for each time step. The integration point « that serves as the basis for calculating the criterion is chosen automatically
during iterations. To achieve this, the elastic predictor of the damage criterion function is defined for each integration

point a:

las, k+1 ~k+1
f(cy as ket :€a+ — Ran (47)

where k., 1s the maximum equivalent strain experienced up to the beginning of the current time step.
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309

310

311

312

313

314

The a; o and ag o factors can be computed by linearizing eq. (47) with respect to the unknown variable d7, from

which:

( clas

0,00 = \Jo )(577:0

— |: k+1Rk+1Ba(dk +(Sdf+1)

o, 1 o,
1 . , 1/2
'Géjile+1But(dk + 5df+1)i| — Kan (48)

o, L

and

1.0 = : = p
' (6m) 6n=0 (9dm) Sn=0

d
020\ O(€ap) O€ay O€q
¢ O€n,p Oey 0(07)

dn=0

{
. AT
<€5}.p> C*RFIB. §dF+!
= % a o [T P YY1 (49)

where G is a diagonal matrix such that GL 1Y = 1if (REY'Bo(d" + 6df™); is positive and GETL = 0

a,l ol it ol id

otherwise; G¥ is such that G% ;; = 1if €& is positive and G¥ ;; = 0 otherwise; and R and R{"] are the

matrices that rotate the strains B, (d* + 5di€+1) and B, 6dﬁ+1 into their respective principal basis.’

5 Alternatively, one could have replaced Riﬁl and R*T! by R, the rotation matrix of the strain vector at iteration % into its principal basis.

o, I [a %4
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5. Performance assessment

The performance of the implementation proposed herein is assessed through a simple three-point bending test for
which a stable global response is obtained. This allows for a direct comparison between the standard iterative New-
ton solver and the path-following solver (with different constraint equations) in terms of CPU times and number of

iterations needed to converge.

All performed simulations use the elastic stiffness operator to compute K* in conjunction with convergence acceler-
ation (default choice in Cast3M). Of course, the use of other stiffness tensors could affect the convergence properties
of the proposed methods. Notice, however, that no additional constraints are created by the studied path-following

methods on the iterative strategy and on the choice of this operator.

5.1. Constitutive assumptions and damage regularization

In this example, as well as in the examples illustrated in the next section, the regions that must remain intact through-
out the analysis are modeled using an isotropic linear elastic constitutive model. The isotropic continuum damage

mechanics model from Mazars (1984) is used for areas susceptible to damage.®

It is well known that softening material models lead to mesh-dependent results when used with a finite element
method. In such cases, the structural dissipation becomes dependent on the mesh size and may eventually become
smaller as the mesh size decreases. For these models, regularization methods (see, among others, Hillerborg et al.
(1976), Peerlings et al. (1998), Giry et al. (2011), Rastiello et al. (2018)) are generally adopted in order to generate
mesh-independent results. In this study, no regularization techniques are used, both for the sake of simplicity and in
order to induce sharp snap-backs (see next section). However, the path-following strategies presented herein can be

used with regularized models without significant modifications.

5.2. Three-point bending test

5.2.1. Problem setting

Here, a notched beam submitted to a three-point bending test is considered. The geometry and boundary conditions
are defined in fig. 3. The elements between the notch and the upper horizontal boundary are supposed damageable,
whereas a linear elastic material behavior is assumed for the other elements. The material parameters used in these
computations (table 1) have been selected to generate a stable response (i.e., without snap-back) in the post-load peak

phase.

This constitutive law was selected because it is a popular choice for modeling damage of quasi-brittle materials. Other constitutive equations

may, of course, be considered.
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Figure 3: Three-point bending test — geometry and boundary conditions.

A reference simulation is performed by applying a vertical displacement (Direct Dirichlet Condition, DDC) to the
bearing surface (nodes A and B in fig. 3), and increasing its value. The response obtained in this manner is then

compared with the responses obtained using the path-following strategies.

5.2.2. Constraint equations

The path-following solver is set up so as to replicate the global responses of the DDC simulation. In particular, the

CNDI and CMSI formulations are used as follows:

CNDI-top. The CNDI algorithm is used to replicate the directly-imposed displacement boundary condition. The

constraint equation controls the vertical displacement of nodes A and B (fig. 3):

AdFL 4+ AdFtL
pkz+1 — y,A 5 y,B AT =0 (50)

where d, . (@ = A, B) is the vertical component of vector d at node e and A7 > 0.

CNDI-cmod. The CNDI algorithm is then used to control the Crack Mouth Opening displacement at the notch, i.e.:

P = Ad - AdY) — Ar =0 (51)

where d,. o ( = C, D) is the horizontal component of d at node e. In order to ensure a proper comparison, the
simulation is performed with exactly the same number of loading steps as the reference simulation. Moreover,
the A7 parameter is not supposed constant but is defined by the variations of Adﬁ%l — Ad’;% recorded during

the DDC simulation (fig. 4).
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Table 1: Material constants of Mazars® model. Numerical values selected for simulating a three-point bending test without snap-

backs.

Parameter Description Value

v Poisson’s ratio 0.15

E Young modulus 30 GPa

0 Density 2300 kg/m3
g0 Damage initiation threshold 1.0 x 1075
Ay Mazars” model input 0.2

A, Mazars’ model input 1.2

B, Mazars’ model input 0.8 x 10°
B, Mazars’ model input 1.5 x 103
Jo] Mazars’ model input 1.06

CMSI. Finally, the CMSI algorithm is applied. Once again, the A7 parameter varies with maxqgn (q] Ae®t1), which
was recorded during the standard Newton solver simulation. The number of loading steps used is, again, exactly

the same as in the DDC simulation.

As shown in fig. 4, these choices yield the same global force-displacement response as the one obtained with the DDC

simulation.

5.2.3. Performance assessment

The comparison between Newton and path-following solvers is performed in terms of the total time spent on the
iterative solving process (#;;) and the time spent on solving the constraint equation (t,,r). Time #;; includes any time
spent, over the iterations, on assembling the matrices, imposing boundary conditions, solving the linear systems and

updating the solution. Accordingly, the total time spent running the simulation is 4o = tix + £ps.

For a proper comparison, each simulation is repeated 5 times in order to average the values of #;; and ¢,,. As shown

in fig. 5:

e i, is always very small compared to t;;. As expected, £, is larger for the CMSI method than for the CNDI
formulations because of the nested interval algorithm. This CPU time can be reduced by limiting the resolution

of the constraint equation exclusively to the part of the mesh likely to experience damage.

e 1, is very similar for all direct/indirect ways of imposing Dirichlet boundary conditions. The time spent
solving the equilibrium problem is quite stable despite the fact that with path-following solvers, each global
iteration requires two computations of the linear system. This can easily be explained in light of the results
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Figure 5: Three-point bending test — Average CPU times (a scale factor of 10 is applied to #,¢ for clarity).

depicted in fig. 6, which represents the evolution of the number of iterations per pseudo-time step. These curves
clearly show that the number of iterations required by the path-following solvers is generally half less than what
is required by the Newton solver to achieve convergence. In other words, convergence is accelerated. Of course,

more studies will be needed to better explain these results, but the trend is clear for all the constraint equations

considered.
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6. Numerical examples with sharp snap-back responses

Three test cases are considered in order to show the convergence and stability of the proposed numerical framework.
The problems considered are 2D and 3D, but the proposed framework also works in a one-dimensional (1D) context.

However, this case is not considered here as it is pretty trivial compared with 2D and 3D simulations.

6.1. 2D beam under tensile loading (indirectly-controlled force)

The first test case simulates a tensile load on a 2D beam. This test was chosen because it is often used to study mesh

sensitivity when using strain-softening constitutive models (see, e.g., Giry et al. (2011), Rastiello et al. (2018)).

6.1.1. Problem setting

The structure consists of two elastic regions connected by an intermediate damageable zone where strain localization
occurs. The geometry and boundary conditions are illustrated in fig. 7. The beam’s left side is constrained, while

loading is applied under indirect force control by pulling on the beam’s right side. Plane stress conditions are assumed.

The finite element discretization " is obtained using linear quadrilateral finite elements (QUA4). Several mesh
refinement levels are considered to study the algorithm’s capability to capture pronounced snap-back responses as the
damaging band gets thinner. The number of finite elements along the longitudinal direction is denoted n. Its values
range from 3 to 29 in order to obtain structural responses that are increasingly unstable. Alternatively, one could have

chosen a fixed size for the damaging element and increased the beam’s length progressively.

The material parameters used in the computations are given in Table 2. The same parameters will be used for all the

examples described in this section.

6.1.2. Discussion

An equilibrium path is obtained for each criterion proposed previously. In particular, the CNDI method is applied to
control the relative horizontal displacement of nodes B and A, i.e.:
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Table 2: Material constants of Mazars” model. Numerical values selected for the numerical examples.

Parameter  Description Value
v Poisson’s ratio 0
E Young modulus 1 GPa
P Density 2300 kg/m?
2 Damage initiation threshold 1.0 x 107%
Ay Mazars’ model input 1.0
A, Mazars® model input 1.2
B, Mazars” model input 1.0 x 104
B, Mazars’ model input 1.5 x 103
5 Mazars’ model input 1.06
PP = Ady - Adit - AT =0 (52)

where d, o (¢ = A, B) is the horizontal component of the displacement vector d at node ® and A7 > (. Moreover,
the CMSI and CMEP methods were applied by restricting the constraint equation to the set of finite elements where

damage is expected to vary.

The simplicity of the geometry and the boundary conditions ensures that the three path-following criteria considered
provide precisely the same force-displacement responses. However, the CMEP formulation presents a significant
difference with the other criteria: it is possible to reach the peak of the local stress-strain law during the first load
increment. This feature is a clear advantage if the focus of the analysis is the post-peak trajectory, because it reduces

the calculation time.

Numerical results show that by successively increasing 7 from 3 to 29, the structural response becomes increasingly
unstable (fig. 8a). For n = 3 the area where the damage occurs is large enough to dissipate energy in a controlled
manner, so no snap-back is observed. However, when n increases, this region shrinks and loses its ability to dissipate
energy in a controlled way. This means that once the damage starts, new equilibrium solutions may only be found at
the cost of a simultaneous reduction in load and displacements. The severity of the snap-back reflects the intensity of

this effect.

Regarding the fulfillment of the path-following constraint equation, fig. 8b shows that the required value of At is at-
tained at every time step until the end of the analysis, regardless of the chosen path-following equation. This indicates
that the proposed algorithm stays stable and convergent, even in the presence of severe instabilities. Moreover, the

proposed implementation can capture the complete equilibrium path.

29


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

418

419

420

421

422

423

424

425

426

427

428

429

430

431

1 = CNDI 1
m— CMSI e
— CMEP < :
CMEF — Constraint equation fulfilled
—~ 08 ¢ 0.8
z 0.8 < 0.
£ 06 < 06
S —
£ 04 g 04 n =29
5 N A — 1n—6 .
0.2 4:;— 0.2 — (.,I\I.)l AT =1x10 ) m, ne = 40
= m— CMSI - A7 =5x107", ny =25
— CMEP - A7 =5x10"" n, =25
0 0 - .
0 0.2 04 0.6 0.8 1
isplacement, uy, 1074 Time step / Total n. of steps n
(a) Displacement, uz, (m) 10 (b) l'ime step / Total n. of steps ns

Figure 8: Beam under tension — Effect of damage localization on the global response. The occurrence of increasingly severe
snap-backs reflects the intensity of the strain localization effects. The value of the constraint equation is checked throughout the

analysis for each criterion used.

6.2. 2D notched beam under tensile loading (indirectly-controlled displacement)

The second 2D example is a traction test on a notched beam. This test case is quite close to the previous one. However,
the presence of the two notches complexify the strain localization process since one may expect that damage will start

at the notches and progressively propagate towards the center of the beam.

6.2.1. Problem setting

The geometry of the beam is given in fig. 9. The displacement is constrained at the left edge, whereas the load is

applied at the right edge by imposing an indirectly-controlled displacement. Plane stress conditions are assumed.

A regular mesh Q" is used to discretize the computational domain for simplicity and to identify the localization zone

clearly; more complex unstructured meshes can be used without significant modifications.

6.2.2. Selection of the controlled DOFs with the CNDI

In order to use the CNDI criterion, it is necessary to choose a set of DOFs to be controlled. This choice is generally
made based on engineering or physical considerations regarding the expected damaging process. Alternatively, it can
be made for the purpose of replicating experimental control techniques, e.g., when crack-opening displacements at

given positions are controlled through Linear Variable Displacement Transducers (LVDTs).
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Figure 9: Tensile test on a notched beam — Geometry, boundary conditions and designation of the nodes considered for the

application of the CNDI formulation.

Now, given the considered geometry and boundary conditions, the most relevant choice is to control the linear com-
bination of the horizontal displacements of the nodes located on the vertical boundaries of each of the damage zones

(Figure 9). In order to study the effects of such a choice, we considered:

CNDI-1. Two nodes (denoted A and B) located at mid-height of the beam. The variation of their relative displacement

18 controlled, i.e.:

P =Ad - AdY - Ar =0 (53)

CNDI-2. Two nodes located at the bottom notch. The Crack Mouth Opening Displacement (CMOD) variation at the

bottom notch is controlled, i.c.:

P = Ad - ALY - AT =0 (54)

x.,

CNDI-3. The mean value of the CMOD measures at the top and bottom notches, as is classically done in experiments,
ie.
k+1 k+1 k1 k41
AdT'S — Adw + A — Ad T

pt=—= o E AT =0 (55)

The results depicted in fig. 10 show that the choice of points on one notch exclusively (case CNDI-2) can lead to a loss
of part of the equilibrium path. This occurs because damage originates at the notches, and because small numerical
differences in CMOD are observed between the two notches during the simulation. Indeed, the CMOD at the top
notch is found to be slightly larger than at the bottom one, which leads to the observed loss of part of the equilibrium
path. However, in the subsequent phases of the simulation, the algorithm continues to follow the curve correctly.
Moreover, this effect cannot be mitigated by controlling the displacement at both notches simultaneously using the
average CMOD (case CNDI-3).
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Figure 10: Tensile test on a notched bar — Comparison between the equilibrium paths obtained via CNDI for different base points.

On the other hand, no such limitation is found for a choice of points located in the middle of the ligament zone
(case CNDI-1). This is because damage to the corresponding elements occurs late (at the end of the test). Over the
course of the entire damage propagation process, these nodes experience a smaller relative displacement than the one
experienced at notches. For this reason, the constraint eq. (53) is used for the comparison with the CMSI and CMEP

formulations.

6.2.3. Discussion

As we already observed in the previous example, fig. 11la shows a good agreement between the force-displacement
equilibrium curves computed using the three different path-following constraint equations. Moreover, for all of them,

the values chosen for the variable A7 are strictly respected throughout the simulations (fig. 11b).

Such a simultaneous reduction of force and displacement enables us to simulate a gradual damaging process (fig. 12).
As expected, damage originates at both notches and progressively propagates towards the beam’s center. As it pro-
gresses, the structure’s effective resisting area becomes smaller and so does the amount of energy that can be dissipated
in a controlled manner. After reaching the peak load, new equilibrium points can only be found if there is a simulta-

neous decrease in displacements and the external load.

Replicating such a gradual process would not have been possible without an indirect loading control method. One

could have observed a sharp damage localization increase (from zero to one) on the beam’s central part.
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Figure 11: Tensile test on a notched bar — (a) Global force-displacement responses; (b) Fulfillment of the constraint equation.

6.3. 3D perforated plate under tensile loading (indirectly-controlled displacement)

The final simulation is a tensile test on an eccentrically-perforated plate. The center of the circular hole is located
along the vertical symmetry axis of the plate but is distinct from the center of the plate. The two-dimensional version
of this example can be found in the literature (see, e.g., Lorentz and Badel (2004), Rastiello et al. (2019)) and is
typically simulated to test path-following algorithms in the case of structural responses characterized by multiple

snap-back phases.

6.3.1. Problem setting

The 3D geometry of the plate is depicted in fig. 13. The analysis is carried out by applying indirectly-controlled
displacements on the right boundary of the plate, whereas the left one is constrained (fig. 13a). The discretization of

the computational domain is obtained through linear tetrahedral finite elements (fig. 13b).

6.3.2. Discussion

All three criteria illustrated in this study are tested. Following Rastiello et al. (2019), the CNDI formulation is used
for controlling the average CMOD at the hole. Since two cracks are expected to propagate from the hole toward the
upper and lower boundaries, it seems quite natural to select the controlled DOFs. Here, the constraint equation is
written as follows:

k—+1 k+1 k+1 k+1

== e A AT =0 (56)
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Figure 13: 3D perforated plate under tensile loading — Geometry and boundary conditions; Perspective view.

Numerical results (fig. 14a) show that the CNDI algorithm can predict the load peak and the existence of two snap-
backs. However, it is unable to follow the equilibrium path smoothly. The reason for this is the choice of the
reference points which guide the path-following equation. Conversely, the results obtained using the CMSI and
CMEP formulations are in good agreement. In addition to predicting the peak load and the existence of the two snap-
backs, they describe the entire equilibrium path all the way to the rupture. Remarkably, the proposed formulations

provide solutions even in the presence of severe instabilities.

Figure 14b shows that the value of A7 is attained with each criterion and for every analysis. However, convergence
cannot be ensured when using the CNDI algorithm, in particular during the second snap-back phase. Notice that, as
was already observed by Rastiello et al. (2019), the jump in the global response observed with the CNDI formula-
tion (where the other methods instead predict the first snap-back) cannot be attributed to the non-fulfillment of the

constraint equation. However, this is directly related to the controlled DOFs chosen. While the simulation ends prema-
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equation.

turely with CNDI, this can be prevented by activating the “forced convergence” (a mixed implicit-explicit formulation
in which the novel solution is predicted based on previous ones) feature in the Cast3M software (dashed green line).

In that case, however, the constraint equation is not fulfilled a second time.

Observing the failure mechanism of this structure (fig. 15) is also quite interesting. In the linear phase, strain accu-
mulates at the upper and lower edges of the circular hole until the maximum load is reached. Then, the local energy
dissipation capacity is depleted and neighboring finite elements begin to be solicited. This process causes the strain
localization to move. This first occurs in the plate’s lower ligament zone and corresponds to the occurrence of the first
snap-back. The structure does not suddenly break; it can withstand increases in tension, but not for too long. A new
strain concentration zone appears in the superior ligament, which generates the second snap-back, culminating in the

rupture of the piece.

7. Conclusions

The present study proposes path-following methods for the finite element software Cast3M (Verpeaux et al., 1989),
developed by the CEA (French Alternative Energies and Atomic Energy Commission, France) and freely distributed

for research and educational purposes. This framework preserves the essence of the successful numerical methods in

this field of study:
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(i) Breaking down the load into two components, one known and one unknown, the latter depending on an addi-

tional unknown: the load multiplier (Riks, 1979).

(i) In a Newton-like solution process, breaking down the unknown displacement correction solution as the sum
of two contributions that can be determined from two linearized systems of equilibrium equations that are

independent of the load multiplier variation (Crisfield, 1983).

(i) Determining the load multiplier variation from the solution of an additional equation of the problem: the path-

following constraint equation.

The framework has a modular and independent design in order to accommodate multiple path-following constraint

equations in a standalone way (i.e., without requiring modifications to the source code).

Three path-following equations were selected for implementation and testing: the control of the nodal displacement
increment (CNDI), the control of the maximum strain increment (CMSI), and the control of the maximum elastic pre-
dictor (CMEP) over the computational domain. The CMSI formulation is proposed as the default case because of its
general nature that makes it applicable to most situations regardless of the constitutive model. The other formulations

were implemented through a simple overload of the new PILOINDI procedure.

These three path-following constraint criteria were applied to simple 2D and 3D test cases involving strain localization.
The algorithm was found to be stable and convergent, even in the presence of severe snap-backs. The three methods

were able to predict the peak load and the existence of post-peak instabilities.

36


http://www.pdfxviewer.com/
http://www.pdfxviewer.com/

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

837

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

The proposed framework will prove particularly helpful in studies involving new path-following equations. As demon-
strated with the CNDI, CMSI, and CMEP criteria, the software users can focus on developing new path equations

tailored to their needs.

Finally, this study was limited to structural instabilities induced by a nonlinear material response. However, the

implementation proposed herein also works for geometrical nonlinearities, with the inclusion of large strains.

The developments presented in this paper are made available to the users/developers community along with Cast3M

2021 (release date: June 2021).
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